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A B S T R A C T   

The Huogeqi Fe polymetallic deposit, which contains 48.17 Mt Fe, occurs in tremolite-diopside rocks of the 
Neoproterozoic Langshan Group in the north China. This study focuses on the magnetite mineralogy, texture and 
chemical composition, and U-Pb geochronology of garnet associated with magnetite and zircon from the gran
itoid related to mineralization in order to constrain the origin of Fe mineralization in Huogeqi deposit. LA-ICP- 
MS U-Pb dating of magnetite-bearing garnets yields a lower intercept age of 277.5 ± 8.7 Ma, which is coeval 
with the emplacement age of the mineralized-related granitoid (275.3 ± 1.3 Ma). Three types of magnetite were 
formed in the Huogeqi deposit, including Mt-A (coarse-grained disseminated), Mt-B (stratiform and fine-grained 
dense disseminated), and Mt-C (massive). The Mt-A can be subdivided into high-Ti Mt-A1 and relatively low-Ti 
porous and fractured Mt-A2. The Mt-B can be subdivided into porous Mt-B1 with relatively high V and low Ti 
contents, dark porous Mt-B2 with a relatively low V contents, porous inclusion-rich Mt-B3 with low Fe and V 
contents, and high Si and Mg contents, and less-porous Mt-B4 with low Si and Mg contents. The Mt-C includes 
porous Mt-C1 with a low Ti contents and high Si, Al, Mn contents and less-porous Mt-C2 with low Si, Al, and Mn 
contents. The decreasing Ti and V contents in the subsequent magnetite types indicate progressive cooling of the 
mineralizing fluid, increasing oxygen fugacity, and more intense fluid-rock interaction. Dissolution and re- 
precipitation played an important role in the formation of different generations of magnetite of Mt-B and Mt- 
C. The magnetite from Huogeqi deposit has a high Ni/Cr mass ratio, a high Fe content, and a high (Ca + Al 
+ Mn) value, and a low V content, a low Ni/(Cr + Mn) mass ratio, and a low (Ti + V) value. These geochemical 
characteristics indicate that the magnetite has a hydrothermal origin in a skarn-type deposit, which is related to 
Early Permian magmatism in the Langshan area in north China.   

1. Introduction 

The Langshan metallogenic belt (LSMB) is located in the western 
segment of the northern margin of the North China Craton. It is an 
important polymetallic metallogenic belt in northern China, which in
cludes the Huogeqi Fe-Cu-Pb-Zn, Dongshengmiao Cu-Pb-Zn and 
Tanyaokou Cu-Pb-Zn polymetallic deposit (Fig. 1b). The polymetallic 
Huogeqi deposit comprise Cu, Pb, Zn, and Fe whereas the other deposits 
only contain Cu, Pb, and Zn. Other differences between the Huogeqi 
deposit and other deposits in the region are related to the mineralization 

age and geochemistry. The zircon U-Pb chronology and Hf isotopic 
compositions indicate that the Huogeqi deposit is associated with the 
Neoproterozoic rift system of the northern LSMB whereas the Dong
shengmiao and Tanyaokou deposits are related to the Mesoproterozoic 
rift system of the southern LSMB (Wang et al., 2016; Bao et al., 2019). 
The Huogeqi deposit shows an extremely high radiogenic Pb composi
tion whereas the other polymetallic deposits are characterized by non- 
radiogenic Pb isotopic composition and a Proterozoic Pb-Pb model age 
(Gao et al., 2019). Zhong et al., (2012), Zhong and Li (2016) proposed a 
syn-sedimentary origin for Huogeqi Fe deposit and an epigenetic 
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metamorphic hydrothermal origin for the Cu-Pb-Zn ore bodies. Bao 
(2016) proposed that the Huogeqi polymetallic deposit is a typical 
magmatic-hydrothermal deposit. Gao et al. (2019) argued that the 
Huogeqi polymetallic deposit is a hydrothermal deposit related to the 
Indosinian magmatism and that the stratified deposit in the southern 

LSMB was part of the Proterozoic metallogenic system. It is still un
known, which factors resulted in the exclusive occurrence of Fe in the 
Huogeqi deposit. 

Magnetite is the main Fe-bearing mineral in the Huogeqi Fe deposit, 
and can be used to provide insight on the mineralization types and 

Fig. 1. (a) Simplified map of China; (b) Geological map (dashed red rectangle in Fig. 1a) of the Langshan metallogenic belt (LSMB), (c) Huogeqi polymetallic 
orefield, and (d) No. 2 Fe deposit. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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genesis of iron deposits (Dupuis and Beaudoin, 2011; Dare et al., 2014; 
Zhao et al., 2022). Some trace elements (e.g., Al, Mn, Ti, V, Cr, Co, Sn, Ga 
and Mg) can be incorporated into the inverse spinel structure of 
magnetite by substituting Fe2+ and Fe3+ in the tetrahedral or octahedral 
sites (Dupuis and Beaudoin, 2011; Nadoll et al., 2014; Hu et al., 2015; 
Huang and Beaudoin, 2019). These elements have different partition 
coefficients for magnetite in a hydrothermal and magmatic system 
(Dupuis and Beaudoin, 2011; Nadoll et al., 2014; Huang and Beaudoin, 
2019), i.e. the trace-element geochemical characteristics of magnetite 
can be used to determine whether magnetite has a hydrothermal or 
magmatic origin (Dare et al., 2014; Wen et al., 2017). The magnetite 
texture and composition can also be used to determine the physico
chemical conditions during ore-formation (Dupuis and Beaudoin, 2011; 
Dare et al., 2014; Wu et al., 2019). 

In this study, we present the results of (1) mineralogical study of the 
different magnetite types of the Fe Huogeqi ore deposit, and (2) U-Pb 
age dating of garnet that is associated with the Fe mineralization. The 
objectives of this study are to determine the age of Fe mineralization and 
the origin of the different magnetite types with the aim to constrain the 
ore-forming processes. 

2. Geological setting 

2.1. Regional geology 

The Langshan metallogenic belt (LSMB) is situated in the north 
China. The exposed strata in the area include the Late Archaean Wula
shan Group, the Neoproterozoic Langshan Group, Paleozoic-Mesozoic 

sedimentary strata, and Quaternary sedimentary rocks (Fig. 1b). The 
Late Archaean Wulashan Group is the oldest metamorphic basement in 
the LSMB and comprises gneiss, granulite, amphibolite and marble (Liu 
et al., 2019a, Liu et al., 2019b). The overlying Neoproterozoic Langshan 
Group, is composed of mica-quartz-schist, andalusite-mica-schist, 
carbonaceous slate, marble, quartzite, diopside-tremolite rock, and 
amphibolite (Peng et al., 2005). The Neoproterozoic Langshan Group is 
unconformably overlain by the Paleozoic to Mesozoic sedimentary rocks 
that include shallow-marine clastic and carbonate sedimentary rocks of 
the Amushan Formation (Guo et al., 2019), and terrigenous clastic 
sedimentary rocks of the Dahongshan (Lin et al., 2022) and Lisangou 
Formations (Xin et al., 2000). 

Precambrian granite gneisses occur mostly in the eastern part of the 
LSMB, and their exposure area is second only to that of Paleozoic- 
Mesozoic intrusive rocks (Fig. 1b). The Paleozoic-Mesozoic magmatic 
rocks in the Langshan area were formed during the Silurian (444–413 
Ma), Carboniferous (346–299 Ma), Permian (293–251 Ma) and Triassic 
(245–230 Ma) (Wang et al., 2021). The Paleozoic-Mesozoic magmatic 
rocks include granite, granodiorite, and intermediate to mafic intrusive 
rocks (Zhong et al., 2013; Pi et al., 2015), and the petrogenesis and 
tectonic setting for these rocks generated in different periods could be 
summarized as follows: (1) The assemblages of Early Silurian calc- 
alkaline arc magma (Zhang et al., 2019), Carboniferous high Ba-Sr 
granite, and gabbro derived from enriched mantle source (Wang et al., 
2015; Zheng et al., 2019; Zhang et al., 2020) indicate that the LSMB was 
mainly in a subduction setting during Early Silurian to Carboniferous. 
(2) The emplacement of Early–Middle Permian calc-alkaline I-type 
granitoid, A2-type granite, calc-alkaline mafic intrusive rocks (Zheng 

Fig. 2. (a) Geologic profile of No. 19 prospecting line in the Huogeqi No. 2 Fe deposit. (b) Schematic stratigraphic columns of drill core ZK1909. Abbreviations: Mag 
= magnetite; Sp = sphalerite; Gn = galena; Po = pyrrhotite; Grt = garnet; Qz = quartz. 
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et al., 2019), and the Qagan Qulu ophiolite (Zheng et al., 2014) implies 
that the LSMB was in a back-arc extensional setting, which is supported 
by the sedimentary sequence change from fluvial to shallow-marine 
environments during Early–Middle Permian (Guo et al., 2019). (3) 
The Middle–Late Permian adakitic granite sourced from partial melting 
of thickened continental lower crust (Hui et al., 2021), and Triassic high- 
K calc-alkaline to shoshonitic series granite derived from partial melting 
of the ancient crust are indicative of a collision setting (Wang et al., 
2017; Wang et al., 2018). However, the timing of the final closure of the 
Paleo-Asian Ocean, are still under debate. Three views on the timings of 
the Ocean closure have been proposed by previous studies: (1) in the 
Late Devonian–Early Carboniferous (Xu et al., 2013; Chen et al., 2021; 
Wang et al., 2021), (2) in the Middle Permian (Zhang et al., 2009; Wang 
et al., 2020; Hui et al., 2021; Tian et al., 2021; Zheng et al., 2021), (3) 
late than the Middle Triassic (Zheng et al., 2021). Even if the debate 
remains, the widely distributed Permian granitoids, especially magmatic 
flare-up of ca. 280–ca. 270 Ma, represent the dominant tectonic-thermal 
event in the northern margin of the North China Craton (Gao et al., 
2018). 

The main regional structures include the Langshan anticlinorium, 
NE- and NS-trending regional faults, and the NE-, NW- and NS-trending 
secondary faults (Fig. 1b). The NE-trending regional faults control the 
distribution of sedimentary and magmatic rocks and the distribution of 
ore deposits, and the NW- and NS-trending secondary faults cut the NE- 
trending ore bodies. 

Large and giant polymetallic deposits hosted by the Neoproterozoic 
Langshan Group occur in the Langshan area and include the Huogeqi Fe- 
Cu-Pb-Zn, the Dongshengmiao Cu-Pb-Zn, and the Tanyaokou Cu-Pb-Zn 
deposits (Fig. 1b). The Huogeqi Fe polymetallic deposit contains 

magnetite ore with an estimated Fe ore reserves of 48.17 Mt. The 
Langshan area contains Cu-Au deposits associated with Early-Middle 
Permian magmatism in the LSMB and adjacent areas including the 
Oubulage Cu-Au (264.3 ± 0.5 Ma, quartz 40Ar-39Ar age; Li et al., 2010a) 
and the Zhulazhaga Au deposit (282.3 ± 0.9 Ma, quartz 40Ar-39Ar age; Li 
et al., 2010b). 

2.2. Deposit geology 

The Huogeqi polymetallic orefield is located in the north of the LSMB 
and hosted in the Neoproterozoic Langshan Group. It has a Cu reserve of 
0.71 Mt at an average grade of 1.35 % Cu, a Fe reserve of 48.17 Mt at an 
average grade of 34.68 % Fe, a Zn reserve of 0.99 Mt at an average grade 
of 1.34 % Zn, and a Pb reserve of 1.03 Mt at an average grade of 1.39 % 
Pb (Huang et al., 2001). The Huogeqi orefield includes No. 1 deposit to 
the south, No. 2 deposit to the north, and No. 3 deposit to the east 
(Fig. 1b, c). The No. 1 deposit is the largest deposit dominated by Cu, Pb, 
and Zn (Huang et al., 2001; Zhong et al., 2012). The No. 2 deposit is 
primarily a Fe deposit and accompanied by Cu and Pb-Zn orebodies. The 
No. 3 deposit is also a Fe deposit and of limited economic importance 
(Huang et al., 2001; Zhong et al., 2012). The Cu orebodies are hosted in 
quartzite, the Pb-Zn orebodies are hosted in carbonaceous slate, and the 
Fe orebodies are hosted in diopside-tremolite rock (Fig. 2). In addition to 
the ore-hosting lithologies, other exposed rocks include greenschist, 
quartz schist and marble of the Langshan Group, and Quaternary sedi
mentary rocks. The exposed magmatic rocks include Neoproterozoic 
amphibolite (Bao et al., 2019) and Permian diorite-gabbro and granite 
(Fig. 1c). 

In the No. 2 Fe deposit, the exposed lithology includes quartz schist, 

Fig. 3. Representative photographs of iron ore samples from Huogeqi Fe deposit. (a) Disseminated coarse self-shaped magnetite ore. (b) Stratiform magnetite- 
tremolite ore. (c) Fine-grained dense disseminated ore. (d) Massive magnetite ore. Abbreviations: Mag = magnetite; Py = pyrite; Grt = garnet; Cal = calcite. 
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quartzite, slate, diopside-tremolite rock and marble. The contact rela
tionship between magnetite-bearing tremolite and chalcopyrite-bearing 
quartzite, as well as with Pb-Zn-bearing slate, is characterized by NW- 
trending fracture zones filled by calcite (Fig. 1d) (Bao et al., 2021). 
The stratiform and lensoid-shaped Fe ore bodies (Fig. 2a) comprise 
coarse-grained disseminated, stratiform, fine-grained dense dissemi
nated and massive (Fig. 2b, 3) Fe ore. Coarse-grained magnetite occurs 
either as subhedral grains or as aggregates in the diopside-tremolite 
rocks, or as interstitial space fill between garnets (Fig. 2b, 3a). Fine- 
grained magnetite together with tremolite and stratified quartz consti
tute stratiform magnetite ores (Fig. 3b, 5f, g). Fine-grained dense 
disseminated ores are mainly composed of magnetite, skarn minerals 
(garnet, tremolite, and diopside), and calcite (Fig. 3c, 5c–e). Magnetite 
occurs as inclusions in garnet, tremolite, and calcite, and at the contact 
zone between garnet and calcite (Fig. 5c, d), and diopside and garnet 

(Fig. 5e). In the massive Fe ore, magnetite is distributed between calcite 
and in mineral fractures, indicating hydrothermal mineralization 
(Fig. 5h). The main ore minerals include magnetite, with lesser amounts 
of galena, sphalerite, pyrrhotite, and chalcopyrite. Gangue minerals 
include diopside, tremolite, quartz, garnet, and calcite (Figs. 3, 5). 

Mineral alteration can be observed in the drill core samples of the 
No. 1 and No. 2 deposits (Figs. 2–4). In the No. 1 deposit to the south, the 
contact zone between the granitoid and the skarn can be observed in 
drill core, where skarn minerals (garnet, diopside and tremolite), ore 
minerals (magnetite, galena and pyrrhotite) and calcite are developed, 
and the granitoid shows potassic alteration and chloritization 
(Fig. 4a–g). In addition, some metasomatic structures, such as marble 
residue, was observed (Fig. 4h–j). The boundary of the carbonate rocks 
is curved (Fig. 4h–j) with magnetite developed around (Fig. 4j), indi
cating hydrothermal alteration. 

Fig. 4. Representative photographs of samples associated with skarn from the Huogeqi No. 1 and No. 2 deposit. (a–g) Metasomatic contact between the granitoid and 
skarn. (h–j) Incomplete metasomatism of carbonate remains in skarn. Abbreviations: Mag = magnetite; Py = pyrite; Sp = sphalerite; Gn = galena; Po = pyrrhotite; 
Ccp = chalcopyrite; Grt = garnet; Di = diopside; Cal = calcite; Bt = biotite; Pl = plagioclase; Qz = quartz. 
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3. Samples and analytical methods 

All samples were collected from the No. 1 and No. 2 deposits. Eleven 
representative magnetite samples were collected from drill cores and the 
No. 2 open-cast deposit (Fig. 2b, 3). Five of these samples were selected 
for EMPA mapping and trace element analysis of magnetite and U-Pb 
dating of associated garnets. Representative zircons were selected from 
the granitoid sample collected from drill cores of the No. 1 deposit 
(Fig. 4) for in-situ U-Pb dating. 

3.1. U-Pb dating of garnet and zircon 

In-situ garnet U-Pb dating in polished thin sections was done at the 
Wuhan Sample Solution Analysis Technology Co. Ltd. (Wuhan, China). 
The analyses were carried out on a 193 nm ArF excimer laser ablation 
system (GeoLas HD) and an Agilent 7900 ICP-MS for the in-situ micro
analyses (i.e., LA-ICP-MS). The beam diameter was set at 44 μm, and the 
frequency of the beam was 5 Hz. Detailed analytical methods are 
available in Liu et al. (2008). Recent studies have demonstrated that the 
water–vapor assisted LA-ICP-MS method can significantly reduce the 
matrix effect and obtain accurate U-Th-Pb age corrected by a glass NIST 
610 standard or a zircon 91,500 standard (Luo et al., 2019; Luo et al., 
2020; Luo et al., 2021). Thus, the zircon standard (91500) was used for 
in-situ garnet U-Pb dating and as a standard for mass discrimination and 

U-Pb isotope fractionation (e.g., Chen et al., 2021; Jiang et al., 2021). 
The trace elements of garnets were calibrated using the glass standard 
NIST 610, combined with internal standardization (Si). 

U-Pb dating of zircons was conducted by using a 193 nm GeoLasPro 
and Agilent 7900 ICP-MS with a laser spot size of 32 μm at the Wuhan 
Sample Solution Analysis Technology Co. Ltd. (Wuhan, China). Argon 
was used as the make-up gas and mixed with the carrier gas via a T- 
connector before entering the ICP. Zircon 91,500 and glass NIST610 
were used as external standards for U-Pb dating and trace element 
calibration, respectively. 

Off-line data processing for garnet and zircon dating was performed 
using the ICPMSDataCal_version 10.9 software (Liu et al., 2008). Con
cordia diagrams and weighted mean calculations were prepared using 
Isoplot/ Ex_ver 4.1(Ludwig, 2010). 

3.2. Trace element analysis of magnetite 

Trace element analyses of magnetite were conducted by LA-ICP-MS 
at the Wuhan Sample Solution Analysis Technology Co. Ltd. (Wuhan, 
China). Detailed operating conditions for the LA-ICP-MS instrument and 
data reduction are the same as those described by Liu et al. (2008). Laser 
sampling was performed with GeolasPro laser ablation system, using an 
Agilent 7500e ICP-MS instrument to acquire ion-signal intensities. He
lium was used as the carrier gas and argon as the make-up gas mixed 

Fig. 5. Photomicrographs of type Mt-A (a, b), Mt-B (c–g) and Mt-C (h) magnetite and (i–p) BSE images of magnetite with some of the images showing Ti and V 
contents. The yellow dashed circles are the positions of LA-ICP-MS trace element analyses. Abbreviations: Mt = magnetite; Sp = sphalerite; Po = pyrrhotite; Ccp =
chalcopyrite; Grt = garnet; Di = diopside; Tr = tremolite; Cal = calcite. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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with the carrier gas via a T-connector before entering the ICP. The laser 
spot size was 44 μm in diameter with frequency at 5 Hz. Trace element 
contents of magnetite were calibrated against various reference mate
rials (NIST 610, BHVO-2G and BCR-2G) (Liu et al., 2008). Each analysis 
includes a background acquisition of approximately 20–30 s followed by 
50 s of data acquisition from the sample. Offline data of magnetite were 

processed using the software ICPMSDataCal (Liu et al., 2008). 

3.3. SEM and element mapping of magnetite 

Backscattered electron (BSE) image was carried out at Wuhan Sam
pleSolution Analytical Technology Co., Ltd., using a Zeiss Supra 55 field 
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emission scanning electron microscope (SEM, JSM-IT100, Japan Elec
tron Optics Laboratory Co., Ltd., Tokyo, Japan) coupled with a cath
odoluminescence detector. The BSE images were taken under an 
accelerating potential of 20 kV, a temperature of 20 ◦C, and an image 
acquisition time of 35 s/sheet. 

Electron microprobe element mapping of magnetite was completed 
by using JXA-8230 of JEOL electron microprobe at Wuhan Sample So
lution Analytical Technology Co., Ltd. (Wuhan, China). The voltage and 
current analyzed are 20 kV and 20nA with a beam diameter of 0.5 μm. 

4. Results 

4.1. U-Pb garnet and zircon geochronology 

The magnetite occurs between the garnet grains (Fig. 3a) and shows 
a symbiotic relationship with garnet (Fig. 5a, c, d), indicating that the 
hydrothermal garnet coexists with magnetite. A total of 32 LA-ICP-MS 
analyses were conducted on the garnet, of which the data are avail
able in Supplementary Table S1. The garnet shows variable U contents 
(0.88 to 33.95 ppm, average = 10.86 ppm) and Th/U mass ratios 
ranging from 0.13 to 0.88. The U-Pb data indicate a Tera-Wasserburg U- 
Pb lower intercept age of 277.5 ± 8.7 Ma (MSWD = 0.48; n = 32; 
Fig. 6a). 

Twenty-three spot analyses of zircon from Huogeqi granitoid sample 
(ZK707-15–1) were conducted by LA-ICP-MS, of which the data are 
available in Supplementary Table S2. The analyzed zircon grains have 
Th/U mass ratio ranging from 0.19 to 0.40 and concordant 206Pb/238U 
ages ranging from 278.9 to 271.2 Ma. These age results yield a weighted 
mean 206Pb/238U age of 275.3 ± 1.3 Ma (MSWD = 0.53; n = 23; Fig. 6b), 
which is interpreted to be the emplacement age of granitoid. 

4.2. Petrography of magnetite 

By observing mineral assemblages and textural of magnetite in mi
croscope and BSE images, three types (Mt-A, Mt-B and Mt-C) were 
identified in the Huogeqi Fe orebody. Mt-A, Mt-B and Mt-C are further 
subdivided into two, four and two subtypes, respectively. 

Mt-A occurs as idiomorphic grains with a diameter of 500–3000 μm 
in disseminated coarse self-shaped magnetite ore, coexisting with 
diopside, tremolite, garnets, pyrrhotite and sphalerite. Mt-A replaced 
the early garnet, and both Mt-A and garnet are replaced by pyrrhotite 
and sphalerite that occur in voids between and within magnetite and 
garnet (Fig. 5a, b). Mt-A has some pores and fissures, whereas some 
rotund pyrrhotite occurs as inclusions in Mt-A (Fig. 5a, b, i, j). 
Furthermore, two generations of Mt-A can be identified in the BSE 
image, including sub- to euhedral magnetite Mt-A1 with minor cavities 
and cracks (Fig. 5j), and Mt-A2, which crystallized around Mt-A1 and 
contains more cavities and cracks (Fig. 5i) compared to Mt-A1. 

Mt-B occurs in stratiform and fine-grained dense disseminated 
magnetite-tremolite ore (Fig. 3b, c), and coexists with skarn minerals (e. 
g., garnet, diopside and tremolite) and calcite (Fig. 5c–g). Sub- and 
anhedral Mt-B has a typical triple-junction texture and are partially 
replaced by chalcopyrite, pyrite and pyrrhotite. Mt-B can be further 
subdivided into four generations (Fig. 5k–n). Mt-B1 occurs in the 
magnetite core and between Mt-B2 and Mt-B3, has a bright BSE signal, 
with few cavities (Fig. 5k, m), or which some are irregular needle-like 
(Fig. 5m). Mt-B2 has a dark BSE signal and replaced Mt-B1 with sharp 
and straight boundaries (Fig. 5n). Narrow Mt-B3 surrounds Mt-B2, and is 
characterized by abundant silicate mineral inclusion and cavities 
(Fig. 5k, n, 11). Mt-B4 with a few cavities is distributed in the outermost 
part of Mt-B (Fig. 5k, m, n). 

Mt-C coexists with calcite and occurs as sub- to anhedral grains or as 
aggregates in massive magnetite ore (Fig. 5h). Mt-C is characterized by a 
triple-junction texture and core-rim texture, and can be further sub
divided into Mt-C1 and Mt-C2. Mt-C1 occurs as porous subhedral grains 
whereas Mt-C2 as a rim around Mt-C1 (Fig. 5o, p, 12a, i) with well- 

defined grain boundaries. 

4.3. Magnetite elemental compositions 

The trace element concentrations of the analyzed magnetite from the 
Huogeqi Fe deposit are presented in Supplementary Table S3 and Figs. 7 
and 9. X-ray element mapping (Mg, Al, Si, Mn, Ca, Fe and Ti) carried out 
on six magnetite grains are shown in Figs. 10 to 12. 

Mt-A1 has higher Ca (average 1028 ppm), Mn (average 1363 ppm), 
Zn (average 78 ppm), Ga (average 25.19 ppm), Sn (average 5.25 ppm), V 
(average 261 ppm), Ti (average 1881 ppm), Co (average 2.06 ppm) and 
Ni (average 6.65 ppm), and lower Al (average 1161 ppm) contents than 
Mt-A2 magnetite. The contents of Mg (average 180 ppm), W (average 
0.30 ppm), Nb (average 0.70 ppm), Sc (average 0.17 ppm) and Cr 
(average 10.69 ppm) in Mt-A1 magnetite are similar to those of the Mt- 
A2 magnetite (average 189 ppm, 0.22 ppm, 0.56 ppm, 0.15 ppm, and 
8.56 ppm, respectively) (Fig. 9). 

Mt-B contains four (Mt-B1 to Mt-B4) generations. Since Mt-B3 
magnetite is too narrow to obtain trace element analysis data, only 
the distribution of major elements in Mt-B3 magnetite are shown in the 

Fig. 8. Multi-element diagrams of average trace element compositions for 
magnetite from the Huogeqi Fe deposit (after Dare et al., 2014). Normalized 
values are from Rudnick and Gao (2003). 
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wavelength-dispersive X-ray maps (Fig. 11). The average concentrations 
of Mg and Ti show a decreasing trend from Mt-B1 to Mt-B2, then 
increasing from Mt-B2 to Mt-B4 (Fig. 9a, k). From Mt-B1 through Mt-B2 
to Mt-B4, the average Al, Mn, Co and Ni contents first increase and then 
decrease (Fig. 9c, d, n, o). The average Ca, W, Nb and V concentrations 
show a gradually trend of decreasing values from Mt-B1 to Mt-B4 
(Fig. 9b, g, h, j), while the average Sn and Sc contents increase gradu
ally (Fig. 9i, l). Mt-B1, Mt-B2 and Mt-B4 have similar average Zn and Ga 
contents (Fig. 9e, f). 

Compared to Mt-C2 magnetite, Mt-C1 magnetite has higher Mg 
(average 3852 ppm), Ca (average 472 ppm), Al (average 854 ppm), W 
(average 0.21 ppm), Nb (average 0.094 ppm), Sc (average 0.48 ppm) 
and Cr (average 4.07 ppm) contents. Mt-C1 and Mt-C2 have similar 
average contents of Mn, Zn, Ga, Sn, V, Ti, Co and Ni (Fig. 9). 

The positive correlations between Ti and V, Ni and V, Ga and V, Ti 
and Al, and Zn and Mn are shown in the binary diagrams (Fig. 7). The 
magnetite trace element contents show generally decreasing trends of 
Ga, Nb, Sn, Ti, and Ni contents but fluctuating trends of Mg, Ca, Al, Mn, 
W, V, Sc, Cr and Co contents from the disseminated coarse self-shaped 
magnetite ores (Mt-A) to the massive magnetite ores (Mt-C) (Fig. 9). 

The major elements of Mt-A1 and Mt-A2 magnetite are, except for Ti, 
evenly distributed. The Ti content in Mt-A1 is higher (>0.1 wt%) than in 
Mt-A2 (Fig. 10). Mt-B1 has slightly lower Mg, Si, and Mn contents than 
Mt-B2. Both Mt-B1 and Mt-B2 show lower Mg, Si, Mn, and Fe contents 
than Mt-B3. In contrast, Mt-B3 has lower Fe and higher Mg, Si and Mn 

contents, and contains many silicate inclusions as shown by Si and Mg 
element maps. Mt-B4 has the lowest Mg, Si and Mn contents among the 
four Mt-B types. The contents of Al, Ca and Ti are similar in all four Mt-B 
generations (Fig. 11). Mt-C1 magnetite shows higher Mg, Al, Si and Mn 
contents than Mt-C2 whereas the Ca, Fe, and Ti contents are similar in 
Mt-C1 and Mt-C2 (Fig. 12). 

5. Discussion 

5.1. Timing of Fe mineralization 

The textural relationship between magnetite and garnet indicates 
that they were coexisting and related to the same hydrothermal activ
ities (Fig. 5a, c–e). The crystallization age, therefore, represents the 
formation age of magnetite. In this study, LA-ICP-MS U-Pb dating of 
magnetite-bearing garnets yields an age of 277.5 ± 8.7 Ma (Fig. 6a) and 
the zircon U-Pb age of the granitoid that is in contact with skarn yields 
an age of 275.3 ± 1.3 Ma (Fig. 6b). The age of hydrothermal garnet is 
within error with the zircon age, indicating that the granitoid and hy
drothermal event are coeval. This is supported by the alteration of the 
granitoid-skarn contact observed in drill core (Fig. 4). Zhong et al. 
(2015) suggested that the 39Ar/40Ar age (271.4 ± 29.5 Ma) of 
magnetite-bearing tremolite-diopside rocks represents the peak meta
morphic age, which is consistent with the emplacement age of the 
widely distributed Permian intrusive rocks. Permian intrusive rocks are 
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Fig. 9. Box and whisker plots of magnetite trace element concentrations from the different magnetite types in the Huogeqi Fe deposit.  
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prevailing in the Huogeqi orefield and include the gabbro-diorite (274 
± 1 Ma, Pi et al., 2010), quartz diorite (270 ± 4 Ma and 273 ± 1 Ma, Su, 
2019) and granodiorite (272 ± 2 Ma, An, 2019). These geochronological 
data suggest that there was large-scale magmatic-hydrothermal activity 
in the Huogeqi area, which is coeval with the timing of Fe mineralization 
in the Huogeqi deposit. This indicates that the Fe mineralization is 
related to this tectonic-hydrothermal event, which was triggered by the 
northwest rollback of the Enger Us slab in the Permian (270–285 Ma) 
(Zheng et al., 2021). 

5.2. Physicochemical conditions of magnetite formation 

All magnetite samples display trace-element patterns (Fig. 8) that 
indicate a common source for different types of magnetite. However, the 
contents of specific elements (Ti, V, Mn, and Ga) in magnetite are 
affected by the fluid physicochemical factors (composition, tempera
ture, and oxygen fugacity), the co-precipitation of other minerals, and 
fluid-rock interactions (Dare et al., 2014; Nadoll et al., 2014), do vary for 
the different magnetite types. 

The temperature is regarded as a major factor that impacts the 
composition of magnetite by controlling element partition coefficients 
(McIntire, 1963). Generally, the Ti content in hydrothermal magnetite 
shows a positive correlation with temperature (Dare et al., 2012; Nadoll 
et al., 2012). At the Huogeqi Fe deposit, the gradual drop in Ti contents 
from Mt-A through Mt-B to Mt-C, therefore, suggests progressive cooling 
from the disseminated coarse self-shaped magnetite ore to massive 
magnetite ore. This interpretation is supported by a binary diagram of Ti 
and V contents (Fig. 7a) and (Ti + V) vs. (Al + Mn) diagram (Fig. 13f). A 

similar decreasing trend of the Ga and Sn contents as the Ti content 
implies that the Ga and Sn contents are also governed by temperature 
(Fig. 9f, i). Furthermore, since Zn and Mn partition preferentially into 
magnetite under low-temperature conditions in Cl-rich fluids (Ilton and 
Eugster, 1989), the positive relationship between Zn and Mn (Fig. 7g), 
and the increasing of Mn content (Fig. 9d) from Mt-A to Mt-C also 
confirms that the formation temperature of Huogeqi magnetite 
decreased from Mt-A to Mt-C. 

Oxygen fugacity (fO2) also affects the magnetite composition as it 
controls element partition coefficients (Hu et al., 2020). The V content in 
magnetite is sensitive to a fO2 change of the hydrothermal fluid because 
the compatibility of V in magnetite depends on the different V valence 
states, which depends on fO2 (Nielsen et al., 1994; Righter et al., 2006), 
i.e. V is incompatible under high fO2 (Toplis and Corgne, 2002; Siev
wright et al., 2017). The significant decrease in V content from high-Ti 
Mt-A to low-Ti Mt-C indicates that the fO2 increased from the dissemi
nated coarse self-shaped magnetite ore (Mt-A) to the massive magnetite 
ore (Mt-C) (Fig. 7a–d, 9j). 

Magnetite characterized by low Ti and V contents and relatively high 
Mg and Mn contents have been reported to occur in skarn deposits 
(Nadoll et al., 2015). Furthermore, magnetite that formed by fluid-rock 
interaction would inherit some geochemical features of the fluid and 
wall rock (Nadoll et al., 2014; Liu et al., 2019a, Liu et al., 2019b). The 
positive relationship between (Al + Si) and Mg (Fig. 7h) reflecting that 
magnetite from Huogeqi have undergone a certain degree of fluid-rock 
interaction (Liu et al., 2019a, Liu et al., 2019b). The Mt-A and Mt-B 
magnetite have higher (Si + Al)/(Mg + Mn) ratios and lower (Mg +
Mn) values than Mt-C (Fig. 7i), which suggests that the lower degree of 

Fig. 10. (a, i) BSE images of Mt-A grains in the Huogeqi Fe deposit. (b–h, j–p) Corresponding wavelength-dispersive X-ray maps of selected elements (Mg, Al, Si, Mn, 
Ca, Fe and Ti) of Mt-A. 
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fluid-rock interaction (Dong et al., 2021). In contrast, the higher Mg, Mn 
and lower Ti, V in Mt-C that coexisted with calcite (Fig. 5h, 9) may have 
been influenced by extensive fluid-rock interaction in Cl-rich fluids (Liu 
et al., 2019a, Liu et al., 2019b), which is further supported by higher Mn 
content of calcite occurring near Mt-C magnetite (Fig. 12m). 

In summary, the physical–chemical properties of hydrothermal 
fluids do affect the formation of Huogeqi magnetite comprehensively. 
Conversely, the elemental composition of magnetite can indirectly 
reflect the characteristics of hydrothermal fluids during magnetite pre
cipitation. The difference elemental concentrations in Huogeqi magne
tites indicates that the ore-forming fluid gradually evolves from a high 
temperature, low fO2, and fluid-rock ratio to a relatively low tempera
ture, high fO2, and high fluid-rock ratio. 

5.3. Origins of the Huogeqi magnetites 

The magnetite composition can be used to constrain its origin 
(Dupuis and Beaudoin, 2011; Dare et al., 2014; Wen et al., 2017; Chen 
et al., 2020). Based on the petrographic observation and composition of 
Huogeqi magnetite, a hydrothermal origin appears to be more likely 
than a magmatic origin. This is based on the following: (1) Magnetite 
commonly co exists with skarn minerals such as garnet, tremolite 
(Fig. 5a–g). The retrograde alteration minerals and magnetite replaced 
the prograde skarn minerals (Fig. 5c, d), after which the magnetite was 
replaced by sulfides (Fig. 5a, b). In addition, residual metasomatic car
bonate minerals can be seen in the gap of precipitated magnetite 
(Fig. 5c, d), and some fine magnetite precipitated in the cracks in the 
carbonate minerals (Fig. 5h). These petrographic characteristics indicate 

a hydrothermal origin for Huogeqi magnetite. (2) Magmatic magnetite 
precipitated at higher temperature commonly has higher trace element 
contents, which would result in a depletion in Fe contents (< ~65 wt%) 
of the magmatic magnetite (Nadoll et al., 2014; Wen et al., 2017). All 
magnetite types from the Huogeqi deposit show low lithophile elements 
(e.g., Ti and V) contents and high Fe contents (> ~75 wt%, Fig. 13c), 
which is inconsistent with magmatic magnetite. (3) Most of the Huogeqi 
magnetite have lower Ti and V contents and higher Ni/Cr ratios 
compared to magmatic magnetite, and plot into the field of hydrother
mal magnetite in the V vs. Ti and Ti vs. Ni/Cr discrimination diagrams 
(Fig. 13a, b). 

The multi-element spider diagrams show that the Huogeqi magnetite 
is geochemically similar as a low temperature hydrothermal magnetite 
(T < 500 ◦C, magnetite from skarn and BIF) and a hydrothermal 
magnetite from a Fe skarn deposit, especially with regards to Sn, Ga, Zn, 
Zr, and Nb (Fig. 8). Furthermore, the Huogeqi magnetite plots in the 
skarn field in the Ti + V vs. Ni/(Cr + Mn) diagram (Fig. 13e), which is 
consistent with those of the origin from the Fe skarn deposits. The high 
(Ti + V) and (Ca + Al + Mn) values of Mt-A (Fig. 13d) indicate that the 
high-Ti Mt-A may have a magmatic-hydrothermal origin (Liang et al., 
2020). 

5.4. Evolution of the Huogeqi magnetite 

The majority of skarn- and IOCG-related magnetite has been exten
sively modified by dissolution of primary magnetite and precipitation of 
secondary magnetite with sharp contact boundaries (Hu et al., 2014; Hu 
et al., 2015; Hu et al., 2020; Liang et al., 2020). Magnetite that has been 

Fig. 11. (a, i) BSE images of Mt-B grains in the Huogeqi Fe deposit. (b–h, j–p) Corresponding wavelength-dispersive X-ray maps of selected elements (Mg, Al, Si, Mn, 
Ca, Fe and Ti) of Mt-B. 
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formed through a dissolution and reprecipitation process (DRP) displays 
different trace element contents (e.g., Si, Mg, Al) compared to the pri
mary magnetite (Hu et al., 2014; Liang et al., 2020; Zhao et al., 2022). 
The early high-Ti Mt-A exhibits a relatively uniform texture (Fig. 10a, i) 
and uniform Si, Mn, Mg and Al contents without sharp grain boundaries 
(Fig. 10). This indicates that Mt-A was not modified by DRP, which is 
confirmed by the consistent (Si + Ca + Al + Mg + Mn) contents of Mt-A1 
and Mt-A2 (Fig. 14d). The precipitation of Mt-A2 with relatively low Ti 
and V contents around Mt-A1 with higher Ti and V contents implies 
precipitation of Mt-A2 at a lower temperature and higher fO2 (Fig. 14a). 

The Mt-B displays a typical 120◦ triple junction texture (Fig. 5m) 
indicating magnetite recrystallization as the result of high-temperature 
annealing (Ciobanu and Cook, 2004) and fluid-assisted replacement 
(Nakamura and Watson, 2001). The three Mt-B types (Mt-B1, Mt-B2 and 
Mt-B4) show different Fe and trace element contents (Figs. 9, 14d), and 
different (Si + Ca + Al + Mg + Mn) values (Fig. 14d), which indicate 
that Mt-B was probably formed by fluid-assisted recrystallization (Hu 
et al., 2023). Porous Mt-B2 has a dark BSE signal and replaces Mt-B1. Mt- 
B1 is also replaced by porous Mt-B3 that contains silicate mineral in
clusions (Fig. 11). Mt-B3 and Mt-B2 show higher Mg, Si, and Mn con
tents and lower V contents than Mt-B1 (Figs. 5, 11), which indicate a 
lower temperature and higher fO2 conditions (Nadoll et al., 2014; Liang 
et al., 2020). The textural and geochemical characteristics of Mt-B1, Mt- 
B2, and Mt-B3 (Figs. 9, 11) suggest that DRP may have played an 
important role in their formation. With a slight temperature increase 
and a slight fO2 decrease, Mt-B4 was also formed through DRP, which is 
characteristic by fewer pores and lower Mg, Si and Mn contents and 
sharp contact with Mt-B2 or Mt-B3 (Fig. 14b). During the DRP of Mt-B1 

to Mt-B4, the (Si + Ca + Al + Mg + Mn) value first increases and then 
decreases whereas the Fe content shows an opposite trend (Fig. 14d). 

Finally, for the low-Ti Mt-C with triple-junction texture (Fig. 12a), 
the sharp contact between Mt-C1 and Mt-C2, and the lower Mg, Si, Al, 
and Mn contents (Figs. 9, 12, 14d) and higher Fe contents (average Fe 
content of Mt-C1 is 74.8 wt%, average Fe content of Mt-C2 is 75.6 wt%) 
of Mt-C2, indicate that Mt-C2 was also formed via DRP (Fig. 14c). 

5.5. Implications for ore deposit formation 

The textural and geochemical characteristics of magnetite described 
in this study indicates that the Huogeqi Fe deposit can be classified as a 
skarn-type Fe deposit. This is based on (1) the presence of typical skarn 
minerals (Figs. 2–5), (2) the local occurrence of a metasomatic contact 
between the granitoid and skarn (Fig. 4a–g), (3) the incomplete meta
somatism of carbonate remains (Fig. 4h–j), and (4) the trace element 
composition and the enrichment of light Fe isotopes in magnetite (Bao 
et al., 2021), which are typical for hydrothermal magnetite in skarn 
deposit. 

Generally, skarn Fe-Cu polymetallic deposits are related to calc- 
alkaline magmatism (Chen and Xiao, 2014). In a back-arc extensional 
setting triggered by the rollback of the Enger Us slab (Zheng et al., 2021) 
during Early-Middle Permian, heat input through asthenosphere up
welling caused partial melting of the crust to form A2-type granite, felsic 
magmatic rocks with calc-alkaline features (Liu et al., 2017), and the 
Qagan Qulu ophiolite (Zheng et al., 2014). These felsic magmatic rocks 
with calc-alkaline features could be related to regional skarn Fe-Cu 
polymetallic mineralization. In the process of magmatic emplacement, 

Fig. 12. (a, i) BSE images of Mt-C grains in the Huogeqi Fe deposit. (b–h, j–p) Corresponding wavelength-dispersive X-ray maps of selected elements (Mg, Al, Si, Mn, 
Ca, Fe and Ti) of Mt-C. 
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Fig. 13. Genetic discrimination diagram for magnetite in the Huogeqi Fe deposit. (a) Ti vs. V (Chen et al., 2020), (b) Ni/Cr vs. Ti (Dare et al., 2014), (c) Fe vs. V/Ti 
(Wen et al., 2017), (d) (Ti + V) vs. (Ca + Al + Mn), (e) (Ti + V) vs. Ni/(Cr + Mn) (Dupuis and Beaudoin, 2011) and (f) (Ti + V) vs. (Al + Mn) (Nadoll et al., 2014). 
Abbreviations: BIF = banded iron formation; Skarn = Fe skarn deposits; IOCG = Fe-oxide-Cu-Au deposits; Porphyry = porphyry Cu deposits; Kiruna = Kiruna apatite- 
magnetite deposits; Fe-Ti-V = magmatic Fe-Ti-oxide deposits. Data for Tengtie Fe skarn deposit are from Zhao and Zhou (2015), data for the Akesayi Fe skarn deposit 
are from Dong et al. (2021). 

Fig. 14. Schematic diagram showing the textural and geochemical evolution for the magnetite from Huogeqi Fe deposit.  
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the hydrothermal fluid rose along the NW-trending fault and reacted 
with the Meso-Neoproterozoic carbonate strata (dolomitic marble and 
marble) near the fault to form skarnization and Fe mineralization. 
Magnetite is the dominate Fe-bearing mineral in this deposit. As the 
temperature of the mineralizing hydrothermal fluid decreased whereas 
the fO2 increased, and the fluid-rock reaction increased from deep to 
shallow, the coarse-grained magnetite ore (Mt-A) with high Ti and V 
contents was first formed in a deep elevation, then the stratiform and 
fine-grained dense disseminated magnetite ore (Mt-B) were formed, and 
the massive magnetite ore (Mt-C) with low Ti and V contents was finally 
formed in a shallow elevation (Fig. 14). 

In addition, strong magmatic-hydrothermal activity in the 
Nuoergong-Langshan Belt during Late Paleozoic led to the formation of 
the Oubulage Cu-Au (Li et al., 2010; Wang, 2014), Zhulazhaga Au (Ding 
et al., 2016), and skarn-type Fe-Cu mineralization, such as Huogeqi Fe 
deposit, and three Fe-Cu deposits in Hongguyulin area with similar 
geological characteristics to the Huogeqi Fe deposit (Supplementary 
Table S4, Fig. 15; Li, 2006; Yang et al., 2018). 

6. Conclusions 

The Fe mineralization in Huogeqi occurred at 277.5 ± 8.7 Ma, which 
is coeval with the emplacement age of the mineralized-related granitoid 
(275.3 ± 1.3 Ma), as well as the regional Fe-Cu-Au mineralization and 
Early-Middle Permian magmatism in the Nuoergong-Langshan area. 

Three magnetite types were identified, including Mt-A (dissemi
nated, coarse-grained, and self-shaped), Mt-B (stratiform and fine- 
grained dense disseminated), and Mt-C (massive). The mineralizing 
hydrothermal fluid progressively cooled and the fO2 gradually 
increased. Dissolution and reprecipitation of magnetite played a vital 
role in the formation of Mt-B and Mt-C. 

The hydrothermal Huogeqi Fe deposit can be classified as a skarn- 
type deposit, which is related to late stage Early Permian magmatism. 
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