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Abstract: Delineating the process of hydrothermal alteration is crucial for effectively enhancing
exploration strategies and better understanding the gold mineralization process. Rutile, with its
capacity to accommodate a wide range of trace elements including high-field-strength elements
and base metals, serves as a reliable fluid tracer in ore systems. As one of the most significant
gold ore concentrations globally, Jiaodong boasts a gold reserve exceeding 5500 t. The Xincheng
gold deposit is a world-class high-grade mine, boasting a proven gold reserve exceeding 200 t, and
stands as one of the largest altered-type gold deposits in the vast gold province of the Jiaodong
Peninsula, Eastern China. In this study, rutile (Rt1,2,3) was identified in the K-feldspar alteration,
sericitization, and pyrite–sericite–quartz alteration stages of the Xincheng gold deposit in Jiaodong
based on petrographic characteristics. Rt1 coexists with hydrothermal K-feldspar and quartz, while
Rt2 coexists with minerals such as sericite, quartz, muscovite, and pyrite. Rt3 is widely distributed in
hydrothermal veins and is primarily associated with minerals including quartz, pyrite, chalcopyrite,
and sericite. Raman spectroscopy, EPMA, and LA-ICP-MS analysis were conducted to investigate
the characteristics and evolution of altered hydrothermal fluids. This study indicates that the
Zr vs. W and Nb/V vs. W diagrams suggest that Rt1 is of magmatic–hydrothermal origin, while
Rt2 and Rt3 are of metamorphic–hydrothermal origin. Notably, the W content in Rt2 and Rt3 is
significantly higher than in Rt1 (<100 ppm), suggesting a close relationship between the W content
in rutile and mineralization. The three types of rutile exhibit significantly different concentrations
of trace elements such as W, V, Nb, Zr, Sn, and Fe, displaying distinct bright spots and elemental
zoning characteristics in backscattered electron images and surface scans. These features arise from
the isomorphic substitution of Ti4+. While Rt1 exhibits no significant element exchange with the
hydrothermal fluids, Rt2 and Rt3 show a stronger substitution of W, Nb, V, and Fe, indicating a
gradual enrichment of F and Cl in the fluids. This process activates and transports these elements
into the fluids, leading to their continuous accumulation within the system. From Rt1 to Rt3, the
increasing concentrations of Fe and W, along with the negative Eu anomaly, suggest a decrease in
fluid temperature and oxygen fugacity during the alteration and mineralization process. The gradual
increase in the contents of REEs and high-field-strength elements such as W, V, Nb, and Sn indicates
that the hydrothermal fluids are enriched in F and Cl, exhibiting weak acidity. The nature of the fluids
during hydrothermal alteration is closely related to the composition of rutile, making it a promising
tool for studying hydrothermal alteration and related mineralization processes.

Keywords: hydrothermal rutile; element substitution; hydrothermal alteration; altered-type gold
deposit; Xincheng gold deposit; Jiaodong Province
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1. Introduction

The Jiaodong gold province is the only known giant late Mesozoic gold ore concen-
tration area globally that is located within Precambrian terranes, making it China’s most
significant gold metallogenic province and a world-renowned producer of gold resources.
The currently proven gold resources in this area have exceeded 5500 t [1], all of which are
located within hydrothermal alteration zones, indicating a clear genetic link between gold
mineralization and hydrothermal alteration. The essence of hydrothermal alteration is
the water–rock reaction between fluids and surrounding rocks. The study of fluid–rock
reaction processes is crucial for revealing element migration patterns during hydrothermal
alteration, analyzing the mechanisms of hydrothermal alteration, and exploring the evo-
lution of hydrothermal fluids, the activation, migration, and precipitation mechanisms of
ore-forming elements [2]. Despite previous studies on the hydrothermal alteration of gold
deposits in Jiaodong, which primarily focused on the major and trace element composition
of different altered rocks to reveal the patterns of element migration between various
alteration zones [2–7], it has been found that the hydrothermal alteration in Jiaodong
gold deposits exhibits multi-stage superposition characteristics with complex mineral mi-
crostructures. However, the use of bulk mineral analysis to obtain results such as major
and trace elements, isotopes are average values for different stages, which may differ from
their actual geological significance, cannot accurately constrain the hydrothermal alteration
process or mineralization process [8–13]. Therefore, it is necessary to conduct detailed
studies on the hydrothermal alteration process of typical gold deposits in the Jiaodong area,
aiming to provide insights into the mineralization system theory and effective exploration
of gold deposits.

Rutile is ubiquitously found in various types of rocks [14–19] and also forms in
numerous hydrothermal deposits, such as orogenic gold deposits [20–27]. Due to its unique
crystal structure, Ti ions often undergo isomorphic substitution with various trace elements
of different valences [28–31], enriching rutile with trace elements and HFSEs such as W, Sn,
Ta, Hf, Sb, Nb, and U [16,32–36]. The content of these trace elements, especially HFSEs, and
their relationship with Ti substitution in rutile can provide insights into geological evolution
and alteration–mineralization processes [17,21,28,37–41]. Furthermore, trace elements such
as Mg, Al, Nb, Cr, Ta, U, Pb, Sb, W, V, Sn, Fe, Zr, REEs, and Mn can reveal information about
the origin of rutile, chronology, mineralization processes, fluid characteristics, properties of
surrounding rocks, and mineralization systems [24,26,30,31,35,36,42–45].

Addressing the aforementioned issues, this study focuses on the Xincheng gold de-
posit in the Jiaodong Peninsula as the research subject. Previous research has explored
various aspects of the Xincheng gold deposit, including alteration types, mineralization
patterns, alteration–mineralization horizontal zoning characteristics, fluid evolution, and
gold precipitation mechanisms [6,46–49], and has made significant progress. However,
the study of hydrothermal alteration processes has primarily relied on the analysis of
major and trace elements in rocks bulk in nature already to investigate element migration
patterns during alteration. Based on detailed field geological surveys and petrographic
observations, this study conducts an in situ micro-geochemical characterization of rutile
from the main hydrothermal alteration stages. The aim is to gain a deeper understanding
of the hydrothermal processes recorded by changes in rutile trace elements and to obtain
more detailed geological information from different alteration stages. This information is
expected to reveal the evolution patterns of alteration–mineralization processes, thereby
supporting discussions on the transport and precipitation mechanisms of gold.

2. Geological Background
2.1. Regional Geology

The Jiaodong Peninsula, situated at the active intersection of the Pacific and Eurasian
plates, lies on the southeastern margin of the North China Craton. It is bound by the Tan-lu
Fault on the west and adjoins the ancient Pacific plate subduction zone on the east. It is
divided into two tectonic units, the Jiaobei terrane and the Sulu terrane in the east, by
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the Wulian–Qingdao–Yantai Fault. The Jiaobei terrane can be further subdivided into the
Jiaobei uplift and the Jiaolai basin [48,50–52]. The Zhaoyuan–Laizhou and Penglai–Qixia
gold metallogenic belts, located within the Jiaobei uplift, account for approximately 85% of
the gold resources in Jiaodong [53,54]. The Mouping–Rushan gold belt, situated within the
Sulu ultrahigh-pressure terrane, contributes about 15% of the gold resources [55] (Figure 1).

The Jiaodong area consists mainly of Precambrian high-grade metamorphic rocks
intruded by Mesozoic granite [56]. Precambrian metamorphic rocks are mainly found
in the Jiaobei terrane, including the Neoarchean Jiaodong Group, the Paleoproterozoic
Fenzishan Group, the Jingshan Group, and the Meso-Neoproterozoic Penglai Group [6,57],
partially covered by Cretaceous continental sediments and volcanic rocks [58].
Neoarchean–Paleoproterozoic tonalite–trondhjemite (TTG) genes are widely developed
and were formed at ~2.9 Ga, ~2.7 Ga, or ~2.5 Ga [56,59–61]. The Mesozoic intrusive rocks
are well developed in the Jiaodong area, mainly consisting of the Late Jurassic and Early
Cretaceous rock suites. The primary rock bodies are the Linglong granite suite (160–145 Ma)
and the Guojialing granite suite (130–123 Ma), which are also the main ore-bearing host
rocks in Jiaodong. More than 88% of the gold deposits are hosted within these two suites.
Additionally, widespread Cretaceous (130–110 Ma) basic–intermediate dikes are present,
though they are smaller in volume and mainly composed of lamprophyres and dolerites,
intruded into both granite and metamorphic rocks [62].

Figure 1. Geological map of Jiaodong region. Modified from Yang et al., 2016 [58]. Abbre-
viations: HQF = Haiyange–Qingdao Fault; HSF = Haiyange–Shidao Fault; JJF = Jiaojia fault;
MJF = Mupinge–Jimo Fault; MRF = Mupinge–Rushan Fault; QXF = Qixia Fault; RCF = Rongcheng
Fault; SSDF = Sanshandao Fault; TCF = Taocun Fault; WQYF = Wulian–Qingdao–Yantai Fault;
WHF = Weihai Fault; and ZPF = Zhaoping Fault.
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The distribution of gold deposits in the Jiaodong area is controlled by regionally
NE-NNE trending and nearly parallel faults, such as the Jiaojia, Sanshandao, and Zhaoping
faults [20]. Gold mineralization occurred in the process of tectonic system transformation
around 120 Ma in the late Mesozoic, which is later than the regional metamorphism of
basement rocks by approximately 1.9 billion years [48]. Among them, the Linglong biotite
granite and the Guojialing granite, which were formed in the Mesozoic, contain 95% of the
gold resources in Jiaodong and are the main ore-bearing wall rocks of gold deposits in the
Jiaodong area [63].

2.2. Deposit Geology

The Xincheng gold deposit, situated on the Jiaobei uplift in the northwestern section
of the Jiaodong Peninsula, stands out as a super-large gold deposit within the Jiaojia gold
field (Figure 2a). With impressive gold resources totaling 200.7 t, reserves of 59.6 t, and a
grade of 3.38 g/t, it ranks as the fourth largest gold mine in the Jiaodong region and the
sixth in China, boasting a cumulative gold production exceeding 100 t [64]. Furthermore,
the Xincheng gold deposit is also abundant in other important mineral resources such
as silver, copper, sulfur, cobalt, and chromium, all of which have significant economic
potential for exploitation and utilization [49,65].

Figure 2. (a) A simplified geological map of the Jiaojia gold belt. Modified from Yang et al., 2016 [49].
The Xincheng gold deposit is located at the northern segment of the Jiaojia fault. (b) A 191’ exploration
line vertical cross-section view of the Xincheng gold deposit.

The Xincheng gold deposit features extensive exposures of Late Jurassic–Early Creta-
ceous magmatic rocks. Prominent among these are the Linglong and Guojialing granite
bodies, which serve as the primary host rocks for mineralization. The Linglong granite is
situated at the footwall of the Jiaojia main fault, with fresh biotite granite visible in various
middle sections. The Guojialing granite is primarily concentrated in the footwall of the
Jiaojia fault in the deeper sections below −480 m of the Xincheng gold deposit, exhibiting
a porphyritic texture. Its mineralogy is predominated by plagioclase, quartz, K-feldspar,
hornblende, and minor biotite (Figure 3). Geological studies suggest a formation age
of 132–123 Ma for this granite [66]. During field investigations, we discovered that the
thick, reddish rocks developed on the hanging wall of the main fault in the mining area
are not potassium-feldspathic granites as previously thought but maybe potassium-rich
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granites formed around 1.8 billion years ago. Further studies are required to confirm this.
Additionally, a small number of felsic dike rocks and lamprophyres are also developed in
the mining area, intruding into the host rocks in a vein-like manner.

Figure 3. (a) Guojialing granite with K-feldspar phenocrysts. (b,c) Optical microscopy micropho-
tographs of Guojialing granite: (b) The dark minerals are mainly hornblende with minor or traces
of biotite, and magmatic titanite. (c) Zircon and apatite are associated with magmatic K-feldspar
and biotite. (d) Unaltered Linglong granite. (e,f) Optical microscopy microphotographs of Linglong
granite, including quartz, plagioclase, biotite, K-feldspar, and minor or traces of apatite and zircon.
Abbreviations: Ap = apatite; Bt = biotite; Hbl = hornblende; Kfs = K-feldspar; Pl = plagioclase;
Qz = quartz; Ttn = titanite; and Zrn = zircon.

The NE-NNE trending Jiaojia fault zone within the region serves as the primary
controlling structure for the mineralization of the Xincheng gold deposit, with the alteration
and mineralization patterns strictly influenced by its presence [6,67]. The Xincheng gold
deposit is a typical example of “Jiaojia-type“ gold mineralization, with orebody I being
the most significant within the mining area. This orebody comprises disseminated and
stockwork-like ore types, primarily occurring within the pyrite–sericite alteration zone
adjacent to the footwall of the main fault. The orebodies are hosted within hydrothermal
alteration zones, and their distribution is tightly controlled by the Jiaojia fault. They are
mainly located at changes in the attitude of the Jiaojia fault zone, trending northwest with
relatively stable thickness. They exhibit a stratiform or layered structure with branching
and merging phenomena (Figure 2b). The ore minerals are primarily pyrite, followed by
chalcopyrite, sphalerite, and galena. Pyrite is the main gold-bearing mineral [47], and
the gold minerals include electrum, native gold, and auricupride, which are present as
fissure gold, intercrystalline gold, and inclusion gold [58]. The gangue minerals are mainly
quartz, sericite, and feldspar. Petrographic studies of fluid inclusions indicate the presence
of H2O–CO2 inclusions, aqueous inclusions, and pure CO2 inclusions in the Xincheng
deposit. The homogenization temperatures of the H2O–CO2 inclusions range from 221 ◦C
to approximately 304 ◦C [6,58].

The wall-rock alteration of the Xincheng gold deposit is wide, primarily as K-feldspar
alteration, sericitization, silicification, pyrite–sericite–quartz alteration, and
carbonatization [47]. These alterations are strictly controlled by the Jiaojia fault and
its secondary faults. It exhibits a certain zoning in space and manifests as the super-
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imposition and modification of late-stage alteration over early-stage alteration in time.
Downward and along the main fault, the alterations occur in the following sequence:
pyrite–sericite–quartz alteration, silicification, sericitization, K-feldspar alteration, and
unaltered granite. K-feldspar alteration, which is recognized as a pre-mineralization
stage [68,69], is characterized by the replacement of plagioclase by hydrothermal K-feldspar
and the secondary enlargement of primary K-feldspar (Figure 4c). The replacement
of plagioclase by K-feldspar forms a metasomatic residual structure (Figure 4a), in the
form of a vein or plane by the later (pyrite) sericite–quartz alteration. Sericitization alter-
ation is characterized by the partial or complete replacement of plagioclase, K-feldspar,
or biotite with coarse-grained sericite, accompanied by the formation of fine-grained
quartz and traces of pyrite (Figure 4d). In the process of pyrite–sericite–quartz alteration,
plagioclase, K-feldspar, or biotite is nearly completely altered into fine-grained sericite
and quartz, along with the precipitation of sulfide minerals forming quartz–pyrite and
quartz–polymetallic sulfide veins. This type of alteration often overlays sericitization and is
closely associated with gold mineralization events (Figure 4e,g–i). Carbonatization occurs
as quartz–calcite veins, accompanied by minor pyrite, and cuts through the mineralization-
stage pyrite–sericite–quartz alteration (Figure 4b,f), indicating that it is either a late-stage
or post-mineralization product.

Figure 4. (a) Within the K-feldspar alteration zone, vein-like (pyrite) sericite–quartz alteration is devel-
oped. (b) Quartz–calcite veins intersect and traverse the mineralization-stage sericitization. (c) Hydrother-
mal K-feldspar after plagioclase. (d) The partial alteration of plagioclase, accompanied by the formation
of quartz and scaly sericite. (e) Pyrite–sericite–quartz alteration with pyrite coexisting with fine-grained
quartz and sericite. (f) Late-stage calcite veins intersect plagioclase, quartz, muscovite, and sericite,
containing minor pyrite. (g) Gold inclusions within euhedral to subhedral pyrite. (h) Gold coexisting
with sulfide minerals such as sphalerite, chalcopyrite, and galena. (i) Fractured pyrite filled by galena
and sphalerite. (c–f) Photomicrographs were taken under orthogonal polarization. (g–i) Photomicro-
graphs were taken under reflected light. Abbreviations: Ap = apatite; Bt = biotite; Cal = calcite;
Ccp = chalcopyrite; Au = gold; Gn = galena; Kfs = K-feldspar; Mus = muscovite; Pl = plagioclase;
Py = pyrite; Qz = quartz; Ser = sericite; Sp = sphalerite; and Ttn = titanite.

Based on the interlacing relationships and structural features of veins and minerals,
the mineralization process is divided into four distinct stages: the quartz–sericite–pyrite,
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quartz–pyrite, quartz–polymetallic sulfide, and quartz–calcite–pyrite stage. Notably, the
second and third stages are the primary gold mineralization stages.

3. Samples and Analytical Techniques
3.1. Sample Selection

This study focuses on samples collected from the 155 lines and the XCZK191’-12 bore-
hole in the 530 m underground working area of the Xincheng gold deposit. Based on the
alteration–mineralization characteristics and detailed field investigation of the deposit, a to-
tal of 10 samples were selected for detailed alteration–mineralization research experiments.
The eight samples from the 155 line at the 530 m level are all located in the footwall of the
Jiaojia fault, including two pyrite–sericite–quartz granite samples, one sericitized granite
sample, three potassium feldspar granite samples, and two fresh granodiorite samples
from the distal part of the fault. Additionally, two pyrite–sericite–quartz granite samples
were selected from a depth of 1104.2 m in the XCZK191’-12 borehole. Some altered rocks
exhibit superimposed features of multiple stages of hydrothermal alteration. Microscopic
observations were conducted to identify the mineral assemblages of different alteration stages,
and rutile (particle size ≥ 10µm) coexisting with minerals from different alteration stages was
selected for Raman spectroscopy, electron probe microanalysis (EPMA), and laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS) experimental analysis.

3.2. Analytical Techniques

The distinction between polymorphs of TiO2 minerals in this study was achieved
through Raman spectroscopy experiments conducted at the Raman laboratory of China
University of Geosciences (Beijing). The instrument used was the Renishaw inVia model
(Renishaw, Auburn Hills, MI, USA), with a laser excitation wavelength of 514 nm. The
spectral count time was set to 15 s, and the diameter of the laser beam spot was 1 µm.

The EPMA analysis of rutile’s Ti and trace elements including Cr, Mn, Zr, Nb, Ca,
Mg, Al, Hf, Fe, V, Sc, Si, Ta, and W was measured with a JEOL JXA-8320 electron probe
microanalyzer (JEOL, Peabody, MA, USA), at the Shandong Institute of Geological Sciences.
The operating conditions were 15 kV accelerating voltage, 50 nA beam current, and 1~10 µm
beam spot. The testing utilized the following crystals: TAP crystal (Mg, Al, Si), PETJ crystal
(Ca, Ti), PETH (Ta, W, Nb, Zr, Sc), and LiF crystal (Mn, Cr, Fe, Hf, V). Analytical lines
included Kα (Mg, Al, Si, Ca, Ti, Sc, Fe, Mn, Cr), Kβ (V), Lα (Nb, Zr, Hf), and Mα (Ta, W).
The standards used were SPI natural minerals, including jadeite (Si), almandine garnet
(Al, Fe), diopside (Ca, Mg), rutile (Ti), rhodonite (Mn), chromium oxide (Cr), and zirconia
(Zr), and pure metals were used for Nb, Hf, V, Sc, Ta, and W standards. Depending on
the element analyzed, the beam current and counting time were adjusted and accordingly
increased. The counting times for Ti, Cr, Mn, Zr, Nb, Ca, Mg, Al, Hf, Fe, V, Sc, Si, Ta, and
W were 10, 40, 20, 60, 40, 20, 20, 20, 60, 20, 60, 40, 20, 20, 60, and 100 s, respectively, with
detection limits of 242, 88, 143, 108, 103, 68, 43, 52, 343, 64, 280, 78, 68, 126, and 98 ppm. The
matrix effects were corrected using the ZAF software provided by JEOL.

The elemental analysis of minerals in thin sections was conducted at the testing
center of the Shandong Bureau of China Metallurgical Geology Bureau using LA-ICP-MS
technology. For the experiments, a combination of the GeoLasPro 193 nm ArF excimer
system, manufactured by Coherent (Saxonburg, PA, USA), and the ICP-MS was employed
the ICAP Q quadrupole by Thermo Fisher (Waltham, MA, USA). The 193 nm ArF excimer
laser, homogenized through an advanced beam delivery system, was precisely focused on
the mineral surface, delivering a fluence of 10–12 J/cm2. Measured masses included 23Na,
24Mg, 27Al, 29Si, 31P, 39K, 44Ca, 49Ti, 55Mn, 57Fe, 7Li, 9Be, 11B, 45Sc, 51V, 52Cr, 59Co, 60Ni,
63Cu, 66Zn, 71Ga, 73Ge, 75As, 85Rb, 88Sr, 89Y, 91Zr, 93Nb, 95Mo, 111Cd, 118Sn, 133Cs, 137Ba,
139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb,
175Lu, 178Hf, 181Ta, 182W, 209Bi, 208Pb, 232Th, and 238U. Each acquisition process began with
a 20 s background measurement to establish a baseline (gas blank), followed by a 60 s
ablation period where a 30 µm spot diameter was used at a repetition rate of 6 Hz. To
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efficiently transport the aerosol out of the ablation cell, helium gas (750 ml/min) was used
as the carrier gas. This helium stream was then merged with argon via a T-connector before
entering the ICP torch.

As external calibration standards, synthetic standard glasses from the American
National Bureau of Standards and Technology, including NIST610 and NIST612, as well as
basaltic glasses from the United States Geological Survey, namely BIR-1G and BCR-2G, were
utilized. The raw data reduction was performed offline using the ICPMSDataCal software,
adopting a 100% normalization strategy without the need for an internal standard [70].
Additionally, Chinese Geological Standard Glasses CGSG-1 and CGSG-2, prepared by
the National Research Center for Geoanalysis in Beijing, China, served as quality control
samples. This meticulous approach ensures the accuracy and precision of the elemental
analysis in mineral thin sections, providing valuable insights into the mineralogy and
geochemistry of the samples.

4. Results
4.1. Raman Analysis of TiO2 Minerals in Different Stages of Hydrothermal Alteration

Previous studies have found that under certain conditions, anatase and brookite
exhibit similar trace element compositions to rutile, such as their characteristic low W and
Sn contents [17]. It is crucial to accurately distinguish rutile from the TiO2 polymorphs
anatase and brookite using techniques like laser Raman spectroscopy or electron backscatter
diffraction, to avoid obtaining false-positive research results.

Based on petrographic characteristics and Raman analysis, three polymorphs of TiO2
minerals were identified: brookite, anatase, and rutile (Figure 5). Among them, brookite
and anatase exist only in small quantities, primarily within the skeletal crystals of titanite,
resulting from metasomatic reactions of titanite. These minerals have particle sizes ranging
from 20 to 100 µm and exhibit relatively smooth surfaces. Rutile, as the most prominent
TiO2 mineral, is widely developed throughout various stages of hydrothermal alteration. It
appears as euhedral to subhedral grains with sizes ranging from 10 to 400 µm, and some
rutile crystals exhibit relatively well-developed internal fractures. The characteristic Raman
peaks of rutile are primarily located at 142 cm−1, 234 cm−1, 444 cm−1, and 610 cm−1.

Figure 5. Raman analysis results of TiO2 minerals from the Xincheng gold deposit. Comparison of
standard Raman spectra of TiO2 polymorphs (brookite, anatase, and rutile; Meinhold, 2010 [16]) with
Raman spectra of samples from this study.

Based on petrographic features and mineral paragenesis, rutile in the Xincheng gold
deposit is classified into three types: Rt1-type (K-feldspar alteration stage), which ex-
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hibits a semi-euhedral to allotriomorphic structure with a relatively clean surface, lacking
zoning and bright spots, and coexisting with hydrothermal K-feldspar and quartz. Addi-
tionally, minor semi-euhedral granular brookite and anatase exist in the wedge-shaped
pseudomorph of magmatic sphene, resulting from the hydrothermal alteration of the latter.
During the alteration of biotite into muscovite, needle-like rutile precipitates along its joints
(Figure 6a,d). Rt2-type (sericitization stage) rutile is semi-euhedral and exhibits distinct
zoning and bright spots under the BSE detector. It occurs in hydrothermal veins and coex-
ists with sericite, quartz, pyrite, and muscovite, with a few monazite grains distributed in
fractures (Figure 6e,h). Rt3-type (pyrite–sericite–quartz alteration stage) rutile is mainly as-
sociated with minerals such as quartz, pyrite, chalcopyrite, and sericite, widely distributed
in hydrothermal veins. The BSE images reveal distinct zoning and bright spots, which are
typically distributed around the fractures of rutile (Figure 6i,l).

Figure 6. Micrographs and BSE images of rutile in different hydrothermal alteration stages:
(a,b) Rt1-type rutile occurs in the K-feldspar alteration stage, coexisting with hydrothermal K-feldspar
and quartz; and (c) anatase, rutile, and quartz that formed within the pseudomorph of sphene are in
coexistence with hydrothermal K-feldspar. (d) Altered biotite with needle-like rutile precipitating
along its joints; (e–h) Rt2-type rutile coexisting with sericite and quartz; (i–k) Rt3-type rutile in the
pyrite–sericite–quartz alteration, coexisting with metal sulfides such as pyrite, fine-grained sericite,
and quartz, showing distinct zoning and bright spots in the BSE image; (l) fine-grained rutile coexist-
ing with polymetallic sulfides such as chalcopyrite, sphalerite, and pyrite. (b,f,h) Photomicrographs
were taken under orthogonal polarization; (a,c,e,i,j,l) photomicrographs were taken under reflected light;
(d,g,k) BSE images. Abbreviations: Ant = anatase; Ccp = chalcopyrite; Kfs = K-feldspar; Mus = muscovite;
Pl = plagioclase; Py = pyrite; Qz = quartz; Rt = rutile; Ser = sericite; and Sp = sphalerite.
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4.2. Major and Trace Elements of Rutile

The results of EPMA and LA-ICP-MS element content tests for rutile in different
hydrothermal alteration stages are shown in Tables S1 and S2. Rutile from various hy-
drothermal alteration stages exhibits inhomogeneous major and trace element compositions:
Rt1-type rutile is characterized by high contents of Si (>130,001.33 ppm), Hf (>38.24 ppm),
and Zr (>427.16 ppm) and low contents of V (346.8–4277.2 ppm), Nb (167.82–4663.98 ppm),
and W (2.2–26.98 ppm). Rt2-type rutile exhibits a higher content of V, W, Nb, Ta, and Sn and
a lower content of Ca, Si, Hf, and Zr compared to the Rt1-type. Notably, the W content is
significantly higher in Rt2, exceeding Rt1 by two orders of magnitude. The Rt3 type of rutile
stands out with its high levels of W (>13,366.82 ppm), Sc (>626.09 ppm), Cr (>1301.17 ppm),
Sn (>1301.17 ppm), and V (>6176.53 ppm), along with low Hf (<2.47 ppm) and
Zr (<21.82 ppm) (Figure 7).

Figure 7. The elements’ box-and-whisker diagram in rutile from the Xincheng gold deposit.
(a,b) LA-ICP-MS data; (c,d) EPMA data.

The total content of rare earth elements (REEs) in Rt1 rutile ranges from 8.97 to 165.62 ppm
(average: 77.59), with (La/Yb)N = 1.32–14.77 (average: 6.05), δEu values of 0.32–1.04 (aver-
age: 0.73), and (La/Sm)N = 0.27–1.02 (average: 0.76). In Rt2 rutile, the ∑REE content is
107.76–756.32 ppm (average: 379.60), with (La/Yb)N = 0.88–6.55 (average: 3.45), δEu values of
0.32–0.84 (average: 0.63), and (La/Sm)N = 0.25–3.66 (average: 1.70). Finally, Rt3 rutile exhibits
a ∑REE content of 90.13–691.68 ppm (average: 356.93), (La/Yb)N = 2.75–5.60 (average: 3.70),
δEu values of 0.14–0.65 (average: 0.31), and (La/Sm)N = 0.66–1.46 (average: 1.08) (Figure 8).

The analysis of the element correlation diagrams of the three rutile types reveals
patterns: Rt2 and Rt3 rutiles exhibit a distinct negative correlation between W, Nb, and Ti
contents, whereas Rt1 rutile displays no such relationship (Figure 9a,c). Furthermore, a
positive correlation is observed between the Nb and W contents of Rt2 and Rt3 rutiles, indi-
cating the occurrence of Nb and W undergoing isomorphic substitution with Ti (Figure 9b).
Notably, no obvious correlation is observed between the Nb, Ti, W, and V contents of the
three rutile types (Figure 9d–f).
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Figure 8. Chondrite-normalized REE patterns of different types of rutile. (a) The rutile at K-feldspar
alteration stage; (b) The rutile at sericitization stage; (c) The rutile at pyrite–sericite–quartz alteration
stage. The geochemical data of the upper crust are from [71], and chondrite is derived from [72].
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Figure 9. Correlation diagrams of rutile elements in the Xincheng gold deposit. (a) TiO2 vs. WO3;
(b) Nb2O5 vs. WO3; (c) TiO2 vs. Nb2O5; (d) Nb2O5 vs. V2O3; (e) TiO2 vs. V2O3; (f) V2O3 vs. WO3.

In recent years, EPMA trace element mapping has emerged as a technique that
provides a more intuitive understanding of the spatial distribution of trace elements
within minerals [73,74]. BSE analysis and semi-quantitative EPMA mapping were con-
ducted on rutiles developed during two stages of alteration: sericitization (Rt2-type) and
pyrite–sericite–quartz alteration (Rt3-type) (Figures 10 and 11). The results of the EPMA
mapping show that warm colors like red, yellow, and green represent high concentrations
of trace elements, while cool colors like blue, purple, and black indicate lower concentra-
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tions. Both Rt2 and Rt3 rutiles exhibit distinct zoning and bright spot regions in the BSE
images. These bright spots are primarily distributed along the edges of rutile grains and on
both sides of internal fractures. The inhomogeneous distribution of certain trace elements,
such as W, Fe, Nb, and V, is attributed to isomorphic substitution with Ti. Notably, the
bright spots in the Rt2 rutile BSE images contain higher concentrations of W compared to
the dark bands. Conversely, the bright spots in Rt3 rutile are enriched in W, Nb, Fe, and a
small amount of V. Furthermore, there is a positive correlation between the variations in W
and Nb concentrations, while Fe and V concentrations exhibit a positive correlation with W
in certain regions.

Figure 10. EPMA semi-quantitative element mapping results of Rt2-type rutile in the Xincheng gold
deposit. (a) Under backscattered electron and element EPMA maps in (b) Ti, (c) W, (d) Fe, (e) Nb,
(f) V, (g) Ca, (h) Al, and (i) Cr. Red, yellow, and green indicate high concentrations of trace elements,
and blue, purple, and black represent lower concentrations of trace elements.

Figure 11. EPMA semi-quantitative element mapping results of Rt3-type rutile in the Xincheng gold
deposit. The explanations of sub-figures (a–i) and color scheme used is consistent with Figure 10.
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5. Discussion
5.1. The Genesis of Rutile

Rutile is widely developed in hydrothermal deposits, often resulting from the metaso-
matic interaction between hydrothermal fluids and primary titanium-rich minerals such as
biotite, titanite, ilmenite, and amphibole [21,37,75,76]. It frequently coexists with hydrother-
mal minerals like sericite, quartz, and sulfides in altered rocks [31,77]. Rutile is rich in trace
elements such as high-field-strength elements and transition elements, and variations in
these trace elements can be used to reconstruct fluid evolution processes and investigate
the genesis types [24,28–31].

Previous studies have classified rutile into several types based on its genesis: mag-
matic rutile, hydrothermal rutile, metamorphic rutile, and clastic rutile [16,42,56,78]. In this
study, we observed the extensive development of rutile at different stages of hydrothermal
alteration in the Xincheng gold deposit. Rutile grains are mostly euhedral to subhedral
and closely associated with hydrothermal minerals such as K-feldspar, pyrite, quartz, and
sericite, along with other polymetallic sulfides (Figure 6). Petrographic features indicate that
all of these rutile grains are of hydrothermal origin. Furthermore, research found that the
contents of Zr and W in rutile can effectively discriminate between magmatic, metamorphic,
and hydrothermal rutile [26]. Sciuba et al. (2021) [24] used trace element composition and
binary diagrams to demonstrate that the Nb/V vs. W ratio can effectively distinguish rutile
in metamorphic and hydrothermal deposits from that in magmatic hydrothermal deposits
and magmatic environments. Additionally, the Sn vs. V diagram can be used to distinguish
rutile in orogenic gold deposits from those in other deposit types and geological settings.
Based on the binary diagrams of trace elements and petrographic characteristics of rutile
from the alteration stages of K-feldspar alteration (Rt1-type) and pyrite–sericite–quartz
alteration (Rt3-type), the Zr and W contents of rutile indicate that all rutile grains from
these hydrothermal alteration stages are of hydrothermal origin (Figure 12a). However,
Rt1-type rutile exhibits a distinctively low W characteristic, falling outside the range typical
of hydrothermal rutile and differing from magmatic rutile. The Nb/V vs. W diagram
reveals that this low-W rutile from the K-feldspar alteration stage exhibits characteris-
tics of magmatic–hydrothermal fluids. In contrast, Rt2-type and Rt3-type rutile display
characteristics of metamorphic hydrothermal fluids. In the Sn vs. V diagram, they share
similar features with rutile in orogenic gold deposits, demonstrating a clear genetic dis-
tinction from Rt1-type rutile (Figure 12b,c). In the fresh granodiorite of the Xincheng
gold deposit, titanium-rich minerals such as titanite, biotite, and amphibole are widely
present (Figure 3b,c). During the process of hydrothermal alteration, these titanium-rich
minerals are prone to instability, decomposition, and re-equilibration under the influence of
oxidizing fluids with medium to low temperatures and high CO2 concentrations, releasing
Ti and crystallizing to form rutile [30,37]. Additionally, the high Ti concentrations in titanite
(32.86–36.33 wt.%, average: 35.26 wt.%) and biotite (0.55–2.46 wt.%, average: 1.50 wt.%)
within the protolith granodiorite of the Xincheng gold deposit suggest them as potential
Ti sources. It is believed that hydrothermal rutile originated from the transformation of
Ti-rich minerals in the protolith through hydrothermal alteration (Figure 6c,d).
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Figure 12. Trace element diagram of rutile in Xincheng gold deposit: (a) discrimination of rutile
genesis by Zr vs. W content (modified from [26]); (b) Nb/V vs. W; (c) V vs. Sn; and (d) changes in
W content of rutile during different alteration stages, with dashed lines representing detection limit
of 0.04 wt% for WO3 (modified from [23]). (b,c) Constructed areas or dot lines modified based on
original work of [24]. (a–d) Data are derived from LA-ICP-MS analysis.

The substitution of Ti4+ in the rutile lattice is related to the ionic radius and charge
of the substituted and replacing cations [16]. Previous studies have revealed that the
substitution of Ti4+ in rutile primarily follows two mechanisms: (1) X3+ + Y5+ = 2Ti4+ and
(2) 2X3+ + Z6+ = 3Ti4+. In these reactions, X represents trivalent cations such as Fe3+, V3+,
Cr3+, and Al3+; Y represents pentavalent cations such as Nb5+, Sb5+, or Ta5+; and Z rep-
resents hexavalent cations, including W6+ [16,79,80]. Assuming an oxygen cation count
of two and the primary existence of iron as Fe3+ [31,32,81], we calculated the cationic per-
centage of each element using EPMA data for rutile. Through binary diagrams analyzing
the oxide content and cationic percentage of rutile at various stages, it was observed that
Rt1-type rutile exhibits no linear correlation between Ti and W, Nb, Fe, or V nor does it
adhere to the previously mentioned substitution mechanisms. Consequently, it is believed
that Ti4+ in Rt1-type rutile has not undergone isomorphous substitution. This may be
attributed to the nature and composition of the hydrothermal fluids that formed Rt1-type
rutile, which are unfavorable for the isomorphous substitution of Ti, thereby preventing ele-
ments such as W, Nb, Fe, and V from entering the rutile lattice. In the following discussions,
we will further explore the influence of fluid properties and composition on this process.
In Rt2-type and Rt3-type rutile, there exists a strong linear correlation between Ti and W,
Nb, and a linear relationship between Nb and W in Rt3-type rutile is also observed. It is
believed that the possible substitution relationship in Rt2-type rutile is 2X3+ + Z6+ = 3Ti4+

(R2 = 0.41), but the linear correlation is relatively weak. On the other hand, the primary sub-
stitution relationship in Rt3-type rutile is 2X3+ + Z6+ = 3Ti4+ (R2 = 0.62), and an additional
substitution relationship of X3+ + Y5+ = 2Ti4+ (R2 = 0.51) is also present (Figures 9 and 13).
The large variations in trace elements and the potential existence of cations with multiple
valence states weaken the correlation of cation substitution relationships in Rt2-type and
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Rt3-type rutile. Research has found that combining backscattered electron (BSE) images
with the elemental mapping of rutile grains can reveal complex zoning patterns and the dis-
tribution characteristics of trace elements in rutile [30,31]. In the BSE images and elemental
mapping of Rt2-type and Rt3-type rutile grains, a positive correlation is observed between
the W content and BSE brightness in Rt2-type rutile, while in Rt3-type rutile, W, Nb, and
Fe also positively correlate with BSE brightness (Figures 10 and 11) [29,30]. This further
illustrates the substitution relationships between Ti4+ and other cations in Rt2-type and
Rt3-type rutile. Additionally, it demonstrates that the W content positively correlates with
BSE brightness, and the distribution of trace elements in rutile controls the distribution of
bright spots and fan-shaped zoning [31,77].

Figure 13. A binary diagram of the cation percentage abundance in rutile: (a) Ti and X3+ + Y5+ and
(b) Ti and 2X3 + + Z6 +. Data are from EPMA analysis. X3 + represents the sum of trivalent cations,
such as Fe3 +, Cr3 +, and V3+; Y5 + represents the sum of pentavalent cations, such as Nb5 +and Ta5 +;
Z6 + represents the sum of hexavalent cations, such as W6 +.

5.2. Characteristics and Evolution of Hydrothermal Alteration Fluids

Rutile, a common accessory mineral, is widely distributed in mineralization zones and
their proximal and distal alteration zones across numerous ore deposits [14,30,80,82]. It
hosts various HFSEs and transition elements, such as W, Sn, Sb, Zr, Hf, Nb,
and Ta. [16,24,28,30,31,37]. The trace element composition of rutile is typically controlled by
conditions such as temperature, pressure, fluid composition, and oxygen
fugacity [15,17,24,28,39,83–86]. Therefore, by interpreting the trace elements in rutile from
different hydrothermal alteration stages of the Xincheng gold deposit, we can obtain
important information about the characteristics and evolution of hydrothermal fluids.

In the Xincheng gold deposit, the Fe content gradually increases from Rt1-type rutile
to Rt3-type rutile (Figure 7a) indicating that fluid fO2 decreases [86]. Additionally, the
fluid’s fO2 and temperature conditions are related to Eu anomalies [87,88]. Rt1-type
rutile exhibits higher concentrations of light rare earth elements with an insignificant
Eu anomaly, resembling the rare earth element distribution pattern of the upper crust,
suggesting crustal genesis characteristics (Figure 8a). Both Rt2-type and Rt3-type rutile
show negative Eu anomalies, with Rt3-type rutile exhibiting a more pronounced anomaly
(Figure 8b,c). Therefore, fluids associated with K-feldspar alteration occur in a relatively
oxidizing environment with higher oxygen fugacity, while fluids related to sericitization
and pyrite–sericite–quartz alteration occur in a more reducing environment with lower
oxygen fugacity, leading to the reduction of Eu3+ to Eu2+ and resulting in a negative Eu
anomaly. This is consistent with the results of fluid inclusions and isotopes from previous
research (results in Table S4) [2,4,47].
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The total amount of rare earth elements (REEs) in Rt2-type and Rt3-type rutiles
are significantly higher than in Rt1-type rutile (mean for Rt1: 77.59 ppm; mean for Rt2:
379.60 ppm; mean for Rt3: 356.93 ppm), indicating the enrichment of REEs in the evolving
alteration fluids. REEs migrate in hot aqueous solutions as Cl− and SO4

2− complexes,
and the content of REEs in the system increases with the increase in Cl− and SO4

2−

content. Low pH and high concentrations of ligand ions are favorable conditions for the
migration of REEs in thermal fluids [89]. Alkaline fluids favor the alteration of plagioclase
to form potash feldspar, while acidic fluids favor the alteration of plagioclase and potash
feldspar to form sericite [90]. Therefore, the fluids associated with K-feldspar alteration
are alkaline, whereas those involved in sericitization and pyrite–sericite–quartz alteration
are weakly acidic. Under acidic pH conditions, rare earth elements migrate in the form of
chloride complexes [91,92]. Consequently, during the transition from K-feldspar alteration
to pyrite–sericite–quartz alteration, the altered hydrothermal fluids exhibit characteristics
of decreasing pH and increasing anionic Cl− content.

The Zr content in rutile exhibits a certain linear relationship with its formation
temperature [15,34,93,94]. Therefore, the crystallization temperature of rutile at different
alteration stages can be calculated based on its Zr content, allowing us to reconstruct
the temperature changes during fluid evolution. Using the Zr-in-rutile thermometer
formula proposed by Tomkins et al. (2007) (at a pressure of 1 kbar) [34] to calculate
the temperatures of hydrothermal rutile at different alteration stages, Table S3, we ob-
tained temperatures ranging from approximately 524 ◦C to 639 ◦C (mean: 584 ◦C) for
Rt1-type rutile, 444 ◦C to 602 ◦C (mean: 533 ◦C) for Rt2-type rutile, and 447 ◦C to 558 ◦C
(mean: 487 ◦C) for Rt3-type rutile. These temperatures far exceed those measured by the
felspathic thermometer (392 ◦C~449 ◦C for K-feldspar alteration [2]) and fluid inclusions
(130 ◦C~340 ◦C [47]). The potential overestimation of rutile Zr thermometer temperatures
in gold deposits may be due to the rapid crystallization of rutile during fast hydrothermal
events, leading to the incorporation of excessive Zr. Furthermore, the pulsing fluid flow
and relatively low temperatures may result in an imbalance between rutile, zircon, and
quartz [21,95]. Therefore, it is essential to conduct a thorough applicability assessment
prior to its use to ensure accurate temperature measurements. Based on the Zr-in-rutile
thermometer, the calculated temperature is elevated, whereas the hydrothermal tempera-
ture decreases from K-feldspar alteration to pyrite–sericite–quartz alteration (Figure 14).
Additionally, previous studies have shown that the W element is more likely to be in-
corporated into rutile at lower temperatures [23]. The gradual increase in the W content
from Rt1-type rutile to Rt3-type rutile suggests a decreasing crystallization temperature
(Figure 7a), indicating a continuous decrease in temperature during the evolution of hy-
drothermal alteration fluids.

The major and trace element contents of rutile vary significantly during different
hydrothermal alteration stages of the Xincheng gold deposit, with notable changes in the
concentrations of W, V, Zr, Sn, Hf, and Nb (Figure 7). These variations indicate changes
in the composition and nature of the altering hydrothermal fluids. Typically, HFSEs are
relatively stable during metamorphism and alteration processes, making them resistant to
mobilization. Previous studies have shown that F−- and Cl−-rich hydrothermal fluids can
activate and carry HFSEs, such as W, Nb, Ti, and V. These elements tend to form complexes
with F in the hydrothermal fluids [21,31,96]. Apatite, a F-bearing mineral, is widely
developed during different hydrothermal alteration stages [97], suggesting the presence
of F in the fluids. Furthermore, carbonate ions may also contribute to the mobilization
of these elements [98]. Therefore, F-rich fluids activate HFSEs and form complexes, and
the presence of Cl and CO3

2− further promotes their migration. Hydrothermal fluids are
characterized by high concentrations of F and Cl. Previous studies have shown that rutile
typically contains higher W concentrations in ore-forming and alteration zones compared
to unaltered surrounding rocks [30,79]. In the Xincheng gold deposit, Rt2 and Rt3 types of
rutile exhibit W contents two orders of magnitude higher than Rt1, with Rt3 showing an
even higher W-rich signature (Figure 7a). The alteration of pyrite–sericite–quartz, which
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is closely associated with gold mineralization, is associated with rutile containing high W
contents that are more closely related to mineralization. High-W rutile is an important
characteristic of hydrothermal rutile during the mineralization stage (Figure 12d). The W
content of rutile in the Rt1 stage is below the detection limit of 0.04 wt.%. This may be
attributed to the Cl-poor and high-temperature nature of the altering hydrothermal fluids,
which prevents the isomorphous substitution of W for Ti [21].

Figure 14. The frequency percent of Zr-in-rutile temperatures (in degrees Celsius) in the alteration
stages of the Xincheng gold deposit.

In summary, previous studies have suggested that K-feldspar alteration is a late-stage
product of magmatic crystallization, with the altering fluids originating from
granite [71,72,99,100]. Our research has found that rutile from the K-feldspar alteration
stage exhibits magmatic–hydrothermal characteristics, which are distinctly different from
those of rutile from the sericitization and pyrite–sericite–quartz alteration stages during ore
formation. K-feldspar alteration is thus identified as a pre-mineralization hydrothermal al-
teration process. During the mineralization period, sericitization and pyrite–sericite–quartz
alteration are formed based on K-feldspar alteration. Rutile from this period exhibits char-
acteristics of metamorphic hydrothermal fluids, with its elemental composition, including
W, Sn, Si, and Fe, consistent with that of rutile in orogenic gold deposits [30] (Figure 7).
This suggests that the ore-forming fluids in this deposit share similarities with those in
typical orogenic gold deposits. Gold migrates in the form of Au(HS)2− complexes in low-
to moderate-temperature, low-salinity, CO2-rich, weakly acidic, and relatively low-fO2
hydrothermal fluids [6]. Changes in fluid temperature and pressure during the mineral-
ization period lead to fluid immiscibility, resulting in the loss of a large amount of H2S
from the hydrothermal fluids, which decreases the solubility of Au(HS)2− and causes the
precipitation and concentration of gold [6,101]. From the pre-mineralization alteration
stage to the mineralization alteration stage, the increase in Fe content and negative Eu
anomaly in hydrothermal rutile indicate a decrease in the fO2 of the hydrothermal fluids
over time. The increase in W content and decrease in Zr content suggest a continuous
decrease in fluid temperature. The reduction in temperature and fO2 may be one of the
factors controlling gold precipitation. Additionally, the gradual increase in the content
of REEs and HFSEs such as W, V, Nb, and Sn indicates that the hydrothermal fluids are
rich in F and Cl. High W content in rutile is a significant characteristic of hydrothermal
rutile during the mineralization period and is closely related to gold mineralization. The
geochemical composition of rutile can assist in discriminating mineralization types and
makes it a highly potential indicator mineral for mineral exploration.
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6. Conclusions

Rutile is extensively developed in various hydrothermal alteration stages and is asso-
ciated with hydrothermal minerals such as K-feldspar, quartz, sericite, and sulfides. Based
on petrographic features and trace element composition, the genesis of rutile in different
alteration stages of the Xincheng gold deposit can be identified. Rutile in the K-feldspar
alteration stage is of magmatic–hydrothermal origin and exhibits significantly low W charac-
teristics. In contrast, rutile in the sericitization and pyrite–sericite–quartz alteration stages is of
metamorphic hydrothermal origin, with its elemental content of W, Sn, Si, and Fe consistent
with the elemental characteristics of rutile in orogenic gold deposits.

The increase in Fe and W content, as well as the negative Eu anomaly in hydrothermal
rutile, indicate a decrease in both the temperature and oxygen fugacity of the altering fluids
over time. Additionally, the gradual increase in the content of HFSEs such as REEs, W, V,
Nb, and Sn suggests that the hydrothermal fluids are rich in F and Cl, exhibiting a weakly
acidic nature. During the mineralization stage, F−- and Cl−-rich fluids activate and transport
high-field-strength elements and base metals into the rutile lattice, resulting in changes to their
chemical composition. The Zr-in-rutile thermometer has been widely used in metamorphic
and magmatic environments. Noteworthily, the incorporation of Zr in hydrothermal rutile
is influenced by various factors. Therefore, it is crucial to evaluate its applicability before
employing the Zr-in-rutile thermometer. The variation in trace elements in hydrothermal
rutile provides a means for a more comprehensive interpretation of the composition and
evolution of hydrothermal fluids during the alteration–mineralization process.
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