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Abstract

This study presents a comprehensive case analysis of pyrite-hosted solid inclusions and
their metallogenic significance in the Bainaimiao porphyry Cu deposit in NE China, which
is genetically linked to the early Silurian granodiorite intrusion and porphyry dykes. Solid
inclusions in pyrite from the deposit’s southern ore belt were analyzed across distinct
mineralization stages. Using Electron Probe Micro-Analysis (EPMA) and in situ sulfur
isotope analysis (MC-ICP-MS), inclusion assemblages in pyrite were identified, including
pyrrhotite-chalcopyrite solid solutions, biotite, and dolomite. The results demonstrate
that these inclusions primarily formed through coprecipitation with pyrite during crystal
growth. Early-stage mineralizing fluids exhibited extreme temperatures exceeding 700 °C,
coupled with low oxygen fugacity (fO,) and low sulfur fugacity (fS;). Sulfur isotope
compositions (8%4S: —5.85 to —4.97%o) indicate a dominant mantle-derived magmatic
sulfur source, with contributions from reduced sulfur in sedimentary rocks. Combined
with regional geological evolution, the Bainaimiao deposit is classified as a porphyry-type
deposit. Its ore-forming materials were partially derived from Mesoproterozoic submarine
volcanic exhalative sedimentary source beds, which were later modified and enriched by
granodiorite porphyry magmatism.

Keywords: Bainaimiao porphyry Cu deposit; pyrite inclusions; sulfur isotopes; ore-forming
fluids; porphyry-type deposit

1. Introduction

As the most prevalent sulfide mineral within the Earth’s crust, pyrite plays a crucial
role in various hydrothermal ore systems. These systems encompass porphyry-type de-
posits [1], sediment- and volcanic-hosted massive sulfide (VMS) deposits [2,3], Mississippi
Valley-type (MVT) deposits [4], and epithermal-type deposits [5]. Pyrite, which has genetic
connections with pre-ore, syn-ore, and post-ore deposition minerals, offers distinctive
perspectives on fluid evolution. Additionally, it provides valuable information regarding
the physicochemical conditions (such as temperature, oxygen fugacity, and sulfur fugacity)
of hydrothermal systems throughout multiple mineralization stages [6-9].

Pyrite contains numerous solid inclusions, mainly consisting of sulfides, sulfosalts,
and native metals, with high concentrations of elements like Pb, Hg, Bi, Sb, Au, Ag, Ni,
Te, and As [10]. These mineral inclusions are predominantly found in low-temperature
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pyrite with high defect densities, and represent the principal origin of most trace elements
within pyrite [10]. Hence, accurately analyzing the textures of sulfide minerals and the
distributions of inclusions is essential for precisely evaluating trace-element contents and
sulfur isotopes [7,8,11-13]. This analysis is especially important to prevent misestimating
elemental concentrations, whether by overestimation or underestimation. In specific sce-
narios, the mineral inclusions hosted by pyrite can directly determine the fluid evolution
processes, mechanisms of heavy-metal dissolution and transport, and pathways of ore
mineral precipitation.

The objective of this research is to clarify the characteristics of solid inclusion as-
semblages in pyrite from the Bainaimiao porphyry copper deposit, which is located in
the Central Asian Orogenic Belt, northeastern China, and is genetically related to Early
Silurian granodiorite intrusions and porphyry dykes. Specifically, we aim to determine
the compositions of these solid inclusions in pyrite from the southern ore belt across dif-
ferent mineralization stages. On this basis, we will assess the petrogenetic significance of
the included mineral phases, focusing on their role in defining the ore-forming processes
and the crystallization environment of the host pyrite. Furthermore, by combining mi-
crotextural observations of pyrite and associated gangue minerals, we seek to infer the
physicochemical conditions (such as temperature, oxygen fugacity, and sulfur fugacity)
during mineralization and establish a genetic model for the Bainaimiao copper deposit.
This will help to deepen understanding of the deposit’s formation mechanism and provide
a scientific basis for related mineral exploration and research.

2. Geological Settings

The Bainaimiao region is located in the middle section of the accretionary orogenic
belt, along the northern margin of the North China Craton (Figure 1a), with its northern
boundary defined by the Ondor Sum subduction—-accretionary complex belt [14] (Figure 1b).
The dominant structural framework consists of NW-W-trending structures, including a
series of folds, compression fracture zones, thrust faults, and schistosity zones, which
control the distribution of rocks and ore deposits in this region.

The exposed strata in the area include the Middle-Late Proterozoic Bayan Obo Group,
composed of slate and phyllite; the Paleozoic Baiyinduxi Group, composed of leptite
and sillimanite-bearing biotite schist; the Ordovician Bainaimiao Group, composed of
chlorite schist and minor sericite—feldspar-quartz schist; the Silurian Xuniwusu Formation,
consisting of slate, phyllite, metasandstone, and andesitic volcanic rock; the Carboniferous
Benbatu Formation, comprising graywacke, tuffaceous sandstone, and mudstone slate; the
Permian Sanmianjing Formation, characterized by hard sandy and tuffaceous sandstone
intercalated with limestone; and the Jurassic Dagingshan Formation, composed of acidic
volcanic rock, continental facies sandy shale, and conglomerate (Figure 1c).

Magmatic activities in this area are frequent and diverse (Figure 1c), encompassing a
spectrum of lithologies, from ultrabasic to acidic rocks. The intrusive rocks are predomi-
nantly Ordovician in age, including granodiorite and quartz diorite, which are distributed
in the northeastern sector. In the southwestern region, Permian granite represents the
dominant exposed magmatic rock unit.
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Figure 1. The location of the Bainaimiao area in China (a), its tectonic location (b) (modified from [14]),
and a regional geological map (c) (modified from [15]) of the Bainaimiao area.

3. Ore Deposit Geology

The Bainaomiao deposit is a polymetallic deposit mainly featuring Cu, with significant
associations of Au. It hosts reserves of over 0.6 million metric tons (Mt) of copper metal at
an average grade of 0.8 wt.% Cu, and 20 tons (t) of Au with grades ranging from 1 to 16 g/t
Au [16]. Geologically, this deposit stands out for its complex and diverse metallogenic
processes, making it a key research subject for understanding the genesis and evolution
of polymetallic deposits. The strata exposed within the mining area display remarkable
geological diversity. The Ordovician Bainaomiao Formation provides the fundamental
geological framework (Figure 2), while the Middle Silurian Xuniwusu Formation, Lower
Permian Baiyinduxi Group and Sanmianjing Formation, and Upper Jurassic Dagingshan
Formation each contribute unique sedimentary and tectonic features that have influenced
the mineralization process. Additionally, Quaternary deposits cover the surface. The
Bainaimiao Formation is the most widely distributed in the mining area. It extends nearly
in an E-W direction and dips towards the S-SW. From top to bottom, it is divided into
five lithologic sections. The first, third, and fifth sections are predominantly composed of
greenschist; the second and fourth sections consist mainly of felsic schist, with thin interbeds
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of ferruginous quartzite in select areas. Orebodies predominantly occur within the third and
fifth lithologic sections of the Bainaimiao Formation. They are hosted in rock assemblages
consisting of chlorite—actinolite plagioclase schist, chlorite plagioclase schist intercalated
with porphyroblastic rocks, and amphibolite, as well as amphibolite interlayered with
biotite plagioclase schist (illustrated in Figure 2). Silicification, sericitization, chloritization,
epidotization, and carbonatization are relatively developed in the Bainaomiao deposit. In
the mining region, the exposed magmatic rocks are mainly quartz diorite, granodiorite
porphyry, and muscovite granite.
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Figure 2. A geological map of the Bainaimiao Cu deposit, NE China.

Currently, twelve ore sections (labeled II-XIII) are either already in the process of
exploitation or are undergoing development (refer to Figure 2). According to the spatial
arrangement and geological characteristics of these sections, the deposit can be classified
into two distinct belts: the southern ore belt, which encompasses ore sections II, III, IV,
V, VI, VII, X, and XI; and the northern ore belt, including ore sections VIII, IX, XII, and
XIII [17]. In the southern ore belt, orebodies are mainly presented in the forms of stratiform,
lenticular, and vein structures, which are hosted within greenschist (as depicted in Figure 3).
In the northern ore belt, the orebodies occur as fragmented bodies, predominantly hosted
within the granodiorite porphyry. In the southern ore belt, the ores are predominantly
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characterized by zones of sulfide dissemination with distinctive structural features, and
quartz veinlets (stockwork) are less developed. Locally, fine quartz veinlets may occur, but
they are not the dominant ore-bearing structure. The metallic mineral composition is mainly
composed of chalcopyrite, pyrite, and molybdenite, while pyrrhotite, sphalerite, galena,
bornite, cobaltite, and native gold are present in relatively smaller quantities. Gangue
minerals include quartz, calcite, biotite, K-feldspar, sericite, muscovite, epidote, chlorite,
and gypsum. Ore textures are characterized by granular, veinlet, disseminated, and banded
mineralization (Figure 4).
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Figure 3. Exploration profile along line III in ore section X of the Bainaimiao Cu deposit, NE China.

Figure 4. (a) Veinlet-disseminated and (b) mineralized greenschist in the Bainaimiao Cu deposit.

4. Sample Descriptions and Analytical Methods

The sampling locations are indicated in Figure 2. Ten ore samples were collected from
the 5th Formation of the Bainaimiao Group, X ore section in the southern ore belt. The
samples were derived from metamorphosed volcanic rocks (greenschists) (Figure 4). About
30 mineral inclusions were analyzed, and the typical mineral and inclusion compositions
are shown in Figure 5. The samples consisted predominantly of chlorite (20%), albite (20%),
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and quartz (15%), with ore minerals including pyrite, chalcopyrite, and bornite. Pyrite
contained abundant inclusions.

~ Qz+Chl+Ab

2004im

Figure 5. Microphotographs of ore minerals (a—f) in the greenschist from the Bainaimiao deposit. (a,c)
are orthogonal polarized-light photographs, and (b,d,e,f) are the reflected-light photomicrographs.
The red dots are the testing location of in situ sulfur isotopes. Abbreviations: Ab: albite, Chl: chlorite,
Qz: quartz, Py: pyrite, Ccp: chalcopyrite, Bn: bornite.

Major- and minor-element analyses of pyrite and inclusions were conducted at the
Geological Academy of Shandong Province using a JEOL JXA-8200 Superprobe electron
microprobe (EPMA, Tokyo, Japan). The instrument operated with a focused beam, an
acceleration voltage of 20 kV, and a beam current of 20 nA. Peak and background counting
times were set as follows: 20 s and 10 s for Si, Na, Mg, Al, K, Cr, Ti, Fe, Cu, and Au; 10 s
and 10 s for S, Zn, and As; and 10 s and 5 s for Pb. The detection limit was <120 pg/g for
all elements.

At the Geological Academy of Shandong Province, in situ §**S analyses of pyrite,
pyrrhotite, and chalcopyrite were carried out with a Thermo Fisher Neptune multi-collector
inductively coupled plasma mass spectrometer (MC-ICP-MS, Thermo Fisher, Waltham,
MA, USA). The analyses had a spatial resolution of approximately 10 um (illustrated in
Figures 4 and 5). The analytical conditions were strictly regulated, with the temperature
maintained at 18-22 °C and the relative humidity kept below 65%. For point ablation,
specific parameters were set: the diameter was typically 20-30 pum for pyrite, the energy
density ranged from 3 to 5 J/cm?, and the frequency was 5-8 Hz. During isotopic mea-
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surements, >2S and 34S were simultaneously monitored using Faraday cups in static mode.
Each measurement cycle had an integration time of 0.131 s, with 200 cycles conducted per
analysis, resulting in a total acquisition time of around 27 s. Before the formal analysis, the
instrumental parameters were optimized by utilizing sulfide reference materials to achieve
the best performance. To reduce matrix effects, sulfide reference materials that were similar
in composition to the sample matrices were selected, and a standard-sample-standard
(SSS) bracketing method was adopted for mass discrimination correction.

5. Results
5.1. The Characteristics of Pyrite-Hosted Inclusions

The pyrite mostly exhibits a subhedral-to-euhedral crystal structure (Figure 5b,d). The
crush structure of the pyrite is widespread (Figure 5b), but there is no sign of recrystalliza-
tion of pyrite grain size. Pyrite with this kind of structure is considered to have formed in
the early stage (Li et al., 2012) [16]. In addition, the most notable feature of this pyrite is its
porous texture with pores and abundant mineral inclusions (Figure 6). Almost inclusions
are anhedral (rounded) and up to 300 um in size. Solid inclusions are represented by
gangue phases (i.e., biotite and dolomite) and intergrowth of pyrrhotite and chalcopyrite
(Table S1) proven by EMPA.

500um 500um

Figure 6. Reflected-light photomicrographs (a,b) of pyrite and solid inclusions, and EPMA images
of pyrite and solid inclusions (c,d). The red dots are the testing location of in situ sulfur isotopes.
Abbreviations: Bt: biotite, Dol: dolomite, Py: pyrite, Ccp: chalcopyrite, Pyh: pyrrhotite.

5.2. Sulfur Isotope Composition of Sulfide

In situ S isotopes in pyrite show 534S values between —5.85 to —5.63%o (Table 1).
The 84S value of bulk chalcopyrite is —5.16%o, and the 534S values of chalcopyrite in
inclusions varies from —5.44 to —5.40%.. The §°S value of chalcopyrite in inclusions is
—4.97%0. The 534S values of sulfide in this study have a narrow variation range, indicating
that the S source of the Bainaomiao Cu deposit is relatively simple and its composition is
stable. In addition, the S isotope composition of sulfides in the Bainaomiao Cu deposit is
relatively close to that of mantle-derived sulfur, indicating that the S mainly comes from
mantle-derived magma, but it is also mixed with reduced S from sedimentary rocks.
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Table 1. Results of in situ S isotope analysis of sulfides in the Bainaimiao Cu deposit.

Mineral 534SVCDT (%) 20

Pyrite in Figure 5b —5.63 0.13
Pyrite in Figure 5d —5.85 0.21
Pyrite in Figure 5f —5.66 0.14
Chalcopyrite in Figure 5f —5.44 0.29
Chalcopyrite in Figure 6a —5.40 0.31
Chalcopyrite in Figure 6b —5.16 0.32
Pyrrhotite in Figure 6b —4.97 0.17

6. Discussion
6.1. The Origin of Pyrite-Hosted Inclusions

Coarse pyrite from the Bainaimiao porphyry Cu-Au deposit contains some type inclu-
sions, comprising biotite, dolomite, pyrrhotite, and intergrowths of pyrrhotite-chalcopyrite
solid solution. There are no fractures around these inclusions, which implies that the
inclusions were not formed by later infilling. The origin of disseminated inclusion in pyrite
possibly involves processes of exsolution [18], replacement [19], coprecipitation [20] or a
mixture of the above. For the inclusions formed by exsolution, they are usually present in
the form of thin lamellae within pyrite, and they are generally distributed along the crystal
lattice of pyrite. In this study, inclusions mainly occur as blebs within pyrite, and there is
also no relationship between the lattice orientation of the inclusions and that of pyrite. Thus,
exsolution is unlikely to be the mechanism that accounts for the origin of pyrite-hosted
inclusions. Furthermore, substitution is improbable as the formation mechanism for our
pyrite samples. The majority of inclusions within these pyrites exist as micrometer-sized or
sub-micrometer-sized blebs. Notably, there are no characteristic hydrothermal substitution
textures present, such as instances where later minerals (like chalcopyrite) fill fractures
within the pyrite. Consequently, it is more plausible that these inclusions formed through
coprecipitation with the pyrite. This likely occurred when fluids became locally supersatu-
rated under non-equilibrium conditions at the boundary layer of crystallizing pyrite, and
were subsequently trapped by the growing pyrite crystal. As temperature and pressure
decreased, daughter minerals then precipitated from the fluids entrapped within the pyrite.

6.2. Physicochemical Conditions of Early-Stage Mineralizing Fluids

Pyrite formed during the initialization stage of the Bainaimiao deposit harbors solid
inclusions. These inclusions are likely to have been incidentally incorporated into the host
crystals. The rapid growth rate of the pyrite crystals [21] is considered a contributing factor
to this enclosure. As such, certain inclusions can serve as representative indicators. They
offer valuable insights into the ore-forming processes and the associated fluid circulation
patterns within the deposit.

We estimated the temperature of early-stage mineralizing fluids using the formation
temperature of pyrrhotite—chalcopyrite solid solution. Experiments performed by Yund
and Kullenid [22] on the S—Fe—Cu system indicated that pyrrhotite and chalcopyrite can
form a solid solution at temperatures above 700 °C (Figure 7a). Thus, the temperature of
early-stage mineralizing fluids is higher than 700 °C, and the pyrite probably crystallized at
a high temperature (700 °C), which is consistent with the high Co/Ni ratio (Table S1). We
used the mineral composition of biotite to calculate the f(Oy) of the early-stage mineralizing
fluids (Figure 7b). According to the temperature (>700 °C) and sulfide mineral assemblages,
we estimated the sulfur fugacities of the early-stage mineralizing fluids to be low (log
fso < —2). The oxygen fugacity is near the NNO buffer at temperatures above 700 °C
according to the Fe/Fe + Mg vs. T diagram proposed by David and Hans [23], indicating



Minerals 2025, 15, 729

90f13

that early-stage mineralizing fluids are in reducing conditions (Figure 7c). Therefore, the
early-stage mineralizing fluids have a high temperature, low oxygen fugacity, and low
sulfur fugacity.
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Figure 7. (a) A 700 °C isothermal section of the Fe—Cu—S system (modified after [22]). (b) A
diagram of temperature vs. sulfur fugacity in the Cu—Fe—S and Fe-S systems (modified from [24]).
(c) Fe/Fe + Mg-temperature data for biotite (modified from [23]).

6.3. The Genesis of the Bainaimiao Porphyry Cu Deposit

The genesis of the Bainaimiao deposit remains controversial, with proposed models
including marine volcanic sedimentary-hydrothermal superimposition, submarine vol-
canic exhalative sedimentary, porphyry-type, orogenic-type, and porphyry-superimposed
modification (e.g., [25-33]). This debate stems from the distinct mineralization character-
istics between the southern and northern ore belts, particularly the southern belt, which
preserves both porphyry-style alteration and overprinting by later orogenic processes due
to complex tectono-magmatic activity which has occurred since its formation in the Late Or-
dovician (445 Ma; [16]). Resolving this requires focusing on early mineralization processes,
as revealed by the pyrite-hosted inclusions and geochemical data from this study.

6.3.1. Key Distinctions from Alternative Genetic Models

The ore structures of submarine volcanic exhalative sedimentary ore deposits are
mainly massive, banded, laminated, and brecciated, and the ore textures are mostly fram-
boidal and colloidal, showing the fabric characteristics of chemical sedimentation. In the
southern ore belts of the Bainaimiao deposit, the ores hosted in greenschist are mainly
in layered, stratoid, and lenticular structures. However, areas with high ore grades have
a higher content of quartz, indicating a close relationship between mineralization and
silicification. The mineralization-alteration zoning of the deposit is not typical of subma-
rine volcanic exhalative sedimentary ore deposits. Previous studies on the hydrogen and
oxygen isotopes of VMS deposits have shown that the ore-forming fluid is mainly seawa-
ter, with possible admixture of magmatic water. Both the hydrogen and oxygen isotopes
and the carbon and oxygen isotopes of Bainaimiao indicate that the ore-forming fluids
mainly originate from the magma and mantle system [34,35]. This is inconsistent with the
hydrogen and oxygen isotope characteristics of VMS deposits. Orogenic-type deposits
are mainly developed in accretionary orogenic belts and collisional orogenic belts [36].
They are a kind of tectonically controlled epigenetic vein-type ore deposit occurring in
metamorphic terranes, and are mainly formed in the greenschist facies environment of the
middle crust. The ore-hosting strata of southern ore belts of the Bainaimiao deposit are
mainly the greenschist of the Bainaimiao Formation, which has undergone medium-low-
grade regional metamorphism. However, the existing precise mineralization age [16] is
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earlier than the age of the occurrence of the metamorphic event [28]. This indicates that
the metamorphic fluid could not be the dominant fluid for mineralization. In addition, a
study of the characteristics of fluid inclusions in the Bainaimiao deposit showed that in
the early and middle stages of mineralization, a large number of fluid inclusions that have
medium-to-low salinity and are rich in CO; occur [17]. Regarding the CO,-rich fluids, it is
generally believed that there are several possible sources: mantle-derived sources, high-
grade metamorphic fluids in the lower crust, and magmatic hydrothermal fluids [37-39].
Therefore, both the carbon, hydrogen, oxygen, and sulfur isotope compositions (e.g., [34,35]
and this study) and fluid inclusion characteristics indicate that hydrothermal fluids from
mantle and magmatic sources are the main ore-forming fluids for the Bainaimiao deposit,
which differ from those of orogenic-type deposits.

6.3.2. Evidence for a Porphyry-Type Genesis of the Bainaimiao Cu Deposit

In this study, the pyrite examined was formed in the early stage of metallogenesis, and
geochemical and micro-textural analysis of pyrite and pyrite-hosted inclusions can help
to reveal the early-stage mineralization process. Research based on the above indicates
that the temperature of early-stage mineralization fluid is higher than 700 °C, which
is much higher than the ore-forming temperature of exhalative sedimentary deposits
originating from hydrothermal fluid from the seafloor (metamorphic) (~200 °C), and
of orogenic-type deposits (50 °C~200 °C) [40]. The hydrothermal fluid at such a high
temperature should originate from magma, which is consistent with the origin of pyrite
from magmatic hydrothermal fluids. In addition, pyrite usually occurs with a crush
structure, also indicating that the formation of pyrite predates a tectonic metamorphic event.
Therefore, we argue that the Bainaimiao deposit is a porphyry-type deposit. In addition,
the inclusions of pyrrhotite—chalcopyrite solid solution indicate that some source beds
existed before the formation of the early ore-forming hydrothermal fluids of the Bainaimiao
deposit, which provided the ore-forming materials (e.g., S, Fe and Cu) for the subsequent
ore-forming hydrothermal fluids. This is also evidenced by the in situ sulfur isotopes of
sulfides. In this study, the sulfur isotopes in pyrrhotite and chalcopyrite inclusions within
pyrite are almost identical to those in the host pyrite and the later chalcopyrite (Table S1).
This suggests that the sulfur in both the host pyrite and the later chalcopyrite originates
from the early pyrrhotite—chalcopyrite solid solution. This would seem to suggest the
following generalized oxidation reaction [41]:

6 (Fej_x, Cux)S (pyrrhotite-chalcopyrite solid solution) + 2(1 — X) O,
=3(1 — X) FeS;, (pyrite) + 6X CuFeS, (chalcopyrite) + (1 — X) Fe30,.

According to the regional geological evolution process, we believe that the submarine
volcanic exhalative sedimentation in the late Mesoproterozoic era formed the initial source
beds containing ore-forming elements (e.g., Cu, S, and Fe). This is also confirmed by the
fact that the Cu content in the intermediate-basic rocks formed during the same period is
2-3 times higher than that in similar rocks [42]. Previous studies have shown that the high
initial Sr isotope ratio (¥Sr/%Sr = 0.7146, [43]) of regional Early Paleozoic granites and
the low eNd(t) values (—3.2 £ 1.7, [28]) of granodiorites also imply that Early Paleozoic
magmatic rocks were formed by the mixing of juvenile crustal materials accreted from
the depleted mantle and Mesoproterozoic basement [44,45]. Based on the above, it can be
inferred that during the emplacement of the granodiorite porphyry in the northern ore belt
of Bainaimiao, the Mesoproterozoic volcanic-sedimentary Cu-bearing source beds were
heated and melted, forming S-poor and Cu-rich melts. These melts were captured by the
rapidly growing pyrite. These Cu-bearing source beds also provided S and Cu for the
formation of the later deposits. Due to the low oxygen fugacity of the Mesoproterozoic
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Cu-bearing source beds, the sulfur isotopes of sulfides in the Bainaimiao deposit exhibit
reductive characteristics. At the same time, this also endows the granodiorite porphyry
in the northern ore belt of Bainaimiao with the characteristic of low oxygen fugacity, such
as a low Ce** /Ce3* ratio [46] and CHy-rich fluid inclusions occurring in the early stage of
metallogenesis [33].

7. Conclusions

This study conducted a comprehensive analysis of pyrite-hosted solid inclusions
and their metallogenic implications in the Bainaimiao porphyry Cu deposit. The results
show that pyrite from the southern ore belt contains solid inclusions such as pyrrhotite—
chalcopyrite solid solutions, biotite, and dolomite, which formed through coprecipitation
with pyrite during crystal growth, rather than through exsolution or replacement. In situ
sulfur isotope analyses revealed 53*S values ranging from —5.85 to —4.97 %o, indicating a
dominant mantle-derived magmatic sulfur source with minor contributions from reduced
sedimentary sulfur. Geochemical and textural evidence suggests that early-stage mineraliz-
ing fluids had extreme temperatures exceeding 700 °C, coupled with low oxygen fugacity
and low sulfur fugacity. Integrating these findings with regional geological data, the
Bainaimiao deposit is classified as a porphyry-type deposit, where ore-forming materials
were partially derived from Mesoproterozoic submarine volcanic exhalative sedimentary
source beds and later modified and enriched by granodiorite porphyry magmatism. This
study clarifies the origin of pyrite-hosted inclusions and quantifies key physicochemical
conditions of early ore-forming fluids, providing new insights into the genetic model of
this well-studied deposit.
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