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Important Mid-Late Jurassic Pb–Zn polymetallic skarn deposits are widely distributed in South China, yet physiochemical conditions and migration of the ore-forming fluids in skarn deposits are poorly constrained. The Dafang Pb–Zn–Au–Ag deposit (38 kt Pb @ 1.4%, 33 kt Zn @ 1.3%, 6.1 t Au @ 1.80 g/t, and 370 t Ag @ 106.8 g/t) represents a typical skarn deposit in the South Hunan district, located at the intersection between the Nanling Region and the Qin-Hang Metallogenic Belt in South China. Its mineralization can be divided into four stages: (I) prograde skarn, (II) retrograde alteration, (III) quartz-sulfides, and (IV) carbonate-sulfides stages. Within the Dafang deposit, the primary Pb–Zn mineralization is prominently occurred in the principal calcite-sulfides stage (Stage IV). Within this stage, sphalerite exhibits distinct spatial distribution characteristics across three orebody types, allowing for its systematic classification into Sp-I (Orebody I), Sp-II (Orebody II), and Sp-III (Orebody III). This study investigates the textural characteristics and trace element geochemistry of these three sphalerite types to unravel the physicochemical conditions of mineralization and fluid pathways. Backscattered electron (BSE) imaging reveals that Sp-I, Sp-II, and Sp-III all display homogeneous internal textures and appear grayish-black. Detailed textural observations indicate that Sp-I is primarily associated with galena but is subsequently replaced by arsenopyrite, pyrite, and calcite. Sp-II is typically replaced by arsenopyrite and pyrite and hosts minor inclusions of chalcopyrite and stannite. Both Sp-III and coexisting galena are overprinted by pyrite, arsenopyrite, and calcite. Trace element analyses demonstrate two primary incorporation mechanisms within Dafang sphalerite: divalent cations (e.g., Fe2+, Cd2+, and Mn2+) substitute directly for Zn2+ through isovalent substitution, while trivalent and tetravalent cations (e.g., Sb3+, Ga3+, In3+, and Ge4+) incorporate via charge-coupled substitution involving Cu+ and/or Ag+ to maintain electrostatic equilibrium. Crucially, the trace element geochemistry of Dafang sphalerite reveals a progressive decrease in temperature and sulfur fugacity from Sp-III (∼285 °C; lg fS2 = −8.1 to −10.4, avg. −9.0) to Sp-II (∼280 °C; lg fS2 = −9.8 to −8.7, avg. −9.1) and subsequently to Sp-I (∼279 °C; lg fS2 = −9.5 to −9.3, avg. −9.4). This systematic variation in physicochemical conditions, particularly the spatially decreasing temperature gradient from NW to SE as indicated by the SPRFT geothermometer, suggests that ore-forming fluids migrated from the Lashuxia pluton towards the Maoerling pluton. This finding identifies the Lashuxia pluton as the primary metallogenic source, offering critical insights for the favorable target area for future exploration within the Dafang Pb–Zn–Au–Ag deposit.
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1 INTRODUCTION
Skarn deposits constitute a globally significant source of W–Sn, Pb–Zn–Ag, and Cu–Fe–Au mineralization (Einaudi et al., 1981; Meinert, 1992). The distinctive skarn mineral assemblages found within these deposits are intrinsically linked to the intricate interplay between magmatic activity and hydrothermal ore formation (Meinert et al., 2005). Among the sulfide minerals, sphalerite is a ubiquitous and economically vital component, particularly within skarn-type Pb–Zn systems, which typically form through the metasomatic interaction of magmatic-hydrothermal fluids with carbonate host rocks (Benedetto et al., 2005; Reich et al., 2005; Cook et al., 2009; Ma et al., 2022; Zhang et al., 2022; Frenzel et al., 2024; Shen et al., 2025). Importantly, the trace element geochemistry of sphalerite serves as a powerful proxy, widely employed to decipher the physicochemical evolution and reconstruct the complex ore-forming processes within skarn environments (Frenzel et al., 2016; Frenzel et al., 2021; Torró et al., 2023; Erlandsson et al., 2024; Frenzel and Thiele, 2024). Consequently, a comprehensive understanding of sphalerite’s mineralogy, trace element partitioning, and formation conditions within skarn systems is paramount for both economic geology and the development of effective exploration strategies (Hutchison and Scott, 1981; Bonnet et al., 2016; Cugerone et al., 2020; Cugerone et al., 2024a; Cugerone et al., 2024b; Erlandsson et al., 2024; Erlandsson et al., 2024).
The Nanling Region and Qin-Hang Belt in South China are renowned metallogenic provinces characterized by a diverse array of skarn-type and vein-type polymetallic deposits (Figure 1; Shu et al., 2011). Notably, these belts host abundant Mid-Late Jurassic Pb–Zn skarn mineralization (Mao et al., 2013; Yuan et al., 2018a; Xiong et al., 2020). The South Hunan district (Figure 2), strategically situated at the intersection of the Nanling Region and Qin-Hang Belt (Li et al., 2017; Zhao et al., 2021; Zhao et al., 2022), represents a significant ore cluster, featuring numerous well-developed Mid-Late Jurassic Pb–Zn skarn deposits (Ding et al., 2022a; Ding et al., 2022b; Zhu et al., 2022; Tan et al., 2023; Tan et al., 2024). Prominent examples include the Baoshan Cu–Pb–Zn (calcite U–Pb: 158 ± 2 Ma; Zhang, 2023), Tongshanling Pb–Zn (cassiterite U–Pb: 162.6 ± 2.0 Ma; Wu et al., 2021), and Kangjiawan Pb–Zn (fuchsite 40Ar–39Ar: 158.1 ± 0.4 Ma; Shen et al., 2025) deposits. Numerous studies have been conducted on the geological, geochemical, and metallogenic characteristics of Pb–Zn skarn systems in the South Hunan district, providing valuable insights into their formation and evolution (e.g., Yuan et al., 2007; Yao et al., 2014; Li et al., 2023; Wang et al., 2023). However, despite the widespread occurrence and economic significance of these systems, the physicochemical conditions and migration of the ore-forming fluids remain insufficiently elucidated.
[image: Map of South China illustrating geological features. Inset (a) shows the location of the Yangtze Block and Cathaysia Block within China. Main map (b) highlights areas of Early-Mid Cretaceous, Mid-Late Jurassic, and Triassic granites in red, pink, and dark pink, respectively. Blue circles indicate Pb-Zn polymetallic skarn deposits. Major cities like Nanjing, Fuzhou, and Guangzhou are marked. The Qin-Hang Belt and Nanling Range are outlined. A scale bar and compass rose are provided.]FIGURE 1 | (a) Geologic map showing the location of South China in the Chinese mainland; (b) Locations of the Nanling Range and Qin-Hang Belt in South China (modified from Zhou et al., 2006; Mao et al., 2013).[image: Geological map of a region showing various geological features. Red lines indicate faults, including the Leiyang-Linwu and Chenzhou-Linwu Faults. Areas are marked with symbols for Jurassic granitoids, Jurassic-Cretaceous sandstone, Devonian-Triassic limestone, and Sinian-Cambrian slate. Blue circles represent Pb-Zn polymetallic skarn deposits at locations like Baoshan, Xintianling, and Xianghualing. Specific geological ages and assessments are noted at sites such as Xintianling and Qitianling. A scale bar and north arrow are present for orientation.]FIGURE 2 | Geologic map of South Hunan district (after Li et al., 2019).The Dafang Pb–Zn–Au–Ag deposit, boasting a proven ore reserve of 38 kt Pb @ 1.4%, 33 kt Zn @ 1.3%, 6.1 t Au @ 1.80 g/t, and 370 t Ag @ 106.8 g/t; Lu et al., 2017; Wang et al., 2021), is strategically situated within the South Hunan district, South China. The pervasive presence of multiple sphalerite generations within this deposit renders it an excellent natural laboratory for deciphering its mineralization history via sphalerite trace-element geochemistry. This study employs laser ablation inductively coupled plasma-mass spectrometry (LA-ICP-MS) for comprehensive trace-element profiling of sphalerite samples collected from diverse orebodies at Dafang, complemented by scanning electron microscope (SEM) backscattered electron (BSE) imaging to resolve textural complexities. Our primary objectives are to constrain the ore-forming physicochemical conditions (e.g., temperature and redox state) and their evolutionary trajectory, and furthermore, to elucidate the migration pathways of the ore-forming fluids. These critical insights will contribute significantly to a deeper understanding of ore genesis and provide targeted guidance for mineral exploration within analogous skarn environments.
2 GEOLOGICAL SETTING
2.1 Regional geology
The South China Block (SCB) comprises the Yangtze and Cathaysia blocks to the northwest and southeast, respectively, suturing along the Jiangshan-Shaoxing fault in the Neoproterozoic (Figure 1a; Zhao and Cawood, 2012). Internally, the SCB is amalgamated from the Yangtze Block (northwest) and the Cathaysia Block (southeast), a Neoproterozoic accretionary event demarcated by the Jiangshan–Shaoxing Fault (Figure 1a; Zhou et al., 2002; Hu et al., 2012). The SCB experienced widespread Mesozoic magmatism, resulting in the prolific development of granitic rocks. This magmatic activity occurred in distinct episodes: the Triassic (ca. 251–205 Ma), Mid-Late Jurassic (ca. 180–142 Ma), and Cretaceous (ca. 140–66 Ma) (Zhou et al., 2006). These magmatic pulses are temporally and spatially correlated with three major metallogenic epochs (Mao et al., 2008; Mao et al., 2011; Mao et al., 2013). The initial mineralization event is constrained to the Late Triassic (230–210 Ma), followed by a subsequent phase during the Mid–Late Jurassic (170–150 Ma), and culminating with a final episode in the Early–Mid Cretaceous (120–80 Ma). Notably, the Mid-Late Jurassic tectonic-magmatic event was particularly significant. It gave rise to numerous porphyry-skarn Cu deposits along the Qin-Hang Belt, with formation ages typically ranging from 170 to 160 Ma. Concurrently, this event was responsible for the extensive formation of granite-related skarn W–Sn polymetallic deposits within the Nanling Region, primarily dated between 160 and 150 Ma (Mao et al., 2008; Mao et al., 2011; Mao et al., 2013).
The outcropping lithostratigraphic units in the South Hunan district are predominantly characterized by a sedimentary succession comprising Devonian–Triassic limestone and shale, Triassic–Neogene sandstone and siltstone, and Sinian–Cambrian slate and sandstone (Figure 2; Li et al., 2019). The geological evolution of South Hunan is marked by multi-stage tectonic episodes and associated magmatism. The regional basement complex, primarily consisting of severely metamorphosed pre-Silurian sedimentary rocks, was formed during and subsequent to the Caledonian orogeny (Late Silurian–Devonian). This orogenic event imposed dominant EW trending folds and EW/NE trending fault systems on the basement. These basement rocks, which serve as pivotal ore-hosting strata in the region, are unconformably overlain by a thick sequence of Devonian–Permian carbonate platforms. Subsequent to the Caledonian effects, the Indosinian orogeny (Triassic) generated a series of NS trending folds. Later, the Yanshanian orogeny (Jurassic–Cretaceous), driven by the rollback of the Paleo-Pacific subduction zone, superimposed the regional tectonics with the development of NNE-trending basin rifts and associated fault networks (Mao et al., 2007; Shu et al., 2004; Hu et al., 2017).
The South Hunan district experienced intense Yanshanian tectonism, which was contemporaneous with extensive Jurassic granitic magmatism. These granitoids, comprising granite and quartz porphyry, exhibit diverse intrusive morphologies including batholiths, laccoliths, stocks, and dikes (Figure 2; Li et al., 2019). The W–Sn polymetallic mineralization exhibits a genetic affiliation with highly fractionated S-type granites (159–155 Ma), which are petrologically defined by their reduced oxygen fugacity (fO2), low H2O content, seagull-shaped rare earth element (REE) patterns, and magmatic evolution dominated by fractional crystallization processes (Zhao et al., 2024). Representative examples include the Qianlishan pluton (157.0 ± 2.0 Ma; Chen et al., 2016) and Qitianling batholith (158.0 ± 1.1 Ma; Xia et al., 2024). In contrast, the Cu–polymetallic mineralization is genetically associated with I-type granodioritic intrusions (162–160 Ma), characterized by hydrous, oxidized magmatic signatures, listric-shaped REE patterns, and magmatic evolution primarily governed by partial melting processes (Zhao et al., 2022). The Baoshan stock (161.0 ± 1.3 Ma; Liu et al., 2020) and Tongshanling porphyry complex (161.4 ± 0.9 Ma; Wu et al., 2021) exemplify this mineralization style.
2.2 Deposit geology
The Dafang deposit is situated to the west of the Pingbao mining district, approximately 7 km from the well-known Baoshan Pb–Zn deposit. This polymetallic deposit primarily comprises two distinct ore zones: Maoerling and Lashuxia (Figure 3a; Wang et al., 2021; Wang et al., 2022; Chen et al., 2024). The stratigraphic successions exposed within the Dafang district are predominantly composed of Carboniferous and Permian sedimentary rocks. Specifically, the dominant host rocks for the Dafang Pb–Zn mineralization are the Lower Carboniferous dolomitic limestone and the Middle-Upper Carboniferous dolomite, which crop out in the western and central parts of the ore district, respectively (Figure 3b). The Lower Carboniferous unit is characterized by a thick sequence (approximately 500 m) of grey to dark, fine-grained dolomitic limestone. The upper sections of this stratum exhibit pervasive brittle deformation, leading to multi-stage fracturing. These fractures were subsequently infilled by iron-manganese minerals, resulting in distinctive breccia textures. Overlying this, the Middle-Upper Carboniferous formation consists of grey and greyish-white, medium-to fine-grained dolomite, occurring in thick, massive beds with a variable thickness ranging from 160 to 350 m (Figure 3a). To the eastern extent of the area, the stratigraphy transitions to exposed Lower Permian limestone and chert (silicalite), further overlain by Upper Permian sandstone (Jiang et al., 2024).
[image: Geological map and cross-section diagram. Panel (a) shows a geological map of Lashuxia and Maoerling areas with rock formations, faults, and drilling locations marked. Panel (b) presents a cross-section A-A' with layers indicating different formations and drill holes. Colors represent various geological formations including Quaternary, Permian, and Carboniferous groups. Fault lines and ore bodies are clearly indicated. A legend is provided for reference.]FIGURE 3 | (a) Geologic map of the Dafang Pb–Zn–Au–Ag deposit (modified after Wang et al., 2021; Wang et al., 2022) and (b) geological cross-section of the Dafang deposit (modified after Chen et al., 2024).The mining district exhibits pervasive structural deformation, characterized by the extensive development of folds and faults (Figure 3a; Li and Li, 1983). The entire mineralized area is strategically positioned along the axial trace and limbs of the regional-scale Maopu-Zhangjiaping complex syncline (Wang et al., 2022). The axial trend of this complex syncline is oriented north-northeast, and it is internally differentiated by a series of subsidiary synclines and anticlines with near north-south orientations. Prominent secondary folds, from west to east, include the Maoerling and Lashuxia anticlines (Figure 3a). Previous structural mapping and field observations have identified four principal fault sets: EW, NS, NNW, and NWW-trending faults (Figure 3a). Specifically, the EW and WNW-trending faults (F1, F4) are interpreted as strike-slip or oblique-slip structures that have displaced Permian strata, resulting in juxtaposition between Lower Permian chert and Middle-Upper Carboniferous dolomite. An NS-trending fault (F2) represents a reverse or thrust fault that has compressively uplifted Lower Carboniferous strata, emplacing them tectonically onto the Middle-Upper Carboniferous strata (Figure 3a). A significant NNW-trending fault system transects both the Maoershan and Lashuxia plutons, serving as a primary structural conduit for magmatic ascent and emplacement (Figure 3b). Subsequent to their intrusion, these igneous rocks interacted extensively with the adjacent Carboniferous sedimentary sequences, leading to the widespread development of significant skarn alteration. Furthermore, subsurface investigations, particularly through drill core analysis, reveal the presence of a network of blind faults that have caused partial fragmentation and dislocation of the orebodies (Zhang and Wang, 2023).
Within the mining district, two minor plutons are exposed at the surface, namely, the Lashuxia and Maoerling intrusions (Figure 3; Zhang et al., 2018). These intrusions manifest primarily as stocks and dikes, exhibiting a characteristic mushroom-like morphology that is broader at the top and tapers downwards, locally overlying the host dolomite. The predominant lithologies observed are granodiorite porphyry, with minor occurrences of granite porphyry and quartz porphyry. The Lashuxia pluton intruded along a northeast-trending fracture system. At the surface, it forms an elongated, sinuous, S-shaped dike with dips ranging from 50° to 65° to the southeast. The upper portion of this pluton displays prominent apophyses and sills, creating localized laccolithic or mushroom-like geometries before coalescing into a larger, more massive body at depth. Conversely, the Maoerling pluton was emplaced along a northwest-trending fracture. Its plunging orientation is towards the northwest, with a dip to the northeast. The upper contact surface of this intrusion is relatively steep, plunging at angles of 60°–80°, while its lower section exhibits a gentler dip of 30°–50°. The exposed surface of the pluton is elliptical in plain view, and it attenuates at depth into an irregular, vein-like structure characterized by numerous branching bifurcations. Deep drilling data further indicate the presence of a larger, concealed pluton at depth. These individual plutonic components are interconnected in the subsurface via apophyses and composite intrusive structures (Wang et al., 2022). Geochronological dating indicates that the granodiorite porphyry in the Dafang mining area was emplaced at 155.0 ± 2.0 Ma and 154.5 ± 1.0 Ma (Zhang et al., 2018), aligning with the primary tectono-magmatic activity phase in South Hunan.
The Dafang Pb–Zn–Au–Ag deposit is geologically delineated into two primary mining sectors: Maoerling and Lashuxia, each exhibiting distinctive horizontal zonation of mineralization (Figure 3a). The broader mining district hosts four major orebodies alongside 84 minor ones, which occur predominantly as vein-type, lenticular, or stratiform morphologies. Superficial orebodies within the oxidation zone are typically observed within 30 m of the surface. In the Maoerling sector, orebodies are distributed across two principal elevation ranges: from −40 m to 300 m and from −350 m to 80 m (Figure 3b), indicating a significant vertical extent of mineralization. Conversely, in the Lashuxia sector, orebodies are largely concentrated within an elevation range of 150 m–300 m, with significantly attenuated mineralization encountered below 150 m (Li and Li, 1983). A majority of the ore bodies are preferentially localized within the contact aureole between the granodiorite porphyry intrusions and the country rocks, typically assuming vein- or lenticular geometries (Figure 3b). Notably, orebodies I, II, and III are classified as vein-type and lenticular Pb–Zn mineralization, primarily situated along the hinge zones of regional folds, suggesting a strong structural control on ore deposition (Figure 3b).
Detailed field geologic and petrographic observations at the Dafang deposit reveal a complex and diverse assemblage of metallic and non-metallic minerals, which provide critical insights into the mineralization processes and paragenetic sequence. The primary metallic minerals include pyrrhotite, pyrite, arsenopyrite, chalcopyrite, galena, sphalerite, native gold, tetrahedrite, and stannite (Lu et al., 2017; Wu et al., 2021). These minerals exhibit distinct textural relationships and modes of occurrence: pyrrhotite and pyrite form massive aggregates and disseminated grains, often associated with arsenopyrite and chalcopyrite; galena and sphalerite occur as vein infillings or replacements, frequently intergrown with tetrahedrite and stannite; native gold is commonly observed as fine grains within pyrite and chalcopyrite, indicating a close genetic relationship. The non-metallic mineral assemblage is dominated by calc-silicates, including garnet, diopside, epidote, tremolite, and actinolite, accompanied by chlorite, sericite, muscovite, biotite, quartz, and calcite (Wang et al., 2021; Wang et al., 2022; Zhang and Wang, 2023; Chen et al., 2024). Garnet and diopside are predominant in the prograde skarn stage, forming euhedral to subhedral crystals with distinct zonation, while epidote, actinolite, and chlorite characterize the retrograde alteration stage, typically replacing earlier-formed calc-silicates. Quartz and calcite are pervasive throughout the deposit, often associated with sulfide mineralization. Hydrothermal alteration of the wall rocks is marked by the development of garnet, sericite, quartz, and calcite (Wang et al., 2021; Wang et al., 2022; Chen et al., 2024). Garnet occurs as coarse-grained crystals in the skarn zones, while sericite and quartz form fine-grained aggregates along fractures and grain boundaries. Calcite is ubiquitous, often filling vugs and fractures in association with sulfides (Chen et al., 2024).
Based on a comprehensive analysis of mineral assemblages and textural relationships (Wang et al., 2021; Wang et al., 2022; Zhang and Wang, 2023; Chen et al., 2024), four distinct stages of mineralization have been identified (Figure 4): (I) Prograde skarn formation, dominated by garnet and diopside, reflects high-temperature metasomatic processes; (II) Retrograde alteration, characterized by the development of actinolite, epidote, and chlorite, signifies a transition to lower-temperature conditions; (III) Quartz-sulfides stage, marked by the precipitation of quartz, pyrite, and chalcopyrite, represents the principal phase of sulfide mineralization; and (IV) Calcite-sulfides stage, involving the deposition of calcite alongside a diverse suite of sulfides, including pyrite, chalcopyrite, arsenopyrite, sphalerite, and galena, corresponding to the terminal stages of mineralization.
[image: Chart showing mineral occurrence in four stages: Prograde Skarn, Retrograde Alteration, Quartz-Sulfides, and Calcite-Sulfides. Garnet, Diopside, and Wollastonite are abundant in Prograde Skarn. Fluorite appears minor in stages two and three. Tellurobismuthite is trace in stages two and four. Tetradymite, Quartz, Pyrite, and Chalcopyrite show various appearances. Sphalerite is abundant in stage four.]FIGURE 4 | Paragenetic sequence alteration and mineralization assemblages at Dafang (modified after Wang et al., 2021; Wang et al., 2022; Chen et al., 2024).3 SAMPLING AND ANALYTICAL METHODS
3.1 Samples
For this investigation, a total of 64 representative ore samples were systematically collected from 15 core drill holes, specifically designated as ZK0501, ZK6001, ZK6002, ZK10101, ZK10102, ZK10002, ZK10003, ZK10201, ZK10301, ZK10401, ZK10801, ZK11102, ZK11103, ZK60001, and ZK60701. Subsequent to collection, 40 polished thin sections were meticulously prepared for detailed petrographic examination under both transmitted and reflected light microscopy. From the broader collection, 18 sphalerite-bearing ore samples, originating specifically from Orebodies I, II, and III (corresponding to the Stage V: calcite-sulfides mineralization event), were carefully selected for comprehensive textural and geochemical analyses. For the in-situ trace-element microanalysis of sphalerite, a subset of these samples, including DF6-1, DF6-3, DF6-5, DF8-1, DF8-3, DF12-1, DF12-5, DF13-2, DF15-6, and DF20-1, were specifically chosen. A detailed lithological and mineralogical description for each sample is comprehensively presented in Table 1.
TABLE 1 | Descriptions of representative samples of sulfides at Dafang.	Sample no.	Orebody no.	Mineral assemblages	Stage	Description
	DF6-1	II	Py-Gn-Sp	IV	Calcite-bearing massive pyrite-galena-sphalerite ore
	DF6-3	II	Cal-Py-Gn-Sp	IV	Massive pyrite ore with large amounts of sphalerite
	DF6-5	II	Py-Gn-Sp	IV	Euhedral-subhedral sphalerite intergrown with galena and pyrite
	DF8-1	II	Cal-Py-Gn-Sp	IV	Abundant sphalerite replaced pyrite
	DF8-3	I	Py-Gn-Sp	IV	Euhedral-subhedral pyrite replaced with galena and sphalerite
	DF9-2	I	Apy-Py-Sp	IV	Massive arsenopyrite-pyrite-sphalerite ore
	DF12-1	III	Py-Gn-Sp	IV	Abundant pyrite replaced by sphalerite
	DF12-3	II	Py-Gn-Sp	IV	Sphalerite intergrown with calcite and galena
	DF12-4	II	Gn-Sp	IV	Massive galena-sphalerite ore
	DF12-5	I	Apy-Py-Gn-Sp	IV	Massive arsenopyrite-pyrite-galena-sphalerite ore
	DF13-2	II	Qz-Py-Sp	IV	Minor quartz intergrown with galena and sphalerite
	DF15-5	II	Py-Po-Gn-Sp	IV	Stage IV pyrite intergrown with pyrrhotite but replaced by galena and sphalerite
	DF15-6	II	Gn-Sp	IV	Massive calcite-sphalerite-galena ore
	DF17-2	I	Apy-Gn-Sp	IV	Euhedral-subhedral arsenopyrite replaced by sphalerite
	DF17-4	I	Apy-Gn-Sp	IV	Massive arsenopyrite-galena-sphalerite ore
	DF17-7	III	Py-Gn-Sp	IV	Massive pyrite ore with large amounts of sphalerite and galena
	DF20-1	III	Cal-Apy-Py-Gn-Sp	IV	Euhedral-subhedral sphalerite intergrown with galena but replaced arsenopyrite
	DF22-3	III	Qz-Py-Gn-Sp	IV	Euhedral-subhedral galena and sphalerite intergrown with quartz


Abbreviations: Apy = arsenopyrite; Py = pyrite; Gn = galena; Sp = sphalerite; Po = pyrrhotite; Cal = calcite; Qz = quartz.
3.2 SEM-BSE imaging
Prior to the LA-ICP-MS analyses, each sample underwent meticulous preparation, involving the creation of highly polished thin sections. The internal textures and microstructures of sphalerite were subsequently characterized using a JCM-7000 scanning electron microscope (SEM), housed at the School of Geosciences and Info-Physics, Central South University (Changsha, China). During SEM operation, an accelerating voltage of 15 kV and a beam current of 10 nA were precisely maintained to ensure optimal imaging and analytical resolution.
3.3 LA-ICP-MS sphalerite trace element analysis
In-situ trace element analysis of sphalerite was meticulously conducted using an NWR 193 nm ArF excimer laser ablation system coupled to an iCAP RQ Inductively Coupled Plasma-Mass Spectrometer (LA-ICP-MS) at the Guangzhou Tuoyan Analytical Technology Co. Ltd. Prior to each ablation, all target spots were carefully scrutinized under BSE mode to precisely identify and avoid contamination from mineral inclusions. Helium (He) was employed as the carrier gas to efficiently transport the ablated aerosol into the ICP and to minimize aerosol deposition within the transport tubing. The laser parameters were precisely set as follows: a laser fluence of 3.5 J/cm2, a repetition rate of 6 Hz, and a laser spot size of 30 μm. Each analytical spot involved a total acquisition time of 80 s, comprising a 15-s pre-ablation period for background signal acquisition, a 40-s ablation period for sample signal measurement, and a 25-s post-ablation period for residual signal acquisition. For pyrite analysis, the following 19 isotopes were precisely measured: 34S, 55Mn, 57Fe, 59Co, 60Ni, 65Cu, 66Zn, 75As, 77Se, 97Mo, 107Ag, 118Sn, 121Sb, 126Te, 197Au, 202Hg, 205TL, 208Pb, and 209Bi. Similarly, for sphalerite analysis, a distinct suite of 19 isotopes was quantified: 34S, 55Mn, 57Fe, 59Co, 60Ni, 65Cu, 66Zn, 71Ga, 74Ge, 77Se, 97Mo, 107Ag, 111Cd, 115In, 118Sn, 121Sb, 126Te, 208Pb, and 209Bi. Data reduction and calibration were performed using Iolite software (Paton et al., 2011). Within this software, user-defined time intervals were precisely established for the baseline correction procedure, facilitating the calculation of session-wide baseline-corrected values for each measured isotope. The analytical sequence rigorously followed a protocol where blocks of two certified reference materials (NIST 610 and GSE-2G) and one sulfide matrix-matched standard (MASS-1) analysis were interspersed with measurements of 5 to 8 unknown samples, ensuring robust quality control and calibration.
4 RESULTS
4.1 Internal texture of sphalerite
Sphalerite-I (Sp-I), interpreted to have formed within Orebody I, appears dark-gray in backscattered electron (BSE) images and typically exhibits a homogeneous internal texture, devoid of discernible zoning or replacement features (Figures 5a,b); this sphalerite is commonly observed intergrown with galena (Figure 5b) but frequently undergoes subsequent pervasive replacement by abundant calcite (Figure 5a) and minor arsenopyrite and pyrite (Figure 5b). In contrast, Sphalerite-II (Sp-II), associated with Orebody II, also presents as grayish-black in BSE images and is texturally homogeneous (Figures 5c,d), commonly showing evidence of pervasive replacement by arsenopyrite and pyrite (Figure 5c) and often hosting minor inclusions of chalcopyrite and stannite (Figure 5d). Finally, Sphalerite-III (Sp-III), originating from Orebody III, appears dark-grey and texturally homogeneous under BSE (Figures 5e,f), commonly associated with galena but extensively replaced by a suite of later-forming minerals, including pyrite (Figures 5e,f), arsenopyrite (Figure 5f), and calcite (Figures 5e,f).
[image: Six grayscale micrographs labeled a to f depict mineral compositions with annotations. Key minerals include Sp-I, Sp-II, Sp-III, Cal, Py, and Apy, among others. Scales range from one hundred to two hundred micrometers. Each micrograph displays distinct mineral patterns and fractures, highlighting the structural differences.]FIGURE 5 | Representative BSE images of the Dafang sphalerite grains: (a,b) dark-gray Sp-I with homogeneous (no zoning or replacement) texture, and intergrown with galena but replaced calcite, arsenopyrite, and pyrite; (c,d) grayish-black Sp-II with homogeneous texture, and replaced by arsenopyrite and pyrite and hosting chalcopyrite-stannite inclusions; (e,f) Sp-III (dark-grey and texturally homogeneous) commonly associated with galena but replaced by pyrite, arsenopyrite, and calcite. Abbreviations: Sp = sphalerite.4.2 Trace element geochemistry
A comprehensive suite of 50 LA-ICP-MS spot analyses was conducted on the three distinct sphalerite generations: Sp-I (n = 15), Sp-II (n = 25), and Sp-III (n = 10). The detailed trace-element compositions are tabulated in Supplementary Appendix I and graphically presented in Figure 6. Notably, Sp-III exhibits the highest median concentrations for several key elements, including Fe (115170 ppm), Ge (1.37 ppm), Ag (42.9 ppm), Cd (14865 ppm), and Sb (2.88 ppm). In contrast, Sp-I is characterized by elevated median contents of Mn (31520 ppm), Ga (13.2 ppm), Ag (31.7 ppm), and Sn (34.5 ppm). Conversely, when compared to Sp-II, Sp-I consistently shows lower median concentrations for a range of elements: Fe (105554 ppm), Co (2.18 ppm), Ni (below detection limit), Cu (1277 ppm), As (below detection limit), Se (23.1 ppm), In (9.93 ppm), Cd (13474 ppm), Sb (1.69 ppm), Te (0.121 ppm), Pb (3.52 ppm), and Bi (0.011 ppm).
[image: Box plot chart showing concentration levels of various elements in parts per million (ppm) on a logarithmic scale. Elements include manganese (Mn), iron (Fe), cobalt (Co), among others. Different colors represent three sample types: Sp-I (orange), Sp-II (yellow), and Sp-III (green). The chart includes markers for outliers and statistical measures such as average and median.]FIGURE 6 | Box and whisker plot for trace element contents of the three sphalerite types from Dafang.5 DISCUSSION
5.1 Trace element occurrence in sphalerite
Sphalerite is frequently observed to host micro-/nano-inclusions (e.g., Johan et al., 1983; Cook et al., 2009; 2016; Duan et al., 2023; Fougerouse et al., 2023), a phenomenon that can mask the true geochemical compositions of the host mineral (Fontboté et al., 2017; Voute et al., 2019; Keith et al., 2022). Consequently, a critical evaluation of the influence of these nano-inclusions on the overall sphalerite geochemistry is imperative. LA-ICP-MS time-resolved signal spectra serve as a valuable tool for discerning the occurrence and distribution of trace elements within sphalerite (Belousov et al., 2016; Shen et al., 2025). For Sp-I, Sp-II, and Sp-III, the time-resolved signals for Fe, Mn, Cd, In, and Sb exhibit smooth and flat profiles (Figure 7), strongly suggesting the absence of corresponding micro-inclusions in the Dafang sphalerite. However, the presence of outliers in box-and-whisker plots may signify the existence of evenly-distributed nano-inclusions that are beyond the spatial resolution of LA-ICP-MS (Keith et al., 2022; Shen et al., 2022; Zhang et al., 2022). This interpretation is supported by the elevated concentrations (outliers) of As, Ag, and Sn in Sp-I, and Fe, Ge, As, Ag, Sn, Te, and Pb in Sp-II (Figure 6), indicating the potential presence of nano-inclusions enriched in these specific elements within these sphalerite types. Further corroboration comes from local signal peaks for Pb, Sn, Sb (Figure 7b), Cu, and Ag (Figures 7d,e) observed in the time-resolved data. Concurrently, the broad concentration ranges for Sn and Pb in both Sp-I and Sp-II (Figure 6) provide additional evidence for the occurrence of such micro-inclusions (Shen et al., 2022; Zhang et al., 2022), an observation consistent with the textural evidence of their coexistence with stannite (Figure 5d).
[image: Six graphs labeled (a) to (f), showing signal intensity (CPS) against time (seconds) for different elements. Graphs (a), (b) are marked Sp-I; (c), (d) are Sp-II; and (e), (f) are Sp-III. Graphs highlight elements like Zn, Mn, Cd, Pb, Sn, Cu, In, Ag, Fe, Ga, Ge, with concentrations illustrated through varying signal intensities over time. Specific elements are circled and labeled with arrows in graphs (b) to (f).]FIGURE 7 | Representative LA-ICP-MS time-resolved depth profiles for the Dafang sphalerite. (a) Sp-I displays smooth ablation signals for Zn, S, Fe, Cd, Mn, Cu, Ag, Ga, and Sn; (b) Sp-I shows local signal peaks of Pb, Sn, and Sb; (c) Sp-II exhibits smooth ablation signals for Zn, S, Fe, Cd, Mn, Cu, Ag, Ga, Sn, In, and Ge; (d) Sp-II contains local signal peaks of Cu; (e) Sp-III presents local signal peaks of Cu; (f) Sp-III shows local signal peaks of Pb. Abbreviations: Zn = zinc; S = sulfur; Fe = iron; Cd = cadmium; Mn = manganese; Ga = gallium; Cu = copper; Ag = silver; Sn = tin; Pb = lead; Sb = antimony; In = indium; Ge = germanium.Building upon well-established theoretical frameworks, bivalent cations such as Fe2+, Mn2+, Cd2+, Co2+, Ni2+, and Hg2+ are widely understood to directly substitute for Zn2+ within the sphalerite crystal lattice (e.g., Barton and Toulmin, 1966; Pattrick et al., 1998; Cook et al., 2009; Frenzel et al., 2020; 2022). Conversely, the incorporation of trivalent and tetravalent cations, including Sb3+, Ga3+, In3+, Sn3+, Ge4+, and Pb4+, is predominantly facilitated by coupled substitution involving Cu+ and/or Ag+ replacing Zn (Cook et al., 2012; Belissont et al., 2014; Belissont et al., 2016; George et al., 2016; Frenzel et al., 2016). Following the rigorous filtering of geochemical outliers from the sphalerite samples, our data reveal a positive correlation between (Fe + Cd + Mn) and Zn (Figure 8a), strongly indicating that Fe, Cd, and Mn are readily incorporated into the sphalerite structure through isovalent substitution for Zn. In contrast, the suite of Ga–Ge–In–Sn–Sb elements appear to be integrated into the sphalerite lattice primarily via coupled substitution mechanisms. This is demonstrably evidenced by the positive correlations observed between Ga and (Cu + Ag) (Figure 8b), Ge and Ag (Figure 8c), Sn and Cu (Figure 8d), Sb and Cu (Figure 8e), and comprehensively between (Ga + Ge + In + Sn + Sb) and (Cu + Ag) (Figure 8f). Furthermore, the consistent plotting of almost all data points above the (Ga + Ge + In + Sn + Sb)/(Cu + Ag) = 1:1 line (Figure 8f) provides additional compelling support for these coupled substitution pathways.
[image: Six scatter plots labeled (a) to (f) showing geochemical relationships. (a) Zn vs. Fe+Cd+Mn with a negative correlation. (b) Cu+Ag vs. Ga shows scattered data with a reference line at (Cu+Ag)/Ga=1. (c) Ag vs. Ge shows positive scattering. (d) Cu vs. Sn with a reference line at Cu/Sn=1. (e) Cu vs. Sb includes a reference line at Cu/Sb=1. (f) Cu+Ag vs. Ga+Ge+In+Sn+Sb with a reference line (Cu+Ag)/(Ga+Ge+In+Sn+Sb)=1. Data points represent Sp-IIa, Sp-IIb, and Sp-IIIa.]FIGURE 8 | Binary plots of (a) Zn vs. (Fe + Cd + Mn); (b) (Cu + Ag) vs. Ga; (c) Ge vs. Ag; (d) Cu vs. Sn; (e) Cu vs. Sb; (f) (Cu + Ag) vs. (Ga + Ge + In + Sn + Sb) for the Dafang sphalerite.5.2 Physicochemical conditions of the Dafang mineralization
5.2.1 Temperature
The geochemical composition and internal textures of sphalerite serve as invaluable proxies for deciphering the physicochemical conditions and ore-forming processes within hydrothermal deposits (Frenzel et al., 2016; 2021; Torró et al., 2023; Erlandsson et al., 2024; Frenzel and Thiele, 2024). Generally, high-temperature sphalerite is characterized by enrichment in Fe, Mn, Cu, Co, In, and Sn, exhibiting high In/Ga (>1) and Zn/Cd (>500) ratios, alongside low Zn/Fe (<100) ratios. Conversely, low-temperature sphalerite typically shows enrichment in Ga, Ge, and Cd, with corresponding low In/Ge (<1) and Zn/Cd (100–500) ratios, and high Zn/Fe (>100) ratios (Liu et al., 1984; Ye et al., 2011; Dai, 2016; Wen et al., 2016; Wei et al., 2018; Wei et al., 2019; Bauer et al., 2019). Applying these established indicators, our observations reveal that Sp-III is notably richer in Fe and Mn and exhibits a lower Zn/Fe ratio (4.42) compared to Sp-II (4.86), suggesting a higher crystallization temperature for Sp-III. Furthermore, Sp-II, being enriched in Fe, Cu, and In, displays higher In/Ga (avg. 7.00), In/Ge (avg. 22.87), and a lower Zn/Fe ratio (avg. 4.86) than Sp-I (0.76, 7.10, and 5.57, respectively), which points to Sp-II crystallizing at a higher temperature than Sp-I. Crucially, the significantly higher concentrations of Co, Ni, Se, and Bi in Sp-II (avg. 6.01, 12.7, 38.6, and 1.06 ppm, respectively) compared to Sp-I (avg. 2.18, below detection limit, 23.1, and 0.011 ppm, respectively), further corroborate a temperature decline from Sp-II to Sp-I. This is consistent with the understanding that magmatic fluids, often contributing to higher temperature mineralization, generally contain elevated levels of Se, Bi (Huston et al., 1995; Rowins et al., 1997; Fitzpatrick, 2008; Li et al., 2018; Zhang et al., 2022), Co, and Ni (Loftus-Hills and Solomon, 1967; Bralia et al., 1979; Chen et al., 1987) compared to meteoric waters.
Sphalerite crystallization temperatures were also quantitatively assessed using the GGIMFis (Frenzel et al., 2016) and SPRFT (Zhao et al., 2024) geothermometers. The GGIMFis thermometer yielded medium-high temperatures for Sp-I (avg. 347 °C), Sp-II (avg. 349 °C), and Sp-III (avg. 341 °C), which are inconsistent with published quartz fluid inclusion microthermometric data (Stage IV: 150°C–294 °C; Wang et al., 2022). However, the crystallization temperature calculated by the SPRFT geothermometer (Zhao et al., 2024) indicated medium-low crystallization temperatures for Sp-I (∼279 °C), Sp-II (∼280 °C), and Sp-III (∼285 °C), which are consistent with the published quartz fluid inclusion microthermometric data (Wang et al., 2022). Therefore, it is inferred that the crystallization temperature of sphalerite gradually decreased from Sp-III to Sp-II and then to Sp-I, a trend supported by both the trace element geochemistry of sphalerite and the consistent results from the SPRFT geothermometer.
5.2.2 Sulfur fugacity (fS2)
Iron incorporation into the sphalerite crystal lattice is controlled by both temperature and sulfur fugacity (fS2) (Scott and Barnes, 1971; Keith et al., 2014; Schaarschmidt et al., 2021; Frenzel et al., 2016; Frenzel et al., 2022). While fS2 can theoretically be estimated using the sphalerite formation temperature (e.g., via the GGIMFis geothermometer; Frenzel et al., 2016) and FeS mol%, the unreliability of temperature data calculated by the GGIMFis geothermometer necessitates an alternative approach. Therefore, published fluid inclusion microthermometric data (Stage IV: 150 °C–294 °C; Wang et al., 2022) were utilized to constrain fS2. Based on these constraints, the calculated fS2 values for Sp-I (lg fS2 = −9.5 to −9.3, avg. −9.4), Sp-II (lg fS2 = −9.8 to −8.7, avg. −9.1), and Sp-III (lg fS2 = −8.1 to −10.4, avg. −9.0) all fall within the intermediate-sulfidation field (Figure 9). More specifically, these results reveal a progressive decrease in fS2 from Sp-III to Sp-II, and subsequently to Sp-I.
[image: Graph titled "Sulfidation State" showing sulfidation levels against temperature (degrees Celsius) and \(\log f_{S_2}\). Labels include "Very High," "High," "Intermediate," "Low," and "Very Low" alongside mineral phases like Py, Po, and Fe. Red dashed lines indicate specific values. Sp-I, Sp-II, and Sp-III phases are marked with colored arrows. Upper x-axis shows \(1000/T (K)\).]FIGURE 9 | Temperature vs. lg fS2 diagram adapted from Einaudi et al. (2003). Calculated temperatures from the SPRFT geothermometry (Zhao et al., 2024) and fluid inclusion microthermometric data (Wang et al., 2022) are compared with the sphalerite FeS content. The blue and green areas denote the fS2 field for Sp2 and Sp3, respectively. Abbreviations: Cv = covellite; Dg = digenite; Py = pyrite; Bn = bornite; Ccp = chalcopyrite; Po = Pyrrhotite; Apy = arsenopyrite; Lo = löllingite; Fe = native iron.5.2.3 Oxygen fugacity (fO2)
Manganese concentrations within sphalerite are highly sensitive indicators of redox conditions (Bernardini et al., 2004; Kelley et al., 2004), with elevated Mn typically signifying a more reduced environment (Kelley et al., 2004; Zhuang et al., 2019; Liu et al., 2022). The lower median Mn content observed in Sp-II (13767 ppm) compared to Sp-III (16053 ppm) suggests an evolution of the ore-forming fluids towards more oxidizing conditions from orebody III to II. Conversely, the notable increase in Mn content from Sp-II to Sp-I (median: 31520 ppm) points to a subsequent decrease in oxygen fugacity (fO2). This late-stage reduction in fO2 is likely attributable to the precipitation of galena (PbS) and sphalerite (ZnS) through the reaction of Pb2+ and Zn2+ with H2S. This mineralization process consumes H2S and concurrently releases H+ (e.g., Zn2+ + H2S → ZnS + 2H+), thereby reducing the overall concentration of dissolved sulfide species (H2S/HS−) and promoting a more reduced state within the system.
5.3 Migration of the ore-forming fluids
The migration of ore-forming fluids is a pivotal process in the genesis of skarn Pb–Zn deposits, fundamentally controlling the spatial distribution, morphology, and economic tenor of mineralization. Understanding the pathways, drivers, and evolution of these fluid systems is crucial for both robust deposit modeling and effective exploration targeting. From the perspective of vertical spatial distribution, the ore-forming fluids exhibit a significant temperature gradient during their ascent (Figure 3B). Based on published quartz fluid inclusion microthermometric data (Stage IV: 150 °C–294 °C; Wang et al., 2022) and sphalerite thermometry using the SPRFT geothermometer (Zhao et al., 2024), crystallization temperatures systematically decrease from the deep orebody III (approx. 285 °C) to the middle orebody II (approx. 280 °C) and subsequently to the shallow orebody I (approx. 279 °C). This consistent temperature-decreasing sequence unequivocally indicates the upward migration path of ore-forming fluids from deeper to shallower crustal levels. Additionally, the progressive decrease in sulfur fugacity (fS2) from Sp-III (avg. lg fS2 = −9.0) to Sp-II (avg. lg fS2 = −9.1) and then to Sp-I (avg. lg fS2 = −9.4) (Figure 9), as well as the redox evolution reflected by Mn concentrations in sphalerite (Figure 6), further corroborate this migration pathway.
Regarding planar distribution, sphalerite formation temperatures calculated by the SPRFT geothermometer from different drill cores also exhibit regular variations. Specifically, temperatures progressively decrease from drill hole ZK0501 (283 °C) to ZK10401 (281 °C), then to ZK10003 (280 °C), and finally to ZK10102 (275 °C), defining a discernible temperature gradient zone that trends from northwest to southeast (Figure 3a). Integrated with regional geological context, this spatial characteristic of the temperature field strongly suggests that the ore-forming fluids likely originated from the Lashuxia pluton in the northwest and migrated along structural conduits towards the Maoerling pluton in the southeast. The systematic variations in sphalerite trace element compositions (e.g., Fe, Mn, Co, Ni, Se, Bi; Figure 6) across the different orebodies further support this interpretation, reflecting changes in fluid chemistry during migration. Integrating the foregoing analytical results with existing geochronological constraints (calcite U–Pb: 157.7 ± 6.5 Ma; Wang et al., 2022), we interpret the Dafang Pb–Zn mineralization as a Middle–Late Jurassic event genetically associated with a slab-window regime induced by shallow oblique subduction of the paleo-Pacific Plate beneath the Eurasian continental margin (Figure 10a; Mao et al., 2008; Mao et al., 2013). This tectonic configuration facilitated asthenospheric magma upwelling, thereby supplying both the thermal energy and metal-rich fluids essential for ore genesis. Geochemical signatures of sphalerite further reveal a pronounced temporal, spatial, and genetic correlation between the Pb–Zn mineralization and the proximal Lashuxia granodiorite porphyry (Figure 10b), suggesting their coeval formation within a unified magmatic–hydrothermal ore-forming system.
[image: Diagram showing geological features in two panels. Panel (a) depicts the interaction between the Yangtze and Cathaysia Blocks and the Paleo-Pacific Plate, highlighting the Qinhang Metallogenic Belt with Pb-Zn mineralization. Panel (b) illustrates the geological cross-section of the South Hunan district, featuring skarn, faults, and mineralized zones in Carboniferous Hutan Gp. limestone, including the Dafang Pb-Zn and areas labeled Lashuxia and Maoerling. Arrows indicate geological movements.]FIGURE 10 | Schematic model illustrating the ore-forming processes at the Dafang Pb–Zn deposit (modified after Mao et al., 2013). (a) The upwelling of asthenospheric magma and extensive mantle–crust interaction, potentially induced by the slab window, likely contributed to the formation of Pb–Zn polymetallic deposits in this upwelling region around 160–150 Ma; (b) The magmatic hydrothermal fluids from the Lashuxia granodiorite porphyry migrated along faults and ultimately led to the formation of the Dafang Pb–Zn mineralization. See text for detailed discussion. Abbreviations: Zn = zinc; Pb = lead; Gp. = group.This discovery holds significant implications for mineral exploration: Firstly, the spatial variation pattern of the temperature field, combined with fS2 and fO2 trends, provides reliable thermodynamic and geochemical evidence for determining the migration direction of ore-forming fluids. Secondly, by integrating the characteristics of temperature gradient variation with the spatial distribution of plutons, it is preliminarily concluded that the Lashuxia pluton is more likely the primary ore-forming parent rock of the Dafang Pb–Zn–Au–Ag deposit, rather than the traditionally considered Maoerling pluton (Wang et al., 2021; Wang et al., 2022). This understanding has important theoretical value for guiding deep and peripheral exploration in the mining area. It is recommended that subsequent exploration efforts focus on structurally favorable locations around the Lashuxia pluton.
6 CONCLUSION
The Pb–Zn mineralization at Dafang is primarily associated with the calcite-sulfides stage (Stage IV), with sphalerite classified into three types—Sp-I, Sp-II, and Sp-III—based on their spatial distribution across orebodies I, II, and III, respectively. Detailed BSE imaging and mineralogical analysis reveal that Sp-I, Sp-II, and Sp-III exhibit homogeneous textures but distinct paragenetic associations. Sphalerite geochemistry demonstrates that divalent cations (e.g., Fe2+, Mn2+) substitute directly for Zn2+ in the crystal lattice, while trivalent and tetravalent cations incorporate via charge-coupled substitution involving Cu+ and/or Ag+ to maintain electrostatic equilibrium. Geochemical and thermodynamic modeling shows a progressive decrease in temperature and sulfur fugacity from Sp-III (∼285 °C) to Sp-II (∼280 °C) and Sp-I (∼279 °C), indicating fluid evolution. Temperature gradients suggest ore-forming fluids migrated from the Lashuxia pluton to the Maoerling pluton, identifying Lashuxia as the primary metallogenic source and challenging traditional views. These findings advance understanding of skarn Pb–Zn deposit genesis and provide a framework for exploration targeting, emphasizing structurally favorable zones around the Lashuxia pluton for future exploration.
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