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The Xiahulin lead-zinc deposit serves as a classic skarn-type deposit in the Erguna Block of the Greater Khingan Range, containing uncertain metallogenic sources and epochs. The orebodies form complex shapes in the contact zone between granite and Sinian Ergunahe Formation rocks, with alteration zones characterized by skarnization and silicification, extending 1–5 m from the ore veins. The ores primarily comprise sphalerite, galena, chalcopyrite, pyrite, and quartz, with nested to disseminated structures. Mineralization occurs in four stages: pre-ore, early, main, and post-ore. Geochemical analyses revealed that the sphalerite in the main stage closely resembled syenogranite in trace elements. Sulfur isotopes (δ34SV-CDT = 3.46‰–5.96‰) indicated the magmatic sulfur origins, while led isotopes (208Pb/204 Pb = 38.188–38.214, 207Pb/204Pb = 15.591–15.599, 206Pb/204Pb = 18.437–18.442) suggested a mantle-crust mixed source. Zircon Hf isotopes (176Hf/177Hf = 0.282628–0.282846) and two-stage model ages (804–1309 Ma) indicated the partial melting of newly formed crustal material with minor contamination from ancient crust. The U-Pb dating of syenogranite zircons provided a diagenetic age of 203.8 ± 2.2 Ma. Based on geological and elemental evidence, Xiahulin mineralization likely occurred in the Early Jurassic, originating from the crust-mantle mixtures related to the Mongol-Okhotsk Ocean subduction, marking a period of notable mineralization in the Erguna Block.
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1 INTRODUCTION
The Erguna Block is located in the eastern segment of the Xingmeng orogenic belt within the Central Asian Orogenic Belt and serves as a notable region for lead-zinc (silver) and copper-molybdenum mineralization. Prospecting activities have identified numerous large-scale deposits, including the Jiawula, Erentaolegai, Biliyagu, and Deerbuer lead-zinc (silver) deposits (Xu, 2020; Jia et al., 2012; Zhu et al., 1999; Sun, 1995; Zhang et al., 2002), as well as the Wunugetushan, Taipingchuan, and Baguanzhong copper-molybdenum deposits (Zhang et al., 2022; Cao, 2020; Hou, 2014). This area’s significant lead-zinc and copper-molybdenum resources have attracted considerable attention (Qin et al., 1999; Mao et al., 2005; Pirajno, 2009; Catchpole et al., 2015). The lead-zinc deposits were primarily identified along the NNE-trending Delbugan fault as veins within the Mesozoic volcanic rocks. Varied conclusions have been drawn regarding the source of the ore-forming materials, such as crust mantle mixed source (Jia et al., 2012; Zhu et al., 1999; Sun, 1995), crust mantle mixed source dominated by mantle source (Li et al., 2011; Zhao et al., 2017), and upper crust (Li et al., 2014). Moreover, their mineralization and ore controlling elements are poorly understood. However, research on skarn-type lead-zinc deposits, such as the Xiahulin deposit, remains limited, with unresolved questions regarding the sources of metallogenic materials and the precise ages of rock formation and mineralization. It is unclear whether there is any correlation between the skarn type lead-zinc deposit and the porphyry type copper molybdenum deposit.
To address these issues, this study investigated the Xiahulin lead-zinc deposit through detailed field geological surveys, petrographic and mineralogical analysis, geochemical studies of ore-forming rocks, trace element composition of sphalerite, and in-situ S-Pb isotope composition of the ore to trace the sources of metallogenic materials. Additionally, by analyzing the trace element signatures of the ore-forming rocks and sphalerite and determining the zircon U-Pb age of the ore-forming rocks, we established constraints on the ages of rock formation and mineralization. And through comparative research with typical copper molybdenum deposits in the region, explore the correlation between their formation and evolution process and copper molybdenum deposits such as Badaguan. Furthermore, it is expected to provide new evidence for the large-scale mineralization and tectonic evolution of the Erguna block in the Mesozoic era.
2 GEOLOGICAL BACKGROUND
The Xiahulin lead-zinc deposit is situated in the eastern CAOB, within the eastern segment of the Xingmeng orogenic belt, and in the center of the Erguna Block. The Erguna block borders the Mongolia-Okhotsk suture zone to the northwest and the Xing’an block to the southeast, separated by the Taylor-Xiguitu belt. Geological data indicated that this region developed within the Paleo-Asian Ocean tectonic domain from the Late Proterozoic to the Early Paleozoic, forming the Erguna orogenic belt with a trench-arc-basin system. During the Early to Middle Mesozoic, under the influence of Pacific and Mongolia-Okhotsk tectonic movements, the area underwent oceanic basin subduction and collisional orogenesis, resulting in porphyry-type deposits such as Baguanzhong, Babayi, and Taipingchuan. From the Middle to Late Mesozoic, the region evolved through stages of continental rifting, yielding rich deposits of lead, zinc, silver, and other minerals.
The exposed strata in the region span from the Precambrian through the Paleozoic to the Meso-Cenozoic, with the basement mainly composed of the Jiageda Formation (Nhj) and the Ergunahe Formation (Ze), whereas the overlying strata consist primarily of the Paleozoic Hongshuiquan Formation (C1h) and Mesozoic volcanic rocks. The metamorphic and carbonate rocks of the Jiageda Formation (Nhj) and Ergunahe Formation (Ze) serve as host strata for the lead-zinc and gold deposits. Due to their similarities to the stratigraphy and rock assemblages of the Bayan Obo rare earth deposit, they are prime targets for evaluating strategic minerals, including “three rare” elements. The Mesozoic Tamulangou Formation (J2t), Manketouebo Formation (J3mk), and Manitu Formation (J3mn) host numerous hydrothermal vein-type lead-zinc-silver deposits distributed along the Delbugan fault, exhibiting significant metallogenic potential. The strata exposed in the mining area primarily include the Proterozoic Sinian Ergunahe Formation (Ze) marble, quartzite, schist, and Middle Jurassic Tamulangou Formation (J2t), with terrigenous clastic rocks, andesite, andesitic basalt, and intermediate-basic volcaniclastic rocks (Figure 1C). Notably, the contact zone between the Ergunahe Formation (Ze) marble and intrusive rocks is characterized by extensive skarn alteration, presenting a favorable zone for mineralization.
[image: Figure 1]FIGURE 1 | Geotectonic location map [(A) after Jahn et al., 2004; (B) modified by Pan et al., 2009] and geological map [(C) modified by Wang et al., 2003] of the Xiahulin deposit. 1-Terrigenous clastic rocks of the Tamulangou Formation; 2- Andesite and basaltic andesite of the Tamulangou Formation; 3- Intermediate-basic volcaniclastic rocks of the Tamulangou For-mation; 4- Dolomitic marble of the Ergunahe Formation; 5- Quartzite of the Ergunahe For-mation; 6- Chlorite schist of the Ergunahe Formation; 7- Monzogranite of the Early Yanshanian period; 8- Granitic porphyry of the Hercynian period; 9- Biotite granite of the Caledonian period; 10- Silicified.
The intrusive rocks in the mining area are primarily composed of Early Yanshanian granite, Hercynian granite porphyry, and Caledonian biotite granite with dike rocks. Notably, the Early Yanshanian medium-grained potassium feldspar granite, located in the outer contact zone with quartzite and marble, exhibits extensive skarn alteration in the surrounding rocks.
Regional structures primarily consist of fault and fold structures. The fault structures are categorized into three groups: NNE-trending concealed faults, which are pre-mineralization structures; near-EW (NWW)-trending fracture zones, which formed during mineralization; and near-NS-trending faults, which are post-mineralization structures. The mining area lies on the northwest wing of the Shanghulin anticline, with strata generally forming a slightly undulating monoclinic structure that trends NE and dips NW at an angle of approximately 10°–30°.
3 ORE DEPOSIT GEOLOGY
The orebodies in the Xiahulin mining area exhibit complex forms, including pillars, pods, lenticular bodies, and lenses (Figure 2), with two main orebodies: Orebody I and Orebody II. Primary ore structures range from nested to disseminated, with massive structures occurring less frequently. The ore textures included metasomatic dissolution (Figure 3A), solid solution unmixing (Figure 3B), and anhedral granular textures (Figure 3C).
[image: Figure 2]FIGURE 2 | Combined Sectional Map of Exploration Line No. 12 of the Xiahulin Lead-Zinc Mine (Revised Based on Xu et al., 2017). 1- Quaternary deposits; 2- Intermediate-basic volcanic rocks of the Tamulangou Formation; 3- Tuffaceous sandstone of the Tamulangou Formation; 4- Argillaceous siltstone of the Wanbao Formation; 5- Glauconitic sandstone of the Wanbao Formation; 6- Marble of the Ergunahe For-mation; 7- K-feldspar granite; 8- Diorite porphyry; 9- Tectonic breccia; 10- Silver orebodies and their numbers; 11- Lead-zinc orebodies and their numbers; 12- Drill holes and their numbers.
[image: Figure 3]FIGURE 3 | Photographs of Specimens, Polished Sections, and Thin Sections from the Xiahulin Lead-Zinc Mine. (A) Reflected light (−), metasomatic dissolution texture; (B) Reflected light (−), the second-stage chalcopyrite and sphalerite exhibiting an emulsion-like solid solution unmixing texture; (C) Re-flected light (−), anhedral granular texture; (D) Fluoritization of the lead-zinc orebody observed underground; (E) Transmitted light (−), chloritization of syenogranite; (F) Transmitted light (+), sericitization of syenogranite. Py - Pyrite; Ccp - Chalcopyrite; Gn - Galena; Sp - Sphalerite; Mag - Magnetite; Pl - Plagioclase; Qtz - Quartz; Chl - Chlorite; Str - Sericite; Fl - Fluorite.
Sphalerite and galena are the primary ore minerals, with pyrite and chalcopyrite as the secondary minerals. Magnetite (Figure 3B) and hematite are also prevalent. The gangue minerals consist of garnet, quartz, calcite, chlorite (Figure 3E), sericite (Figure 3F), trace amounts of fluorite (Figure 3D), and cassiterite.
The orebodies are located in the contact zone between the Early Yanshanian granite and Sinian Ergunahe Formation quartzite and marble. The wall rocks consist of skarnized marble and skarn, with no intercalations within the orebodies. Wall-rock mineralization and alteration primarily include skarnization, silicification, chloritization, sericitization, fluoritization, and carbonatization.
Based on mineral paragenesis, intergrowth relationships, and wall-rock alterations, the mineralization stages of the Xiahulin deposit are classified into skarn and quartz-sulfide stages. The skarn stage comprises the skarn substage (garnet, diopside, tremolite, epidote, and actinolite) and the oxide substage (magnetite, hematite, and quartz). The quartz-sulfide stage is further divided into the early sulfide stage (colloform pyrite and chalcopyrite with minor sphalerite and galena), the late sulfide stage (main mineralization phase with pyrite, sphalerite, chalcopyrite, and galena), and the quartz-calcite stage (with minor pyrite).
4 SAMPLE CHARACTERISTICS AND ANALYTICAL METHODS
4.1 Major, rare earth, and trace elements
To investigate the relationship between syenogranite and mineralization in the Xiahulin lead-zinc deposit, samples from the orebody and contact zone near the 90-meter adit of the No. 3 inclined shaft were collected for trace element and REE analysis in sphalerite, as well as for major element, REE, and trace element analysis in syenogranite (Section 4.3). The sample preparation and testing were conducted at the Analytical Laboratory of the Harbin Comprehensive Survey Center. The AXIOSMAX X-ray fluorescence spectrometer from Malvern Paralytical was utilized to measure the concentration of primary elements in the samples, employing the instru-ment’s quantitative analysis software. The major elements were analyzed by XRF with an accuracy of 97%–98%. The sample is pre crushed to 200 mesh, dried at 105°C for 2 h, taken out and cooled to room temperature in a dryer. Accurately weigh (0.5 ± 0.0002) g of the sample and (5 ± 0.0005) g of the mixed flux (Li2B4O7-LiBO2) on an analytical balance and place them in a porcelain crucible. Stir evenly and transfer the mixed sample into a platinum crucible (95% Pt+5% Au). Use a dropper with a rubber tip to add 300 g/L NH4NO3 solution and 5 drops of 200 g/L NH4Br solution. Place the platinum crucible into the melting machine that has been heated to 1,100°C, pre melt for 2 min, shake and spin for 8 min, and let it stand for 1 min. After the melting of the sample is completed, use crucible tongs to remove the platinum crucible and place it on the refractory brick. Let it cool naturally for about 5 min, peel it off, label it, and store it in a dryer for testing. For detailed experimental procedures, reference materials, and calculated LOD, please refer to relevant literature (Lv et al., 2023).
The trace element and REEs were analyzed using the XSERISEⅡ ICP-MS instrument manufactured by Thermo Fisher Scientific. Weigh 0.1 g of the sample into a PTFE inner tank of a closed dissolution apparatus, add 1 mL of HF and 0.5 mL of HNO3, cover with a PTFE lid, and put it into a stainless steel sleeve. Tighten the steel sleeve lid and keep it at 190°C for 48 h in an oven. Remove, cool down, open the lid, take out the inner can, and heat it on an electric heating plate at 200°C to evaporate. Add 1 mL of HNO3 and evaporate until dry to drive away hydrofluoric acid. Repeat this step twice, add 5 mL of HCl (1 + 1), seal again in a steel jacket, keep at 130°C for 3 h in an oven, remove and cool, dilute to 25 mL, and prepare 2 blank samples along with the experiment. For detailed experimental procedures, reference materials, and LOD, please refer to relevant literature (Zhao et al., 2021). The solution to be measured is introduced into the high-temperature plasma, and the mass spectrometer automatically calculates the concentration of each element. The analysis error of trace elements is generally less than 5%.
4.2 In-situ S and Pb isotope analysis
To determine the source of metallogenic materials in the Xiahulin lead-zinc deposit, in-situ micro-scale sulfur (S) and lead (Pb) isotope analyses were performed on metal sulfides from the main mineralization stage. Sulfur isotope analysis was conducted using LA-MC-ICP-MS at Kehui Testing Technology (Tianjin) Co., Ltd., employing a Neptune Plus multi-collector ICP-MS (Thermo Scientific) paired with a RESOlution SE 193 nm laser (testing environment: temperature requirement of 18°C–22°C, relative humidity<65%). Select a suitable area based on the scanned photos of the sample, and use a laser ablation system to ablate sulfides. Point erosion is used for erosion, with a diameter of 30 μm (sphalerite)/20 μm (pyrite), energy density of 3 J/cm2, and frequency of 5 Hz. Using high-purity He as the carrier gas, the aerosol generated by erosion is blown out and sent to MC-ICP-MS for mass spectrometry testing. 32S and 34S are simultaneously received statically using Faraday cups, with an integration time of 0.131 s 200 sets of data are collected, taking approximately 27 s in total. Before formal testing, adjust the instrument parameters with sulfide standard samples to achieve the optimal state. To reduce the impact of matrix effects on test results, sulfides similar to the sample matrix were used as standard samples during the analysis process, and quality discrimination correction was performed using the standard-sample-standard cross method.
In situ lead isotope analyses of sulfide were performed on a Neptune Plus MC-ICP-MS (Thermo Fisher Scientific, Bremen, Germany) equipped with a Geolas HD excimer ArF laser ablation system (Coherent, Göttingen, Germany) at the Wuhan SampleSolution Analytical Technology Co., Ltd., Hubei, China. In the laser ablation system, helium was used as the carrier gas for the ablation cell and was mixed with argon (makeup gas) after the ablation cell. The spot diameter ranged from 44 to 90 μm dependent on Pb signal intensity. The pulse frequency was from 4 to 10 Hz, but the laser fluence was kept constant at ∼5 J/cm2. A new signal-smoothing and mercury-removing device was used downstream from the sample cell to efficiently eliminate the short-term variation of the signal and remove the mercury from the background and sample aerosol particles. The Neptune Plus was equipped with nine Faraday cups fitted with 1011Ω resistors. Isotopes 208Pb, 207Pb, 206Pb, 204Pb, 205Tl, 203Tl, and 202Hg were collected in Faraday cups using static mode. The mass discrimination actor for Pb was determined using a Tl solution nebulized at the same time as the sample, using an Aridus II desolvating nebulizer. The mass fractionation of Pb isotopes was corrected by 205Tl/203Tl with the exponential law. Note that the optimized values of 205Tl/203Tl, which were calibrated from measuring two Pb isotope standards MASS-1 (USGS) and Sph-HYLM (sphalerite, in-house standard), replaced the natural Tl isotopic composition for the mass fractionation correction of Pb isotopes. The 202Hg signal was used to correct the remaining 204Hg interference on 204Pb, using the natural 202Hg/204Hg ratio (0.2301). In addition, the mass fractionation of 204Hg/202Hg was corrected by the 205Tl/203Tl normalization. In this case, we assumed identical mass fractionation factors for 204Hg/202Hg and 205Tl/203Tl. Sph-HYLM was used to monitor the precision and accuracy of the measurements after ten sample analyses, over the entire period of analysis. The obtained accuracy is estimated to be equal to or better than ±0.2‰ for 208Pb/204Pb, 207Pb/204Pb, and 206Pb/204Pb compared to the solution value by MC-ICP-MS, with a typical precision of 0.4‰ (2σ). The more detail of the in situ Pb isotopic ratios analysis was described in Zhang et al. (2016). All data reduction for the MC-ICP-MS analysis of Pb isotope ratios was conducted using “Iso-Compass” software (Zhang et al., 2020).
4.3 Zircon U-Pb dating and Hf isotope analysis
To establish the petrogenesis and timing of mineralization in the Xiahulin lead-zinc deposit, zircon U-Pb dating was performed on the mineralization-associated rocks collected from the 90-meter adit of the No. 3 inclined shaft. The syenogranite exhibited a fresh, light-reddish color (Figure 4A) with a medium-grained granite texture and massive structure. It was primarily composed of quartz (40%, anhedral granular, colorless to smoky gray, 0.5–1.5 mm), plagioclase (20%, grayish white, subhedral tabular, 0.5–2 mm), and potassium feldspar (35%, light reddish, subhedral tabular, 0.5–1.5 mm) (Figure 4B), with minor biotite (5%, anhedral, often in aggregates).
[image: Figure 4]FIGURE 4 | Hand Specimen and Microscopic Characteristics of Syenogranite from the Xiahulin Lead-Zinc Mine. (A) Photograph of a hand specimen of syenogranite; (A) Micrograph of syenogranite under transmitted light (+), showing quartz (Q), potassium feldspar (Kfs), and plagioclase (Pl).
U-Pb dating analyses were conducted by LA-ICP-MS at at Beijing Createch Testing Technology Co.,Ltd. Detailed operating conditions for the laser ablation system and the ICP-MS instrument and data reduction are the same as description by Hou et al. (2009). Laser sampling was performed using a RESOlution 193 nm laser ablation system. An AnalytikJena PQMS Elite ICP-MS instrument was used to acquire ion-signal intensities. Helium was applied as a carrier gas. Argon was used as the make-up gas and mixed with the carrier gas via a T-connector before entering the ICP. Each analysis incorporated a background acquisition of approximately 15–20 s (gas blank) followed by 45 s data acquisition from the sample. Off-line raw data selection and integration of background and analyte signals, and time-drift correction and quantitative calibration for U-Pb dating was performed by ICPMSDataCal (Liu et al., 2010). Zircon GJ-1 was used as external standard for U-Pb dating, and was analyzed twice every 5–10 analyses. Time-dependent drifts of U-Th-Pb isotopic ratios were corrected using a linear interpolation (with time) for every 5–10 analyses according to the variations of GJ-1 (i.e., 2 zircon GJ-1 + 5–10 samples +2 zircon GJ-1) (Liu et al., 2010). Uncertainty of preferred values for the external standard GJ-1 was propagated to the ultimate results of the samples. In all analyzed zircon grains the common Pb correction was not necessary due to the low signal of common 204Pb and high 206Pb/204Pb. U, Th and Pb concentration was calibrated by NIST 610. Concordia diagrams and weighted mean calculations were made using Isoplot/Ex_ver3. The zircon Plesovice is dated as unkown samples and yielded weighted mean 206Pb/238U age of 337.4 ± 3.4 Ma (2SD, n = 7), which is in good agreement with the recommended 206Pb/238U age of 337.13 ± 0.37 Ma (2SD) (Sláma et al., 2008).
The measurement of Hf isotopes in zircon micro-areas was conducted at the labor-atory of Kehui Testing Technology (Tianjin) Co., Ltd. The detection equipment used in this study is a laser ablation multi-receiver inductively coupled plasma mass spectrometer. The laser injection system employed is the RESOlution SE solid-state laser, while the analysis system utilized is the NEPTUNE plus multi-receiver plasma mass spectrometer. Cathodoluminescence (CL) imaging was used to acquire the internal structural information of zircon, and specific analysis locations were chosen accordingly. The duration of laser ablation is 27 s, the diameter of the spot beam is around 30 μm, the energy density is 6 J/cm2, and the frequency is 6 Hz. To guarantee the correctness of the analysis procedure in this investigation, the researchers employed the Plesovice zircon standard sample as a reference. The detected 176Hf/177Hf ratio remained stable within the range of 0.282488 ± 20 (2SD, n = 6). The test results are consistent with the data published by Sláma et al. (2008), within the margin of error.
5 ANALYSIS RESULTS
5.1 Characteristics of major, trace, and rare earth elements
Table 1 presents the major element compositions of the Early Jurassic syenogranites from the Xiahulin lead-zinc deposit. The SiO2 contents ranged from 59.42 to 78.21 wt% (most samples exceed 72.81 wt%, with only one at 59.42 wt% likely due to higher loss on ignition), Al2O3 = 9.56 to 12.63 wt%, Fe2O3 = 0.23 to 0.88 wt%, CaO = 0.23 to 0.37 wt%, Na2O = 2.37 to 4.01 wt%, K2O = 3.74 to 4.85 wt%, Na2O + K2O = 6.11 to 8.53 wt%, and Mg# = 0.26 to 0.34. In the TAS (Figure 5A) and SiO2-K2O (Figure 5B) diagrams, the samples fell within the high-K calc-alkaline series, whereas in the Na2O-K2O diagram (Figure 5C), they were plotted within the potassic series. The A/CNK values ranged from 1.05 to 1.16, and the A/NK values from 1.08 to 1.20, categorizing them as peraluminous granite (Figure 5D).
TABLE 1 | Major element analysis results (%) of syenogranites from the Xiahulin mining area.
[image: Table 1][image: Figure 5]FIGURE 5 | Presents various diagrams for the syenogranites from the Xiahulin lead-zinc deposit, including the TAS diagram (A) (based on Wilson, 1989), K2O-SiO2 diagram (B) (based on Peccerillo and Taylor, 1976), K2O-Na2O diagram (C) (based on Middlemost, 1972), and A/NK-A/CNK diagram (D) (based on Maniar and Piccoli, 1989).
Table 2 presents the trace and rare earth element (REE) data for syenogranites associated with mineralization in the Xiahulin lead-zinc deposit, along with individual sphalerite samples. The REE and trace elements in the syenogranite and sphalerite exhibit different characteristics, with syenogranites containing higher REE and trace element concentrations than sphalerite. The total REE content in the syenogranites ranged from 112.52 to 153.54 × 10−6, with an average of 137.40 × 10−6. The syenogranites displayed enrichment of light REEs (LREEs) over heavy REEs (HREEs), with LREEs from 83.73 to 88.73 × 10−6, HREEs from 23.78 to 32.49 × 10−6, and LREE/HREE ratios between 3.29 and 4.28. The chondrite-normalized REE patterns (Figure 6A) exhibited a slight rightward trend, enriched in LREEs and depleted in HREEs, accompanied by a distinct negative Eu anomaly (δEu = 0.07 to 0.09, average 0.08). The total REE content in the sphalerite ranged from 1.01 to 25.55 × 10−6, with an average of 7.18 × 10−6. The sphalerite displayed enrichment of light REEs (LREEs) over heavy REEs (HREEs), with LREEs from 0.88 to 21.98 × 10−6, HREEs from 0.12 to 3.57 × 10−6, and LREE/HREE ratios between 3.48 and 8.93. The chondrite-normalized REE patterns (Figure 6A) exhibited a distinct rightward trend, enriched in LREEs and depleted in HREEs, accompanied by a slight negative Eu anomaly (δEu = 0.57 to 0.93, average 0.64).
TABLE 2 | Rare earth and trace element analysis results (10–6) of syenogranite and sphalerite in the main mineralization stage of Xiahulin mining area.
[image: Table 2][image: Figure 6]FIGURE 6 | Displays the chondrite-normalized rare earth element (REE) patterns [(A), the value of chondrite meteorites from Boynton, 1984] and primitive mantle-normalized trace element spider diagrams [(B), prim-itive mantle data from Sun and McDonough, 1989] for the syenogranites and sphalerite from the main mineralization stage of the Xiahulin mining area.
In the primitive mantle-normalized trace element spider diagrams (Figure 6B), both syenogranite and sphalerite samples exhibit significant negative Sr anomalies, which may be due to residual source areas such as plagioclase in the rocks and strong rock alteration. The higher Th/U values (8.3–19.11) in syenogranite may indicate its mantle derived origin. The Th/U value (0.05–1.99) in sphalerite is significantly lower than that in syenogranite, and the Zr content in sphalerite is also significantly lower than that in syenogranite, which should be due to the replacement and precipitation of minerals such as zircon during silicification and mineralization processes. The depletion of Ti and Nb elements in both syenogranite and sphalerite may indicate the involvement of crustal materials in magmatic processes.
5.2 Characteristics of S and Pb isotopes
In this study, pyrite and sphalerite from the third metallogenic stage of the Xiahulin lead-zinc deposit were selected for in-situ S and Pb isotope analysis using laser ablation-multi-collector inductively coupled plasma mass spectrometry (LA-MC-ICP-MS), and the results are presented in Tables 3, 4. As indicated in Table 3, the sulfur isotope composition of metal sulfides in the main mineralization stage of the Xiahulin lead-zinc deposit is similar to that of typical hydrothermal vein type lead-zinc deposits in the region (Figure 7). The δ 34S values of metal sulfides in the Xiahulin lead-zinc deposit are all greater than 0, ranging from+3.5‰ to+6.0‰, with an average value of+5.0‰, a range of R = 2.50, and a standard deviation of S = 0.95. It has a small fluctuation range, but has exceeded the fluctuation range of deep source sulfur. The ore-forming material may have been added by crustal materials or sedimentary rocks such as strata. The 208Pb/204Pb, 207Pb/204Pb, and 206Pb/204Pb ratios remained stable at 38.362–38.386, 15.583–15.591, and 18.472–18.481, respectively. These minor variations within a concentrated range indicated that sulfides in the Xiahulin lead-zinc deposit exhibited normal lead characteristics (Du, 1988; Tan, 2011).
TABLE 3 | S isotope test results from the third metallogenic stage of the Xiahulin lead-zinc deposit.
[image: Table 3]TABLE 4 | Pb isotope test results from the third metallogenic stage of the Xiahulin lead-zinc deposit.
[image: Table 4][image: Figure 7]FIGURE 7 | Histogram of sulfur isotope distribution of sulfide in typical lead zinc deposits in Erguna metallogenic belt.
5.3 Zircon U-Pb age
The zircons from the syenogranite in the Xiahulin mining area were highly transparent and well crystallized, appearing in aggregated and octahedral forms. The particle sizes ranged from 102 to 205 μm, indicating strong self-formation and distinct oscillatory zoning (Figure 8). The Th content of the zircons varied from 138.55 to 1849.39 ppm, while the U content ranged from 312.9 to 2540.93 ppm. The Th/U ratios, all above 0.4 and spanning from 0.41 to 1.04 (Table 5), indicated a magmatic origin (Wu and Zheng, 2004; Li, 2009).
[image: Figure 8]FIGURE 8 | Cathodoluminescence (CL) image of zircons from the syenogranite in the Xiahulin lead-zinc mining area.
TABLE 5 | LA-ICP-MS zircon U-Pb isotope analysis data of syenogranite from the Xiahulin mining area.
[image: Table 5]The surface ages of the 17 measurement points were determined by the 206Pb/238U method, ranging from 197 to 211 Ma, with most clustering between 199 and 207 Ma. On the zircon U-Pb age concordia diagram, all data points were on or near the concordia line (Figure 9). The weighted average age was (203.8 ± 2.2) Ma (MSWD = 3.6; n = 17), indicating the crystallization age of the syenogranite closely associated with the mineralization of the Xiahulin lead-zinc deposit during the Early Jurassic.
[image: Figure 9]FIGURE 9 | Zircon concordia curve and weighted average age of syenogranite from the Xiahulin lead-zinc mining area.
5.4 Zircon Hf isotope characteristics
The in-situ Hf isotope data for zircons from syenogranite (D0901) were collected from the inclined shaft of the Xiahulin lead-zinc mine and closely associated with mineralization, as detailed in Table 6. The magmatic zircons in sample D0901 exhibited the 176Hf/177Hf ratios from 0.282628 to 0.282846, with εHf(t) values ranging from −1.23 to +6.72. The two-stage Hf model ages (TDM2) ranged from 804 to 1309 Ma. The captured zircon (∼437 Ma) demonstrated a176Hf/177Hf ratio of 0.282620, εHf(t) value of +3.54, and a TDM2 of 1192 Ma. These results indicated that the primary magma was largely derived from partial melting of juvenile crustal material, with minor incorporation of ancient crustal components during magma evolution. The Hf isotope composition of this rock aligned with that of ore-related rocks in the Late Triassic to Early Jurassic porphyry copper-molybdenum deposits in the area (Figure 10).
TABLE 6 | Zircon Hf isotope analysis results of ore-forming related rock bodies in the Xiahulin lead-zinc deposit and copper-molybdenum deposits within the study area.
[image: Table 6][image: Figure 10]FIGURE 10 | Discriminant diagram of lead isotope Δγ-Δβ genesis for Xialin lead-zinc deposit (base map from Zhu et al., 1998).
6 DISCUSSION
6.1 Source of ore-forming materials
Sulfur is a key ore-forming element in lead-zinc deposits, offering insights into sulfur sources and deposit genesis through its isotopic composition (Yang et al., 2018). The stable sulfur isotope composition of metal sulfides reflects the initial isotopic ratios and, along with other indicators, can reveal the provenance of ore-forming materials (Cao et al., 2000; Basuki et al., 2008). Sulfur isotopes generally originate from three main sources: mantle-derived sulfur (δ34S ≈ 0‰ ± 3‰), modern seawater (δ34S ≈ +20‰), and reduced sulfur with significantly negative δ34S values (Chaussidon and Lorand, 1990). The fluctuation range of δ 34S values (+3.5‰∼+6.0‰) of sulfur isotopes in sulfide during the main mineralization stage of the Xiahulin lead-zinc deposit is relatively small and close to 0, but it exceeds the fluctuation range of mantle sulfur and has a mixed characteristic of mantle sulfur and crustal sulfur, indicating the presence of crustal or sedimentary rock materials added during the mineralization process. The formation age of the Xiahulin lead-zinc deposit ore-forming rock body is Late Triassic-Early Jurassic, which should be produced at the same time as the related rock bodies of copper molybdenum deposits in the same period in the region. After comparative research, the δ 34S characteristics of the Xiahulin lead-zinc deposit are slightly different from those of the Badaguan copper molybdenum deposit (δ 34S is 1.5‰–2.0‰) and the Wunugetushan copper molybdenum deposit (δ 34S is −0.2‰∼+3.4‰) (Xiang et al., 1998) in the middle section of the Erguna metallogenic belt in the region. The δ 34S value is higher than that of the ore-forming rock bodies of the Wunugetushan and Badaguan deposits. Therefore, it can be said that there are crustal or sedimentary rock materials in the ore-forming process of the Xiahulin lead-zinc deposit. Join, it belongs to a mixed source.
Pb isotopes play a critical role in determining the metallogenic age and sourcing ore-forming materials, especially through the analysis of Pb isotope composition (Doe and Stacey, 1974; Zartman and Doe, 1981). Variations in the Pb isotope characteristic value μ indicate different sources: mantle (μ = 8.92) (Doe, 1979), orogenic belt (μ = 10.87), normal Pb (8.686–9.238) (Isotope Geology Laboratory of Yichang Institute of Geology and Mineral Resources, Ministry of Geology and Mineral Re-sources, 1979), and upper crust (μ = 9.58), each exhibiting distinct ranges. In the Xiahulin deposit, μ values are tightly clustered (9.38–9.42, avg. 9.40), bridging the mantle and upper crust, while ω values (34.95–35.17, avg. 35.10) exceeded the mantle values but remained below the crustal average (Zartman and Doe, 1981), suggesting a mixed Pb origin from both crustal and mantle sources.
To assess the temporal effects and trace the sources of ore-forming materials, the Δβ and Δγ values were computed using Geokit software (Table 4). In the Δγ–Δβ diagram by Zhu et al. (1998), Xiahulin sulfides fell within the mixed crust-mantle source range (Δβ: 17.36–17.88, avg. 17.60; Δγ: 25.35–26.05, avg. 25.70), affirming a combined crust-mantle lead origin. Both the Xiahulin and Bajiaguan samples plotted in the subduction zone lead range on the Δγ–Δβ diagram (Figure 9), indicating magmatic lead derived from upper crust-mantle mixing.
Hf isotope analysis of syngenetic syenogranite associated with Xiahulin mineralization revealed a primary magma origin primarily from juvenile crustal partial melting derived from mantle, with minor ancient crustal contamination during its evolution. Similar findings in the Taipingchuan (granodiorite porphyry) and Wunugetushan (monzogranite) copper-molybdenum deposits in the region highlighted mantle-derived young crustal material differentiation, followed by the incorporation of ancient crustal components (Cao, 2020; Zhang et al., 2022).
The trace element composition in rocks and sphalerite represents a certain geochemical significance, and the study of the geochemical characteristics of metallic minerals and mineralized rock bodies is of great significance for the research of the entire deposit. By analyzing the rare earth and trace characteristic parameters of syenogranite and sphalerite in the Xiahulin deposit (Table 2), although the rare earth and trace element characteristics in syenogranite and sphalerite are not consistent, their evolutionary characteristics of rare earth elements, Th/U, Nb, Sr, Zr, Ti and other trace elements indicate a certain degree of inheritance. The higher Th/U values in syenogranite indicate that the magma may have originated from mantle material, while the weak negative Nb anomaly exhibited by syenogranite to the obvious negative Nb anomaly in sphalerite suggests the involvement of crustal material in the mineralization process (Rollison, 2000). The negative Ti anomaly in syenogranite may indicate the involvement of crustal material in magmatic processes. The rare earth elements in sphalerite are lower than those in syenogranite, but the decrease in heavy rare earth elements is more significant, while the decrease in Eu is not significant. This may be due to the partial melting of plagioclase as a residual phase, which results in a significant decrease in the content of heavy rare earth elements in sphalerite during the gas-liquid and mineralization stages in contact with marble, due to the exchange of a large amount of alkali rich minerals.
The sulfur, lead, zircon Hf isotope trace elements and REE analyses collectively indicated that the metallogenic material source for the Xiahulin lead-zinc deposit was a mixture of crust and mantle components.
6.2 Diagenesis and metallogenic age
According to field observations underground, the lead-zinc mineralization in the Xiahulin deposit is closely related to the skarnization at the contact between syenogranite and marble. In addition, after analysis, there are certain differences in trace elements and rare earth elements between sphalerite and syenogranite, but it can be seen that there is some inheritance (Figure 6). Therefore, we believe that syenogranite should be the ore-forming rock of the Xiahulin lead-zinc deposit. The Rb-Sr isochron age of the sphalerite (191.9 ± 7.9 Ma) (unpublished data) aligned with the zircon LA-ICP-MS age of the syenogranite (203.8 ± 2.2 Ma), indicating Late Triassic to Early Jurassic diagenesis and mineralization. Moreover, a comparative analysis of the geochemical and zircon Hf isotope compositions of the ore-forming syenogranite and regional porphyry copper-molybdenum deposits revealed their coeval formations and shared tectonic settings.
Recent research has provided extensive data on the formation ages of porphyry Cu–Mo deposits in the Erguna Metallogenic Belt. Qin et al. (1999) reported a single-grain zircon U-Pb age of 188.3 ± 0.6 Ma for the ore-bearing monzogranitic porphyry in the Wunugetu deposit, along with an altered sericite K-Ar age of 183.5 ± 1.7 Ma. Li N. et al. (2007) identified a molybdenite Re-Os isochron age of 178 ± 10 Ma, suggesting Early to Middle Jurassic mineralization. In the Taipingchuan deposit, the ore-forming granodiorite porphyry yielded a zircon U-Pb age of 202 ± 5.7 Ma and a molybdenite Re-Os age of around 203 Ma (Chen et al., 2010), indicating Late Triassic mineralization. The quartz diorite porphyry serves as the ore-forming rock of the Baguan deposit, presenting a zircon U-Pb age of 217.6 ± 2.6 Ma and a molybdenite Re-Os model age of 222.4 ± 3.3 Ma. The Erdenet giant porphyry copper-molybdenum deposit in Mongolia records a quartz diorite U-Pb age of 240–246 Ma and a molybdenite Re-Os isochron age of 241 ± 3.1 Ma (Jiang et al., 2010), indicating Middle Triassic diagenesis and mineralization.
The Early Mesozoic porphyry copper-molybdenum and skarn-type lead-zinc mineralization in the Erguna block can be broadly divided into two stages. The first stage, which occurred in the Middle to Late Triassic, included certain deposits, such as the Erdenet deposit in Mongolia and the Baguan deposit in China. The second stage, spanning from the Late Triassic to Early Jurassic, led to the formation of the Taipingchuan, Wunugetu, and Xiahulin deposits in China. These stages cover approximately 20 Ma and have significant spatial impact on the region.
6.3 Metallogenic dynamic background
Isotopic dating revealed that the Baguan porphyry copper-molybdenum deposit formed in the Late Triassic, while the Taipingchuan copper-molybdenum and Xiahulin lead-zinc deposits developed from the Late Triassic to Early Jurassic. In contrast, the Wunugetu porphyry copper-molybdenum deposit originated in the Early Jurassic. During this period, the Erguna region was located at the intersection of the Paleo-Asian Ocean, Paleo-Pacific, and Mongolia-Okhotsk metallogenic domains. Therefore, understanding the tectonic setting of these copper-molybdenum-lead-zinc deposits is essential for interpreting the region’s tectonic evolution.
Tectonic setting discrimination diagrams (Figure 11), based on the lithology of ore-forming rock masses from the Baguan, Taipingchuan, and Xiahulin deposits, illustrate the tectonic evolution of the area, progressing from an intraplate environment to an island arc, then a volcanic arc, and finally a syn-collisional setting. Given that the ore-forming rock masses in this region originated from the upper mantle and were contaminated by crustal materials, they likely formed in an active continental margin setting associated with oceanic crust subduction. Recent geochemical studies of ore-forming rock masses from typical porphyry copper-molybdenum deposits along the Sino-Mongolian border and nearby regions have indicated that these deposits can be formed primarily in an island arc environment owing to oceanic crust subduction (Kuzmin and Antipin, 1993; Xu et al., 1998; Tang et al., 2018; Chen et al., 2010; Zhang et al., 2010).
[image: Figure 11]FIGURE 11 | R2-R1 diagram (A), Rb-(Y + Nb) diagram (B), Nb-Y diagram (C), and Rb-(Y + Nb) diagram (D) for the ore-forming rock masses of porphyry copper-molybdenum deposits and skarn-type lead-zinc deposits in the study area [(A) based on Batchelor and Bowden, 1985, (B, C, D) based on Pearce et al., 1984].
Emerging evidence suggests that the Paleo-Asian Ocean likely closed during the Middle Triassic (Sun et al., 2004; Li J. et al., 2007; Liu et al., 2011). Although some scholars have proposed that the subduction of the Paleo-Pacific plate toward the Eurasian continent began in the Late Triassic (Peng and Chen, 2007), others argue that the Late Triassic igneous rocks in the eastern Jilin-Heilongjiang region and the Zhangguangcai Range reflect an extensional tectonic setting during this time (Xu et al., 2009; Wu et al., 2011). The presence of Early Jurassic calc-alkaline and bimodal volcanic rock assemblages in the eastern Jilin-Heilongjiang region (Yu et al., 2012; Xu W. et al., 2013; Xu et al., 2013 M.; 2019; Tang et al., 2018) suggests that the Paleo-Pacific plate subduction commenced in the Early Jurassic. Therefore, it is evident that the subduction timings of the Paleo-Asian Ocean and Paleo-Pacific Ocean cannot align with the mineralization ages of the copper-molybdenum-lead-zinc deposits in this region.
Most researchers have reported that the Mongolia-Okhotsk Ocean can be a major bay of the Paleo-Asian Ocean with localized subduction, which is closed in a “scissors-like” manner from west to east at the end of the Late Paleozoic due to the rotation of the Siberian Plate relative to the Central Mongolian Block. This closure occurred in stages, with the western segment closing in the Late Triassic and the eastern segment closing in the Late Jurassic (Zonenshain, 1990; Zorin, 1999; Mo et al., 2005; Mazukabzov et al., 2010). The Erdenet giant porphyry copper-molybdenum deposit in Mongolia, with diagenesis and mineralization ages of approximately 240 Ma (Jiang et al., 2010), formed in a continental marginal arc setting associated with the subduction of this oceanic crust. Lv et al. (2001) proposed that the Mesozoic era in the Manzhouli-Erguna region of China was part of the Mongolia-Okhotsk residual ocean tectonic domain. Recent data have suggested that the Taipingchuan porphyry copper-molybdenum deposit in China’s Erguna Block can be formed in the Late Triassic within an active continental margin arc setting, resulting from the subduction of the Mongolia-Okhotsk Ocean beneath the Erguna Block (Chen et al., 2010; Zhang et al., 2010). Wu et al. (2011) also indicated that Early Mesozoic granites in the northern Erguna block were related to the evolution of the Mongolia-Okhotsk Belt.
The above analysis suggests that the Mongolia-Okhotsk oceanic crust experienced bidirectional subduction during the Triassic. The porphyry copper-molybdenum deposits, including Baguan and Taipingchuan, and lead-zinc deposits, such as Xiahulin, in the Erguna block are closely linked to tectono-magmatic processes driven by the subduction of the Mongolia-Okhotsk Ocean. Specifically, during the Late Triassic to Early Jurassic, as the Mongolia-Okhotsk Ocean closed in a “scissors-like” manner, the oceanic crust subducted toward both the Siberian Plate and the Erguna block. Partial melting of lower crustal materials could incorporate minor mantle-derived components and generate granitic magmas enriched in Cu, Mo, Pb, and Zn, exhibiting the characteristics of adakitic and island arc magmatic rocks. This granitic magma, rich in ore-forming elements, ascended through tectonic fractures, forming porphyry bodies such as monzogranitic, quartz diorite, and granodiorite porphyries. As the temperature and pressure decreased and meteoric water mixed in, the ore-forming fluids underwent boiling and immiscibility, precipitating Cu, Mo, and other metals, forming certain deposits such as Baguan, Babayi, Taipingchuan, and Wunugetu. Concurrently, the syenogranitic magma engaged in contact metasomatism with the Ergunahe Formation marble, leading to skarnization. In the middle to late stages of mineralization, further reductions in temperature and pressure and the mixing of meteoric water reduced the solubility of Cu, Pb, and Zn, promoting their enrichment and precipitation, resulting in the lead-zinc deposits such as Xiahulin and Xijinuo Mountain.
7 CONCLUSION
The mineralization age of the Xiahulin skarn type lead-zinc deposit is (191.9–203.8) Ma, belonging to the Early Cretaceous. This skarn type deposit is consistent with the mineralization age of typical porphyry type copper molybdenum deposits in the study area, which is the product of large-scale mineralization in the Late Triassic Early Cretaceous of the Erguna block.
The ore-forming material source of the Xiahulin lead-zinc deposit is a crust mantle mixed source, which is similar to typical vein shaped lead-zinc deposits and porphyry type copper molybdenum deposits in the area. It is formed by the partial melting of young crust from mantle derived magma, and during the upward migration of magma, skarnization and mineralization processes, accompanied by the addition of crustal and sedimentary rock materials, they jointly contribute to the formation of mineral materials such as lead and zinc.
In the Triassic, the Mongolia-Okhotsk oceanic crust experienced bidirectional subduction. The porphyry copper-molybdenum deposits, such as Baguan and Taipingchuan, along with skarn-type lead-zinc deposits, such as Xiahulin in the Erguna block, were closely associated with tectono-magmatic processes driven by the subduction of the Mongolia-Okhotsk Ocean.
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