

  minerals-13-01071




minerals-13-01071







Minerals 2023, 13(8), 1071; doi:10.3390/min13081071




Article



Fe–Cu Isotope Characteristics and Geological Significance of the Yushui Seafloor Massive Sulfide Deposit in the Late Paleozoic Marine Depression, Eastern Guangdong Province



Yi Huang 1, Yan Wang 1,*, Zhongwei Wu 2,3, Xiaoming Sun 2,4,*, Fan Yang 1, Guiyong Shi 2, Yao Guan 5 and Zhengxin Yin 6





1



South China Sea Institute of Planning and Environmental Research, State Oceanic Administration, Guangzhou 510300, China






2



Key Laboratory of Marine Resources and Coastal Engineering, School of Marine Sciences, Sun Yat-sen University, Zhuhai 519082, China






3



Key Laboratory of Gemological Design and Testing, School of Jewelry and Art Design, Wuzhou University, Wuzhou 543002, China






4



School of Earth Sciences and Engineering, Sun Yat-sen University, Zhuhai 519082, China






5



Fourth Institute of Oceanography, Ministry of Natural Resources, Beihai 536000, China






6



South China Sea Marine Survey and Technology Center, State Oceanic Administration, Guangzhou 510300, China









*



Correspondence: wangyan@scs.mnr.gov.cn (Y.W.); eessxm@mail.sysu.edu.cn (X.S.)







Citation: Huang, Y.; Wang, Y.; Wu, Z.; Sun, X.; Yang, F.; Shi, G.; Guan, Y.; Yin, Z. Fe–Cu Isotope Characteristics and Geological Significance of the Yushui Seafloor Massive Sulfide Deposit in the Late Paleozoic Marine Depression, Eastern Guangdong Province. Minerals 2023, 13, 1071. https://doi.org/10.3390/min13081071



Academic Editor: Georgy Cherkashov



Received: 19 June 2023 / Revised: 7 August 2023 / Accepted: 10 August 2023 / Published: 12 August 2023



Abstract


The Yong’an-Meixian Late Paleozoic Hercynian depression, located in western Fujian-eastern Guangdong, is an important metallogenic belt in China. The Yushui copper-polymetallic massive sulfide deposit from the middle part of the depression, with extremely high copper grades, has attracted considerable attention and research interest from geologists for years. In most previous research, the ore-forming material source and metallogenic process were inferred from indirect evidence (i.e., using H-O-C-S isotopic systematics as geochemical tracers). In this paper, the ore-forming process of the Yushui deposit has been studied directly by using nontraditional stable (Fe–Cu) isotopes for the first time, providing new evidence for the genesis of this deposit. The results show that there is a relatively negative Fe-Cu isotopic composition in the Yushui deposit, with δ56Fe values ranging from −0.519 to −1.063‰ and δ65Cu values ranging from −1.539 to −1.609‰, respectively. The fractionation of Fe isotopes is primarily attributed to hydrothermal leaching of the basement strata by ore-forming fluids, along with rapid precipitation of sulfides during the ore-forming process. On the other hand, the fractionation of Cu isotopes is probably controlled by the relatively low temperature of ore formation, sulfide precipitation and the involvement of organic matter in mineralization. Combining our findings with previous studies, the ore-forming materials of the Yushui deposit are likely derived from the basement ore-bearing strata (pre-Devonian strata) through leaching by hydrothermal fluids. Moreover, some of the ore bodies might have been locally overprinted by late-stage hydrothermal reworking and alteration.
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1. Introduction


In metal deposits, elements like hydrogen, carbon, oxygen, and sulfur do not directly act as mineralizing agents. Therefore, the study of ore-forming material sources and mineralization processes for these elements seems to be somewhat indirect, involving certain interferences and uncertainties [1,2]. Unlike traditional stable isotopes such as H, O, C, and S, the isotopes of transition-group metal elements are considered nontraditional stable isotopes. The transitional group of metal elements includes stable isotopes of iron and copper. Iron has four stable isotopes with the following abundances: 54Fe (5.84%), 56Fe (91.76%), 57Fe (2.12%), and 58Fe (0.28%) [3]. Copper, on the other hand, has two stable isotopes: 63Cu (69.17%) and 65Cu (30.83%) [4]. Iron and copper are naturally found in various minerals, rocks, and fluids, widely participating in diagenesis, mineralization, and hydrothermal activities, resulting in extensive isotopic compositional changes in nature. Analyzing their isotopic compositions can provide new clues and more direct evidence to reveal various geological processes and trace the sources of base-metal mineral deposits [5]. In recent years, the advancement of nontraditional stable isotope testing technology and improved measurement accuracy have led to widespread use of Fe–Cu isotopes and other nontraditional stable isotopes in constraining ore-forming mechanisms for a variety of polymetallic deposits [6,7,8,9,10,11,12,13,14,15,16,17,18].



The Yushui copper polymetallic massive sulfide deposit, located in eastern Guangdong Province, contains about 102,100 tons of copper, 186,600 tons of lead, 117,600 tons of zinc and 339 tons of silver [19]. It is one of the few copper-rich ore deposits in China, with an average ore grade of 3.5% (reaching as high as 55% Cu locally in ore-rich sections). Given its richness, the Yushui deposit has been subjected to numerous studies since its discovery in the 1980s, with a focus on understanding its geological characteristics, the age of ore formation, ore-forming fluids, and geochemistry [19,20,21,22,23,24,25,26,27,28,29,30,31,32,33]. However, most of the investigations concerning the source of ore-forming materials and related mineralization processes for the Yushui deposit have relied on indirect methods, such as inferring information from physicochemical features of ore-forming fluids and geochemical tracers of traditional stable isotopes (i.e., non-metallic elements). So far, Re-Os and Pb isotopes have also been used to provide some constraints on the source of ore-forming materials in the Yushui deposit [22,29], but its ore-forming process and mineralization mechanism have not yet been fully clarified. This paper takes a different approach by determining the isotopes of iron and copper in the Yushui deposit for the first time. The primary aim of this study is to provide new direct evidence for understanding the mineralization process of the Yushui deposit.




2. Regional and Deposit Geology Characteristics


The Yushui copper polymetallic massive sulfide deposit is located in the middle section of the Yong’an–Meixian Hercynian–Indosinian fault depression belt. The depression is bounded by the Zhenghe–Dapu and Shaowu–Heyuan regional faults which start from Yong’an in Fujian Province in the north and passes through Meizhou in Guangdong Province to Huizhou in the south. As shown in Figure 1, this NNE-trending depression is approximately 500 km long and 150 km wide. It is worth noting that a large number of iron deposits and polymetallic deposits have been found in this area. The regional strata, from base to top, consist of the Upper Sinian (metamorphic (silty) sandstones, 100–150 m in thickness), the Middle Devonian–Lower Carboniferous (shallow-coastal facies clastic rocks, >300 m in thickness), the Upper Carboniferous Hutian Group (shallow-coastal carbonate rocks, 200–350 m in thickness), the Upper Jurassic Gaojiping Group (continental intermediate-basic to acidic volcanic lava, clastic rocks, 30–80 m in thickness), and the Lower Cretaceous Guancaohu Group (inland lake volcano-sedimentary clastic rocks, 150–200 m in thickness) (Figure 2A).



The Yushui deposit is located on the northeast wing of the Datang–Siguzhang anticline, with the regional axis NWW-SEE trending. The fault structures in the mine area are well-developed. Among them, ancient fault F23 was the main ore-controlling structure for the Yushui deposit, which formed during the Devonian–Carboniferous period. It is spatially connected with the main ore body of the Yushui deposit. The closer the distance from the F23 fault, the greater the thickness of the ore body is, and the farther away from the fault, the thinner the ore body gradually becomes [34]. There are a few igneous rocks (including diabase, granite porphyry and minor quartz porphyry) in this area, which mostly occur as irregular dykes along faults. Diabases are often found in underground workings and commonly cut through ore bodies.



The Yushui deposit is located under Late Jurassic volcanic rocks, and the deposit is not exposed to the surface. The main ore bodies are situated at the interface between the limestone of the Upper Carboniferous Hutian Group and the quartz sandstone of the Lower Carboniferous Zhongxin Formation (Figure 2B), which are bedded, stratiform and lenticular, with thicknesses of 2–5 m and locally reaching 10 m. In addition, some orebodies are disseminated and vein-shaped. The disseminated copper–lead–zinc orebodies are distributed in the underlying clastic rocks, while the vein-shaped Pb-Zn and pyrite orebodies are distributed in the overlying carbonate rocks and the underlying clastic rocks. Recent geochronological studies indicate that in addition to the major Late Paleozoic mineralization events that formed VMS-type stratiform ore bodies, there were also small-scale hydrothermal vein-type ore bodies formed during the Middle and Late Jurassic mineralization events (that did not cause major disruptions to the earlier stratiform ore bodies) [33].



The ores have mainly massive, sub-massive, disseminated, stockwork, banded and lamellar structures. The ore-mineral assemblages are dominantly composed of chalcopyrite, bornite, chalcocite, pyrite, sphalerite and galena, with very fine particles (mostly less than 0.1 mm). Many silver-bearing minerals, such as argentite and stromeyerite, are found in some copper ores. The ore body might be locally influenced by rare earth element (REE) hydrothermal alteration, and it is rich in heavy rare earth element (HREE) minerals, such as xenotime and thortveitite. Gangue minerals are dominated by quartz, calcite, sericite and chlorite. The main ore bodies consist of three layers, which are described from base to top as follows:



(1) Ore-bearing tuaceous sedimentary layer (5–30 cm in thickness). This layer unconformably overlies the Lower Carboniferous clastic rocks. The tuaceous sedimentary rocks occur interbedded with thin layers of Cu-rich sulfide ores.



(2) Bedded/stratiform massive sulfides (0.1–9.4 m in thickness). This layer has the highest Cu grade, locally reaching more than 50 wt.%. The ores are mainly massive, and sub-massive. Moreover, flow structures and plastic deformation can also be observed in such laminated layers [20,21].



(3) Hematite–chert layer (0.1–3.7 m in thickness). The layer is closely associated with the bedded/stratiform massive sulfides. It is a mixed sedimentary layer with very fine intercalations of exhalative materials and sediments, and more rarely thin-bedded sulfide ore layer.



As mentioned above, the genesis and ore-forming mechanism of the Yushui deposit has been somewhat controversial. The genetic models of the Yushui deposit proposed mainly include a syngenetic deposit (SEDEX or VMS deposit), an epigenetic deposit (MVT-like or magmatic-hydrothermal deposit) and a polygenic composite deposit [19,20,21,22,23,24,25,29,33]. The focus of these debates is whether magmatism plays a potential role in the ore-forming process.




3. Sampling and Analytical Methods of Fe–Cu Isotopes


The fresh massive sulfide samples were collected from the main ore body of the Yushui deposit (Figure 3). Sample pretreatment was performed at the Guangdong Provincial Key Laboratory of Marine Resources and Coastal Engineering, Sun Yat-sen University. Firstly, other substances around the sample were removed as much as possible. After the samples were broken into 0.25–0.5 mm granules by using an agate mortar and pestle, they were cleaned ultrasonically several times in purified water from a Mill-Q device, dried and passed through a nylon sieve. Then, approximately 2 g of single sulfide minerals were repeatedly hand-picked under a binocular microscope. The single sulfide minerals were ground with an agate mortar to 200 mesh. Nonmetal products were used throughout the process to avoid the contamination of the samples by metal products, which may affect Fe–Cu isotope analysis.



The Fe–Cu isotopic compositions were determined with a Neptune-type multiple-collector inductively coupled plasma mass spectrometer (MC–ICP-MS) (Thermo Scientific, Bremen, Germany) in the ALS Scandinavia laboratory. The test procedure is described as follows: the samples were first dissolved with dilute hydrochloric acid for approximately 3 h, and the undissolved samples were further dissolved with nitric acid after centrifugation. Then, the solutions were dried and dissolved again with hydrochloric acid. The samples were purified by anion exchange chromatography and used for instrument analysis. The experimental procedure has been described in more detail by previous researchers [35,36]. The mass fractionation of the instrument was calibrated by the standard—sample bracketing technique during the test [37].



The standard sample of iron isotopes is metallic iron IRMM-014 developed by the European Institute for Reference Materials and Measurement. The standard sample of copper isotopes is metallic copper NIST976 developed by the United States National Bureau of Standards. The Fe and Cu isotopic data are expressed in standard δ notation in per-mil (‰) against international reference materials IRMM-014 and NIST976, respectively:


   δ  56   Fe =  [       (   F      56   e /  F      54   e  )    sample        (   F      56   e /  F      54   e  )    IRMM − 14     − 1  ]  × 1000  










   δ  65   Cu =  [       (   C      65   u /  C      63   u  )    sample        (   C      65   u /  C      63   u  )    NIST 976     − 1  ]  × 1000  












4. Results


The Fe–Cu isotopic data of the Yushui ore deposit are presented in Table 1. In order to verify the reproducibility of the test process and the reliability of these test results, a set of parallel samples (YS044) were analyzed. The results of the parallel samples showed minimal differences, with Fe and Cu isotopes varying by less than 0.005‰, indicating the credibility of our results.



The results show that there are relatively negative Fe-Cu isotopic compositions in the Yushui deposit. The range of δ56Fe values obtained is small, varying from −0.519 to −1.063‰, with an average value of −0.882‰. Most of the samples, apart from YS044, exhibit rather homogeneous δ56Fe values (ranging from −0.975 to −1.063‰), with YS044 showing slightly higher values. By comparison, the copper isotopic compositions of the Yushui Cu-bearing samples fall within a relatively narrower range (varying from −1.539 to −1.609‰), with an average δ65Cu value of −1.565‰.




5. Discussion


5.1. Fe Isotopes


The iron isotopic compositions of different iron-bearing minerals differ greatly, and the iron isotopic compositions of the same minerals also have a wide range of variations [4]. The iron isotopic compositions of igneous rocks (including granite, andesite, rhyolite, granodiorite basalt, mantle inclusions, etc.) have relatively homogeneous Fe isotope compositions, and the δ56Fe values are close to 0‰ [2,12,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54]. The δ56Fe values of shale and loess range from −0.26‰~0.48‰ and −0.04‰~0.33‰, respectively [40,55,56], which are also near 0‰, indicating that processes such as weathering, transport, sedimentation and diagenesis do not lead to large fractionation of Fe isotopes [57]. Banded iron formations (BIFs) exhibit more substantial variations in Fe isotope compositions, with δ56Fe values ranging from −2.05‰ to 3.15‰ [41,56,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77]. The range of iron isotope in magmatic deposits varied from −0.52‰ to 0.62‰ [12,78,79], which is slightly larger than that in igneous rocks. The iron isotope data from the Tongling Ore Concentration Area in China indicate a large variation in iron isotope compositions in skarn deposits [10,17,80]. Sedimentary exhalative (SEDEX) deposits generally display negative Fe isotopic compositions [81]. Hydrothermal ore deposits usually show light Fe isotope enrichment, with a broad variation range of Fe isotope compositions (δ56Fe = −1.75‰~0.92‰) that can be affected by multiple factors [7,82]. Additionally, modern seafloor hydrothermal sulfides display a large range of Fe isotope variations with δ56Fe values ranging from −2.15‰ to + 0.39‰ [83,84,85,86,87]. By comparing the Fe isotopic compositions of different types of ore deposits and end-member material sources in nature (Figure 4), it is evident that the Yushui deposit is characterized by an enrichment in light Fe isotopes, which is quite different from the Fe isotopic signatures of terrestrial materials associated with typical magmatic sources. This finding suggests that the source of ore-forming materials in the Yushui deposit may have little connection with magmatism, which is consistent with the fact that no magmatic rocks of the same mineralization period have been discovered in the mining area [88]. In addition, the Yushui Fe-isotope results fall well within the variation range of Fe isotopic compositions reported from typical SEDEX-type and other hydrothermal-related deposits, suggestive of its ore genesis similar to seafloor sedimentary rock-hosted exhalative sulfide deposits (rather than magmatic-hydrothermal deposits).



The main factors controlling iron isotope fractionation in hydrothermal processes include leaching action, oxidation-reduction and mineral precipitation [84,92]. As a variable valence element, the valence state of iron also has a significant influence on isotope fractionation. In the oxidation-reduction process, the heavy isotope of iron was relatively enriched in Fe(Ⅲ), while the light isotope of iron was relatively enriched in Fe(Ⅱ) [93,94,95]. Leaching of hydrothermal fluids results in significant fractionation of iron isotopes. The leached fluid from the stock is preferentially enriched in light Fe isotopes and leaves the residue enriched in heavy Fe isotopes [7,10,90,96,97]. In addition, rapid sulfide precipitation caused by fluid mixing, such as the mixing of ore-forming hydrothermal fluids with other fluids (i.e., seawater), can also lead to a large kinetic fractionation effect of Fe isotopes, with an extreme value of −1.5‰ [98].



Compared with the factors affecting the fractionation of iron isotopes in the hydrothermal processes, the negative iron isotope composition of the Yushui deposit may result from leaching and sulfide precipitation. Previous studies have provided some evidence in this regard. The Re-Os and Pb isotope systematics of sulfides have been used to trace the source of ore-forming materials in the Yushui deposit, suggesting a major contribution of crustal materials to the ore-forming processes [22,29]. According to ore-bearing properties of host rocks in this district [99], high concentrations of Cu, Pb and Zn were detected in the surrounding strata formed in the pre-Devonian era, which could serve as an important source of ore-forming materials. Abundant ore-forming elements might have leached from the pre-Devonian strata and transported by hydrothermal fluids [31]. In addition, most of the sulfides in the Yushui deposit are non-automorphic, with fine crystal particles, and the sulfur isotopic compositions of the symbiotic sulfides (chalcopyrite and bornite) are not balanced, which reveals the characteristics of rapid crystallization of sulfide minerals [29]. This evidence is quite consistent with the iron isotope data obtained in this study. The relatively negative Fe isotopic compositions of the Yushui deposit may be the comprehensive result of the leaching of ore-forming fluids to the basement ore-bearing strata, the extraction of ore-forming materials during the migration of the ore-forming fluids, and the rapid precipitation of sulfides in the ore-forming process.



It is also noteworthy that the δ56Fe values of YS044 are higher than those of the other samples, measuring at −0.524‰ and −0.519‰ (repeated determination). According to the above discussion about the influence of valence states on the fractionation of iron isotopes, bornite should theoretically be more enriched in heavy iron isotopes compared to chalcopyrite. However, the results of iron isotopic composition in the Yushui deposit show the opposite trend. Nevertheless, when considering additional studies, it becomes apparent that the REE content of this particular sample is much higher than that of the other samples [32]. Furthermore, the He–Ar isotope data indicate that the 3He/4He values and 40Ar*/4He values of the YS044 sample are much lower than those of the other samples [31]. These findings suggest that the YS044 sample has probably undergone late-stage hydrothermal reworking and alteration, potentially leading to the leaching out of some light Fe isotopes and resulting in somewhat anomalous iron isotopic signatures compared to the other samples.




5.2. Cu Isotopes


The copper isotopic compositions of basic-ultrabasic rocks have relatively homogeneous Cu isotope compositions, and the δ65Cu values are close to 0‰ [1,37,100,101,102], while the granite shows slightly large variations in Cu isotope compositions, with δ65Cu values ranging from −0.46‰ to 1.51‰ [103]. The δ65Cu values of loess and shale range from −0.13‰~0.17‰ and −0.17‰~0.25‰, respectively [1,103,104,105]. There is a significant difference in the Cu isotopic compositions among copper-bearing minerals from different types of primary deposits (Figure 5), with −0.62‰~+0.40‰ for magmatic deposits [100,101,106], −1.29‰~+2.98‰ for skarn deposits [82,106,107], −0.62‰~+0.34‰ for volcanogenic massive sulfide (VMS) deposits [6,108], −3.70‰~+0.44‰ for hydrothermal vein-type deposits [109,110], −1.16‰~+0.81‰ for porphyry deposits [8,82,106,111,112], and −3.44‰~+0.45‰ for sediment-hosted stratiform copper (SSC) deposits [86,113]. Similarly, modern submarine hydrothermal sulfides show heavy Cu isotope enrichment, with a broad variation range of Cu isotope compositions (δ64Cu = −0.98‰~3.14‰) [86,87,101,113,114]. By contrast, the VMS deposits have not displayed as much Cu-isotope variations in typical massive sulfide ores. The lower-temperature hydrothermal systems like sediment-hosted stratiform copper deposits also display much larger Cu isotopic variations than the VMS deposits. By comparison with the general patterns reported in the published literature, the Yushui δ65Cu values fall well within the variation range of Cu isotopic ratios recorded in copper minerals from SSC and hydrothermal-related vein deposits (as shown in Figure 5).



The determination of Cu isotope fractionation factors in various systems holds great importance for employing Cu isotopes to track complex geological processes. Related experimental studies show that the main factors of copper isotope fractionation in hydrothermal processes are the same as those of iron isotopes, including sulfide precipitation, leaching reaction (i.e., fluid-rock interaction) and oxidation-reduction processes [37,109,112,117,118,119,120]. However, unlike iron isotopes, heavy copper isotopes (65Cu) are preferentially leached out during the hydrothermal leaching process, resulting in higher δ65Cu values in early hydrothermal solutions [101]. Mathur et al. [112] studied the fractionation of copper isotopes in copper sulfide minerals (chalcopyrite and chalcocite) during the leaching process. Experimental results showed that the leaching solution was richer in heavy isotopes of copper than the minerals after leaching, with Δ65Cusolution-chalcopyrite = 1.3‰ and Δ65Cusolution-chalcocite = 2.7‰. Fernandez et al. [121] and Kimball et al. [122] also conducted similar leaching experiments on chalcopyrite and chalcopyrite-rich sulfide ores, with consistent results suggesting that the leaching solutions were more enriched in heavy copper isotopes than the original rocks, with Δ65Cusolution-copper minerals up to 2‰. According to the previous interpretation of iron isotope data, the ore-forming material of the Yushui deposit came from the hydrothermal leaching of basement strata, so the Yushui deposit should be enriched in heavy copper isotopes (65Cu). However, our δ65Cu data exhibiting relative enrichment in light copper isotopes are inconsistent with the expected results mentioned above.



We may find some clues in the process of sulfide precipitation. Pekala et al. [120] studied the fractionation of copper isotopes in the sulfide precipitation process by reacting Cu2+ solution with Fe2+ sulfides (pyrrhotite and pyrite) at different temperatures (40~200 °C) to produce iron–copper sulfides and copper sulfides (chalcopyrite, bornite, covellite and digenite). The experimental results show that the precipitation process of sulfides leads to greater fractionation of copper isotopes (Δ65Cu2+solution-product =1.97‰~3.23‰), indicating that the precipitated sulfides preferentially concentrate the light copper isotope (63Cu) compared with the solution. Compared with the leaching process, the fractionation coefficient of copper isotopes produced by the precipitation process is even larger. Therefore, the copper-bearing sulfides that formed after leaching and precipitation could have a negative δ65Cu value.



In addition, previous studies on the Jinman copper deposit in Yunnan have found that their copper isotope values are also low and similar to the Yushui results, with δ65Cu values ranging from −3.70 to +0.30‰, which may be caused by the low temperatures of ore formation (150 °C~286 °C) and the participation of organic matter [110]. Related studies show that the lower the temperatures of ore formation is, the greater the isotopic fractionation, which agrees with the thermodynamic quantum theory that the isotope fractionation coefficient is negatively correlated with temperature [123]. Moreover, due to the involvement of organic matter, light copper isotopes (63Cu) are also preferentially complexed [124]. The Yushui deposit is also a medium–low-temperature deposit, and its fluid inclusion temperature shows that the temperature of ore formation is 90–289 °C, mainly concentrated within 110–220 °C [30], which is similar to the Jinman copper deposit. Furthermore, previous studies on the compositions of trace gases in bornite and chalcopyrite crystals have shown that the ore-forming fluids of the Yushui deposit contained CO2 and significant amounts of organic gases mainly composed of C1–C4 alkanes (i.e., CH4, C2H4, C2H6, C3H6, C3H8, C4H8, and C4H10) [31]. Such a variety of light hydrocarbon species identified in sulfide-hosted fluid inclusions indicates that the Yushui ore-forming fluids enriched in organic matter probably originated from basinal hot brines, rather than magmatic water. Therefore, the enriched light copper isotope characteristics of sulfides in the Yushui deposit may also be related to its low temperatures of ore formation and the involvement of organic matter in mineralization.



The δ65Cu value of the chalcopyrite sample (YS044) in this test was generally consistent with that of the symbiotic bornite sample. Yang et al. [125] studied the copper isotopes of symbiotic copper minerals in the Yunnan Jinman copper deposit and showed that the chalcopyrites were more enriched in heavy copper isotopes than the bornites (Δ65Cu chalcopyrite—bornite = 0.19‰−0.56‰). According to the study, mass fractionation of copper isotopes exists between different sulfides. Compared with bornite, chalcopyrite is more enriched in heavy isotopes of copper (65Cu) [1], which may be due to the heavy isotopes preferentially entering the mineral crystal lattice and the coordination of strong binding bonds [82]. It has been confirmed that the chalcopyrite sample was overprinted by late-stage hydrothermal alteration, indicating that the chalcopyrite sample may have been more enriched in heavy copper isotopes (65Cu) prior to late-stage hydrothermal alteration. Subsequently, the heavier copper isotope (65Cu) was removed by late-stage hydrothermal fluids, leading to the present δ65Cu value observed in the chalcopyrite sample. Therefore, the copper isotope of the chalcopyrite sample may not represent the original δ65Cu value.





6. Conclusions


For the first time, the nontraditional stable isotope Fe–Cu isotopes of sulfides in the Yushui copper deposit were analyzed. The results reveal homogeneous Fe–Cu isotopic compositions, with δ56Fe values ranging from −0.519‰ to −1.063‰ and δ65Cu values ranging from −1.539‰ to −1.609‰, indicating a relatively simple source of ore-forming materials. Comparing the Fe and Cu isotopic compositions with other ore deposits suggests that the origin of Fe and Cu in the Yushui deposit is not associated with magmatism. Moreover, the ore-forming materials likely originated from the basement ore-bearing strata (pre-Devonian strata) through leaching. Additionally, late-stage hydrothermal reworking and alteration may have locally overprinted some of the ore bodies.



The Fe–Cu isotopic data obtained in this study indicate moderate to small fractionation of Fe–Cu isotopes in the Yushui deposit. The fractionation of Fe isotopes can be attributed mainly to hydrothermal leaching of the basement strata by ore-forming fluids, along with rapid sulfide precipitation during the ore-forming process. On the other hand, the fractionation of Cu isotopes was influenced by relatively low ore-forming temperatures, sulfide precipitation and the involvement of organic matter in mineralization.
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Figure 1. Schematic map of regional tectonics showing the location of the Yushui deposit in eastern Guangdong Province (modified after Ref. [20]). 
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Figure 2. (A) Regional stratigraphy of the Yushui mining district (modified after Ref. [20], data sources from No. 723 Geological Prospecting Team and the local mining company). Note that the deeply concealed ore bodies are hosted in the sedimentary strata of Upper Carboniferous Hutian Group and Lower Carboniferous Zhongxin Formation; (B) Geological profiles of the Yushui deposit cross-section of ore-bearing sector along No. 0 exploratory line (modified after Ref. [28]). 
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Figure 3. Photographs of selected hand specimens from the Yushui deposit. The sample descriptions are shown in Table 1. 
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Figure 4. A comparative diagram showing variations in δ56Fe values of the Yushui samples along with major global reservoirs and different types of ore deposits worldwide. References: loess [40,55], shale [40,56], igneous rocks and mantle inclusions [2,12,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54], magmatic deposits [12,78,79], skarn deposits [10,17,80], hydrothermal deposits [7,82], SEDEX deposits [81], Banded iron formations (BIFs) [41,56,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77], modern seafloor hydrothermal sulfides [87,88,89,90,91,92,93], seawater [89], marine sediments [90,91]. 
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Figure 5. A comparative diagram showing variations in δ65Cu values of the Yushui samples along with major global reservoirs and different types of ore deposits worldwide. References: loess [1,103], shale [104,105], basalt, mid-ocean ridge basalt (MORB), ocean island basalt (OIB) [1], mafic magmatic rocks [37,100,101,102], granites [103], magmatic deposits [100,101,106], skarn deposits [82,106,107], VMS deposits [6,108], hydrothermal vein deposits [109,110], porphyry deposits [8,82,106,111,112], sediment-hosted stratiform copper deposits [86,113], modern seafloor hydrothermal sulfides [86,87,101,113,114], seawater [115,116], marine sediments [100]. 
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Table 1. Fe–Cu isotopic compositions of sulfides in the Yushui deposit.
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Sample No.

	
Positions

	
Sample Description

	
Minerals

	
δ56Fe(‰)

	
±2 sd

	
δ65Cu (‰)

	
±2 sd






	
YS038

	
−100 m level of No. 2 stope

	
bornite-chalcopyrite mixed ore

	
Bornite

	
−1.002

	
0.033

	
−1.609

	
0.054




	
YS041

	
massive bornite ore

	
Bornite

	
−1.027

	
0.046

	
−1.568

	
0.049




	
YS042

	
bornite-chalcopyrite mixed ore

	
Bornite

	
−1.063

	
0.043

	
−1.567

	
0.047




	
YS044 a

	
massive chalcopyrite ore

	
Chalcopyrite

	
−0.524

	
0.038

	
−1.539

	
0.065




	
YS044 b

	
massive chalcopyrite ore

	
Chalcopyrite

	
−0.519

	
0.026

	
−1.544

	
0.052




	
YS012

	
−240 m level

	
massive pyrite-bearing Pb-Zn ore

	
Pyrite

	
−1.062

	
0.061

	
-

	
-




	
YS018

	
−190 m level

	
massive pyrite-bearing Pb-Zn ore

	
Pyrite

	
−0.975

	
0.046

	
-

	
-








“-” means untested. Parallel samples are marked as “a” and “b” for distinction.
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