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The Metallogeny of the Lubei Ni–Cu–Co Sulfide Deposit in Eastern Tianshan, NW China: Insights From Petrology and Sr–Nd–Hf Isotopes
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The Lubei Ni–Cu–Co deposit situated in western segment of the Huangshan-Jing’erquan mafic–ultramafic rock belt in eastern Tianshan of the Central Asian Orogenic Belt (CAOB). The estimated reserve is approximately 9.11 million tons of ore resources with average grades of 0.82 wt% Ni, 0.52 wt% Cu, and 0.03 wt% Co. The Lubei intrusion is mainly composed of gabbro (phase I), peridotite (phase II), pyroxene peridotite (phase III), olivine pyroxenite (phase IV), and diorite (phase V), which intruded into the early Carboniferous tuffaceous clastic rocks. Zircon Laser Ablation–Inductively Coupled Plasma–Mass Spectrometry (LA–ICP–MS) U–Pb age of the diorite (phase V) from the edge of the intrusion is interpreted as the top-limit metallogenic age, which is consistent with the formation ages of the Huangshan and Xiangshan Ni–Cu deposits in eastern Tianshan. The roughly parallel rare earth element (REE) curves of the Lubei intrusion indicate the magma originated from a homologous source. The slightly enriched large ion lithophile elements (LILE) are compared to high field strength elements (HFSE) with negative Nb and Ta anomalies show that the Lubei intrusion has arc-affiliate geochemical characteristics. The Sr–Nd–Hf isotopes show that the magma was derived from depleted lithospheric mantle, while suffering 4–10% lower crustal contamination with slight contamination of the upper crust. Based on a comprehensive conservation of regional geological, geochemical, and geochronological evidence, the primary magma of the Lubei intrusion was identified that it was derived from the partial melting of metasomatized lithospheric mantle previously modified by subduction events. The Lubei nickel–copper–cobalt sulfide deposit was formed after the primary magma experienced fractional crystallization, crustal contamination, and sulfide segregation in a post-collisional extensional geodynamic setting after the closure of the Kanggur ocean basin in the early Permian.
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INTRODUCTION

Most world-class magmatic Ni–Cu–PGE sulfide deposits were formed at cratons or at the margins in association with intraplate magmatism (Naldrett, 1999). Thus, the magmatic evolution and mineralization processes of magmatic Ni–Cu deposits within cratons have been well documented (Barnes and Lightfoot, 2005; Naldrett, 2009; Begg et al., 2010). However, relatively small magmatic sulfide deposits formed in orogenic belts have not been well studied and resulted in debates on their sulfide mineralization and magmatic conduit systems (Gao et al., 2012, 2013; Su et al., 2013b; Zhao et al., 2015; Deng et al., 2021).

The Central Asian Orogenic Belt (CAOB) is a typical accretionary orogenic belt, which contains abundant exposed mafic–ultramafic rocks (Qin et al., 2012). Eastern Tianshan located at the southern margin of the CAOB has better metallogenic conditions and it is an important base of nickel–copper resources in China based on accounting for 31.4% of the nickel resources in Xinjiang. The large-scale copper–nickel deposits formed in mafic–ultramafic rocks of the orogenic belt are one of the significant characteristics of Ni–Cu mineralization in eastern Tianshan. For example, Tulargen, Huangshan, Huangshandong, Xiangshan, Hulu, Erhongwa, and Tudun copper–nickel sulfide deposits are occurred along the Kanggur-Huangshan fault zone in eastern Tianshan and characterized by multistage intrusive bodies and distinct lithofacies (Mao et al., 2008; Qin et al., 2012; Wu et al., 2018), with a relative concentrative metallogenic age (290–275 Ma) (Sun et al., 2010, 2013b; Zhao et al., 2015; Chen et al., 2018; Feng et al., 2018). However, although the main ore-bearing mafic–ultramafic intrusions in eastern Tianshan have experienced sulfide segregation at depth, and still have different views on sulfur saturation mechanism about fractional crystallization and crustal contamination (Zhang et al., 2011; Sun et al., 2013b; Deng et al., 2014, 2015). Whether these mafic–ultramafic intrusions were related to the Tarim mantle plume (Mao et al., 2008; Pirajno et al., 2008; Qin et al., 2011; Tang et al., 2011; Zhang et al., 2017), subduction accretion (Mao et al., 2006b; Ao et al., 2010; Xue et al., 2016), or post-collisional extension setting is still being debated (Deng et al., 2011a, 2015; Gao et al., 2013; Sun et al., 2013b).

The Lubei Ni–Cu–Co deposit was newly discovered by the Geological Survey Academy of Xinjiang in 2014 during a geochemical anomaly inspection of the western segment in eastern Tianshan (Yang et al., 2017). The estimated reserve contains approximately 9.11 million tons of ore resources with an average grade of 0.82 wt% Ni, 0.52 wt% Cu, and 0.03 wt% Co. In particular, cobalt was reported as a critical metal for the first time. The Lubei intrusions were distributed in northern Kanggur fault and emplaced into the tuffaceous clastic rocks in the early Carboniferous Xiaorequanzi Formation (Yang et al., 2017; Li and Tian, 2018). The age of the zircon U–Pb from hornblende gabbro is 287.9 ± 1.6 Ma (Chen et al., 2018). However, there are few researches on the critical mechanisms of sulfur saturation and mineralization processes during migration of the magmas in their conduit system. The prospecting and exploration studies are still in progress. A great breakthrough in the northern mining area in 2020 made the systematic studies of magmatic evolution and mineralization mechanism more practical. Based on the fine identification of magmatic lithofacies, this contribution intends to restrict the metallogenic section, magma source, and sulfur saturation mechanisms in the magma conduit system using petrology and Sr–Nd–Hf isotopic evaluation of the Lubei intrusion. Combined with the regional geological data, we try to reconstructed the tectonic evolution, magmatic differentiation, and mineralization process in the magma conduit system of the Lubei Ni–Cu deposit, hope to provide the theoretical supporting for future Ni–Cu–Co deposit prospecting in eastern Tianshan.



GEOLOGICAL SETTING

The northern Xinjiang region located at the southern margin of the CAOB is adjacent to the Siberian Craton to the north and the Tarim Craton to the south (Figure 1A), which distributes different types of Ni–Cu deposits formed in orogenic belt. The Kalatongke Ni–Cu deposit related to post-collisional extension is located in southern Altay (Zhang et al., 2005), whereas the Jingbulake deposit related to the subduction of the southern Tianshan Ocean is distributed in western Tianshan (Zhang et al., 2012). The Poyi and Poshi deposits related to the Tarim mantle plume in the Permian are distributed in Beishan (Su et al., 2013a; Figure 1B). The eastern Tianshan is successively divided into the Dananhu-Tousuquan island arc, Jueluotage belt, and Central Tianshan block from north to south, bounded by the Kanggur and Aqikekuduk faults (Figure 1C).
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FIGURE 1. (A) Simplified map of the CAOB; (B) Tectonic framework and representative Ni–Cu sulfide ore deposits in northern Xinjiang; (C) Simplified geological map of the eastern Tianshan showing the distribution of early Permian mafic–ultramafic intrusions. See Supplementary Appendix 1 for details on geochronology.


The northern portion of the Dananhu-Tousuquan island arc is characterized by Paleozoic Kalatage arc volcanic rocks and pyroclastic rocks which intercalated with marine intermediate-felsic volcanic sedimentary rocks. Along with gradually weakened volcanic activities from Ordovician to Devonian, the magma compositions gradually transited from intermediate-basic to intermediate-acidic and accompanied by extensive granitic intrusive magmatism. In the early Carboniferous, the andesitic and dacitic tuffs of the Xiaorequanzi Formation and Qi’eshan Formation were distributed on the northern Kanggur fault. In the late Carboniferous, the gradually weakened volcanism was accompanied by shallow marine terrigenous clastic rocks. In the early Permian, bimodal volcanic rocks occurred in some areas, while the continental fluvial-lacustrine sediments were dominant in the late Permian (Long et al., 2019). In addition, mafic–ultramafic rocks were scattered and formed the Baixintan (Zhao et al., 2018), Yueyawan (Sun et al., 2019), and Lubei (Chen et al., 2018) Cu–Ni (–Co) deposits.

The Jueluotage tectonic belt in eastern Tianshan can be divided into the Kanggur-Huangshan ductile shear zone and the Aqishan-Yamansu island arc bounded by the Yamansu fault (Figure 1C). The Kanggur-Huangshan belt is influenced by the Kanggur-Huangshan ductile shear, which formed a set of disordered strata with strong deformation and metamorphism in the Carboniferous. The Aqishan-Yamansu belt is mainly composed of early Carboniferous intermediate-acidic island arc volcanic rocks, shallow marine carbonate rocks intercalated with clastic rocks, and late Carboniferous continental volcanic sedimentary rocks, with molasse formation at the top of Permian. The ages of granites, diorite porphyrite, and mafic dykes respectively are about 349–246 Ma (Zhou et al., 2010), 315–311 Ma (Long et al., 2020), 260–290 Ma (Lin et al., 2014) within the Jueluotage tectonic belt.

The Central Tianshan Block is composed of clastic rocks, carbonate rocks, volcanic rocks, and intrusive rocks. Metamorphic rocks were developed widely, mainly include the Paleoproterozoic Tianhu Group, Mesoproterozoic Xingxingxia Group, and Kawabulake Group (Wang et al., 2017). The intrusive magmatism is dominated by granitic rocks with emplacement ages from the late Archean to Mesozoic. The Baishiquan and Tianyu Ni–Cu deposits related to the Permian mafic–ultramafic rocks were formed in the eastern part of the belt (Tang et al., 2011; Wu et al., 2005).

The mafic–ultramafic intrusions in eastern Tianshan mainly distributed along with the Kanggur-Huangshan deep fault in the form of beads. Before 2010, researchers were mainly focused on the geological background and exploration of the mafic–ultramafic complexes in the Huangshan-Tulargen metallogenic belt in the eastern part of the Jueluotage tectonic belt (Han et al., 2004; Zhou et al., 2004; Hu et al., 2008; Sun et al., 2010). More than 30 mafic–ultramafic rocks in different spatial scales were identified successively in the eastern segment of the Jueluotage tectonic belt, which hosted the Huangshan, Xiangshan, Hulu, Tulargen, Tudun, and Huangshannan Ni–Cu deposits (San et al., 2010; Qin et al., 2011; Zhao et al., 2015; Supplementary Appendix 1). In recent years, new Ni–Cu (–Co) deposits have been found in the western segment of the Jueluotage tectonic belt, such as the medium-scale Lubei and Baixintan deposits (Wang et al., 2015a; Yang et al., 2017). Moreover, Yang et al. (2017) identified more than 20 outcrops of mafic–ultramafic rocks in the Lubei mining area including peridotite, pyroxene peridotite, olivine gabbro, gabbro, etc. Most of the mafic–ultramafic rocks contain pentlandite, indicating good nickel–copper (–cobalt) prospects.



ORE DEPOSIT GEOLOGY


Geology

The Lubei intrusion is situated in northern Kanggur fault and was emplaced into the tuffaceous clastic rocks of the Xiaorequanzi Formation in the early Carboniferous, which are situated in a semiring shape on the plane with an exposure area of 1.35 km2. The Lubei intrusion was divided into two parts, north and south. The southern part contains mafic–ultramafic rocks that occur in high-grade orebodies, which are composed of peridotite, pyroxene peridotite, olivine pyroxenite, minor gabbro, diorite, and quartz diorite. The surface length is approximately 2,000 m, the exposed width is from 400 to 800 m with an average of 500 m, and the area is 0.89 km2. The northern part was composed of mafic rocks, the host rock of the low-grade orebody, primarily lithology are gabbro, hornblende gabbro, and minor diorite (Figure 2A). The surrounding rocks are emplaced by the Lubei intrusion heated into hornfels.
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FIGURE 2. Simplified geological map (A) and sample location (B) of the Lubei intrusion and Ni–Cu–Co orebodies.




Petrology

According to the spatial distribution, the mineral assemblage, the mineralization, and the alteration, the Lubei intrusion can be divided into five intrusive sequences: gabbro → peridotite → pyroxene peridotite → olivine pyroxenite (Figure 3A) → diorite (Figures 3B,C). The details of the characteristics for each lithology are described as follows:
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FIGURE 3. Photos of outcrops and microphotographs of representative rocks from Lubei deposit. (A) contact relationship between olivine pyroxenite and pyroxene peridotite; (B) contact relationship between diorite and peridotite; (C) wall–rock xenoliths in quartz diorite and gabbro xenoliths in olivine pyroxenite; (D) serpentinized peridotite; (E) pyroxene peridotite; (F) pyroxene peridotite; (G) fragmented olivine pyroxenite; (H) slightly deformed quartz diorite; (I) deformed quartz diorite with porphyritic texture. Ol, olivine; Opx, orthopyroxene; Cpx, clinopyroxene; Pl, plagioclase; Srp, serpentine; Bi, Biotite; Qz, quartz.


The gabbro (phase I) is one of the ore-bearing rocks, includes gabbro and hornblende gabbro. Gabbro distributes at the edge of pyroxenite in the southern portion of the mining area, mainly represented by No. 4 to No. 9 orebodies with weak mineralization of nickel–copper–cobalt. The gabbro is composed of clinopyroxene (25%±), plagioclase (70%±), and olivine. Plagioclase with kaolinization has a particle size of 0.12–0.6 mm. Hornblende gabbro only distributes in northern part of the mining area with average of 287.9 ± 1.6 Ma (Chen et al., 2018) and mainly forms ore bodies No. 10 to No. 14.

The peridotite (phase II) only situated in southernmost part of the Lubei intrusion that intruded by the diorite (Figure 3B). The rock shows strong iddingsite, serpentinization (Figure 3D), and carbonate alteration without Ni–Cu–Co mineralization, and contains olivine (62%±), serpentine (25%±), calcite (10%±), and magnetite (3%±) (Figure 3E). The olivine characterized by network cracks is hypidiomorphic with a width of 0.3–1 mm and is filled with serpentine along the edge.

The pyroxene peridotite (phase III) only situated in south of the Lubei intrusion, which is obviously different from olivine pyroxenite and forms ore body No. 2. The rocks are serpentinized and glided and are mainly composed of olivine (62%±), augite (15%±), and serpentine (15%±) (Figure 3F). The Olivine exists in euhedral and subhedral grains, with a particle size of 0.5–1.5 mm. Augite in the form of subhedral columnar distributes between olivine, with a particle size of 0.5–1 mm. Serpentine distributes between olivine and pyroxene in fibrous form. Calcite distributes in the vein along the edges of fractures in olivine.

The olivine pyroxenite facies (phase IV) mainly situated in the southern mining area, intruded by diorite and exposed sporadically. It is the most important ore bearing rock which is formed by the largest No.1 ore body. The rocks are mainly composed of olivine (10%±), orthopyroxene (43%±), and clinopyroxene (25%±), occasionally accompanied with olivine, amphibolite, and chloritization (Figure 3G). The Olivine has a xenomorphic granular structure with a particle size of 0.28 ± 2.3 mm, and the orthopyroxene is columnar with a particle size of 0.24 ± 3.2 mm.

The diorite (phase V) mainly situated at the edge and along the underpart of the Lubei intrusion, represents the latest product with wallrock xenoliths (Figure 3C). The rocks are composed of plagioclase (75%±), amphibole (15%±), quartz (10%±), and deformed minor biotite (Figure 3H), magnetite, and porphyritic textures (Figure 3I). Plagioclase has a euhedral plate structure, slightly kaolinized with a particle size of 0.4–2 mm. Amphibole is actinolitice, distributes between plagioclase crystals. Biotite distributes between plagioclase crystals in a leaf shape. Magnetite distributes between hornblende and plagioclase in xenomorphic granular form.



Mineralization

There are 14 identified orebodies in the Lubei deposit, includes orebodies Nos. 1–4 in southern part which mainly hosted by olivine pyroxenite, orebodies Nos. 5–9 in the middle part that mainly occur in the gabbros, and orebodies Nos. 10–14 in the northern part that mainly occur in the hornblende gabbro (Figure 2A). The Ni–Cu–Co sulfide orebodies are bedded (Figure 2B) and dip south with a dip angle of 14°–28°. The No.1 orebody, as the largest ore body in the mining area, extends about 930 m at surface and 265 m in depth, and has average grades of 0.91%Ni, 0.54% Cu, and 0.031% Co. The main ore minerals include pentlandite, chalcopyrite, pyrrhotite, magnetite, and chromite. The ores in gabbro are mainly present as disseminated, and ores in olivine pyroxenite are mainly shown as massive (Figures 4A–C). Pentlandite and pyrrhotite coexist with chalcopyrite (Figures 4D,F,G). Chromite generally coexist with magnetite (Figure 4E) or surround pentlandite (Figures 4J–M,O). Pyrrhotite shows strong oxidation (Figures 4H,I,M,N).
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FIGURE 4. Photos of outcrops and microphotographs of representative ores from Lubei deposit. (A) pentlandite in olivine pyroxenolite; (B) pentlandite in olivine pyroxenolite with limonitization vein; (C) Pn and Po in pyroxenolite; (D) Pn, Po, and Ccp co-occurrence; (E) Chm surrounded by Mag; (F) Pn coexisted with Ccp, and Pn in crack; (G) Pn, Po, and Ccp co-occurrence; (H) oxidized Po and Pn in crack; (I) oxidized Po; (J) Pn surrounded by Po; (K) Pn coexisted with Ccp, and Pn in crack; (L) Pn coexisted with Po; (M) oxidized Po and Pn in crack; (N) oxidized Po; (O) Chm surrounded by Po. Pn, Pentlandite; Po, Pyrrhotite; Chm, chromite; Ccp, chalcopyrite; Mag, magnetite.





ANALYTICAL METHODS

Conducting backscattering image observation and mineral chemical composition analysis of ore minerals, using a JEOL JXA-8230 electron probe microanalyzer (EPMA) at Xinjiang Experimental Institute of Mineral Resources, the analytical conditions for component analysis were 15 kV, 10 nA beam current, 1–10 μm beam size, 10 s peak-counting time, and 5 s upper and lower background counting time.

Laser Ablation–Inductively Coupled Plasma–Mass Spectrometry (LA–MC–ICP–MS) zircon U–Pb analyses as has been completed in Nanjing FocuMS Technology Co., Ltd., by applying a laser-ablation inductively coupled plasma mass spectrometer with Agilent 7700X. The spot size was 24 μm, with standard zircon samples 91500, GJ-1, and NIST SRM 610. Weighted mean age calculations and concordia diagrams were processed by using ISOPLOT software (Ludwig, 2003).

Hf isotope analyses were conducted by using a multi-collector Thermo Electron Neptune MC–ICP–MS system at the same company as LA–MC–ICP–MS zircon U–Pb analyses. Helium was used as the carrier gas of denudation material in the experiment. Ablation protocal employed a spot diameter of 50 μm at 8 Hz repetition rate for 40 s. The zircon GJ-1 was used as external standard with the 176Hf/177Hf average value of 0.282008 ± 28 (2σ). The analysis process and correction are shown in Hou et al. (2007).

The whole-rock geochemical analysis was conducted at ALS Laboratory in Guangzhou. The main elements were analyzed by X-ray fluorescence spectrometer (pw4400), and the accuracy of analysis was better than 1%. FeO was determined by volumetric titration. Rare earth and trace elements were determined by plasma mass spectrometry (PE300D). The analytical accuracy was better than 5–10%.

The whole-rock Sr–Nd isotopic analysis was performed at Nanjing FocuMS Technology Co., Ltd., applied by a Nu plasma HR multi-collector plasma mass spectrometer. For Sr–Nd isotope analyses, rock powders (∼100 mg) were dissolved in distilled HF-HNO3 Savillex screwtop Teflon beakers at 150°C overnight. Strontium and REEs were separated on columns which are made of Sr and REE resins from the Eichrom Company using 0.1% HNO3 as eluant. Separation of Nd from the REE fractions was carried out on HDEHP columns with a 0.18 N HCl eluant. Measured Sr and Nd isotopic ratios were respectively normalized by using a 86Sr/88Sr value of 0.1194 and a 146Nd/144Nd value of 0.7219. The analyses of standards NIST SRM 987 for Sr and JNdi-1 for Nd over the measurement period respectively provided: 87Sr/86Sr = 0.710291 ± 6 (2σ), and 143Nd/144Nd = 0.512084 ± 3 (2σ).



ANALYTICAL RESULTS


Chemical Compositions of Major Minerals

The trace elements of the major minerals are shown in Supplementary Appendix 2. According to above observations and EPMA data, the characteristics of the maucherites are different from the disseminated and vein mineralization types. The pyrrhotite is composed of 60.176–63.394 wt% iron, 0.016–0.085 wt% cobalt, <0.078 wt% nickel, 35.76–39.263 wt% sulfur, and trace amounts of tellurium, copper, and arsenic. The pentlandite is composed of 28.443–32.981 wt% iron, 0.527–2.459 wt% cobalt, 31.307–36.737 wt% nickel, 32.843–33.803 wt% sulfur, and trace amounts of copper and arsenic. The tellurium of pentlandite from zk004-35, 44 ranges from 1.476 to 1.837 wt%. Copper and nickel minerals coexist with each other, and cobalt minerals appear in pentlandite as isomorphism.



LA–MC–ICP–MS U–Pb Zircon Dating

Because of the outcrops of the Lubei intrusion are weathered severely, the fresh diorite (phase V) sample was collected from the bottom of the Lubei intrusion in drill hole ZK004 for zircon U–Pb dating. The data are listed in Supplementary Appendix 3. The zircon in the diorite has 50–120 μm long and 40–60 μm width, and it was shown as a magmatic origin with oscillatory zoning. The zircon U content of 23 points ranges from 232.8 × 10–6 to 630.1 × 10–6, and the Th content between is 130.1 × 10–6 and 509.2 × 10–6, with a Th/U ratio of 0.53–0.85, which indicates the magmatic origin of zircon. The zircon concordant age is 281.3 ± 0.7 Ma (2σ, MSWD = 4.2), and the weighted mean age of 206Pb/238U is 281.2 ± 1.5 Ma (2σ, MSWD = 2.4) (Figure 5A). Therefore, the mean 206Pb/238U age is interpreted to be the crystallization age of the diorite (Li et al., 2018), and it represents the latest magmatism (phase V) of the Lubei intrusion. This age is consistent with that of mafic-ultramafic rocks in Lubei intrusion (Chen et al., 2018; Deng et al., 2020) and the typical mafic–ultramafic rocks in Huangshan, Huangshandong, and Xiangshan in the eastern Tianshan (Figure 5B).
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FIGURE 5. Diagram of diagenetic age of Lubei diorite (A) and histogram of metallogenic age from Ni-Cu sulfide deposit in eastern Tianshan (B). The data of eastern Tianshan from Supplementary Appendix 1.




Whole-Rock Geochemistry

The major and trace elements were analyzed as shown in phase I to phase V: (1) two gabbro samples (phase I), (2) two pyroxene peridotite samples (phase III), (3) five olivine pyroxenite samples (phase IV), and (4) two diorite samples (phase V) (Supplementary Appendix 4). The sample locations are shown in Figure 2B. Variable loss on ignition (LOI) values reflect variable degrees of alteration in the samples. Based on the plots and discussion below, the major element contents are normalized to 100% after the correction of LOI. Ultrabasic rocks in phase III and IV contain the lowest SiO2 and Al2O3, and highest MgO and FeOT contents. The Diorite of phase V exhibits the highest SiO2 and Al2O3, and lowest MgO and FeOT contents. The composition of gabbro in phase I is between ultrabasic rocks in phase III and IV and Diorite in phase V. All samples of the Lubei intrusion are characterized by relatively low K2O + Na2O and TiO2 contents. On the SiO2 versus FeOT/MgO diagram, the samples mainly fall into the field of tholeiite series (Figure 6A). On the (Mg+Fe)/Ti versus Si/Ti diagram, both pyroxene peridotite in phase III and pyroxenite in phase IV are on the control line of olivine and orthopyroxene, gabbro in phase I is on the control line of orthopyroxene and clinopyroxene, and diorite in phase V is on the control line of plagioclase (Figure 6B), which are consistent with the petrographic observation.
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FIGURE 6. Geochemical diagram of Lubei intrusion. Plot of SiO2 versus FeOT / MgO (A) and (Mg+Fe)/Ti versus Si/Ti (B). chondrite– normalized REE patterns (C) and primitive mantle normalized trace element patterns (D) of the Lubei intrusion. The average data of line symbols are from Supplementary Appendix 1. Chondrite normalizing values are from Taylor and Mclennan (1985). Primitive mantle normalizing values are from Sun and McDonough (1989).


Total rare earth element (ΣREE) contents of the Lubei intrusion display an increasing trend from peridotite to gabbro, then to diorite (Supplementary Appendix 4), reflected an increase in the volume of inter cumulus liquids. The Lubei intrusion displays enriched light rare earth elements (LREEs) relative to heavy rare earth elements (HREEs) and lower LREE/HREE ratios. All the samples have a slightly negative Eu anomalies, with an average Eu/Eu∗ ratio of 0.89 (Figure 6C). Primitive mantle-normalized diagrams of incompatible elements also exhibit variable element concentrations (Figure 6D), the other notable features include the depletion of Nb and Ta relative to La and Th (Figure 6D). In particular, the distribution of the diorite is consistent with ultrabasic rocks, which indicates the diorite were evolved from homologous magma, and it is similar to typical Permian Ni–Cu sulfide deposits and mafic-ultramafic intrusions in the eastern Tianshan (Figure 6D).



Sr and Nd Isotopes

The results of the whole-rock Sr–Nd are summarized in Supplementary Appendix 5. The Rb concentration vary has a narrow range from 0.643 × 10–6 to 34.5 × 10–6, whereas the Sr concentration ranges between 39.1 × 10–6 and 1171 × 10–6. The initial 87Sr/86Sr ratios of the Lubei intrusion ranges from 0.704881 to 0.711383 with an average of 0.7073818. The value of εNd(281Ma) is -2.83 to +4.37, with an average value of +1.54. The Sr and Nd isotopic compositions indicate that the Lubei intrusion is characterized by low initial 87Sr/86Sr value and positive εNd(281Ma) value type magma source area (except for sample ZK004-59 with εNd(281Ma) = −2.83), which is characterized by depleted mantle source area. The εNd(281Ma) value of −2.83 indicates the parental magma was contaminated by crustal materials.



Hf Isotopes

The results of zircon Hf isotope are summarized in Supplementary Appendix 6. The Lu–Hf isotopic compositions of zircon in diorite could be characterized as relatively high initial 176Hf/177Hf ratios (0.282916–0.282973, with an average of 0.282938) and slightly depleted εHf value (11.3–13.4, with an average of 12.1). Meanwhile, the zircon has relatively young one-stage model ages (TDM(Hf); 393–476 Ma), correspond to the TDM2 model ages which from 417 to 522 Ma. The narrow range of Hf isotopic compositions and slightly depleted εHf value indicates that the sources of these zircon grains were derived from depleted mantle, mixed with a small amount of crustal material.




DISCUSSION


Magma Source

The contact zone between the Lubei intrusion and country rock shows the contact metamorphism, and wall-rock xenoliths, and can be observed in the late emplaced diorite (Figure 3B), which indicates the Lubei intrusion experiences magmatic thermal emplacement instead of the ophiolite suite. At present, the mafic–ultramafic source of the eastern Tianshan Ni–Cu metallogenic belt is related to the Tarim large igneous province has become the focus (Xia et al., 2006; Pirajno et al., 2008). Large igneous provinces (LIPs) are characterized by large-scale mantle-derived magmatism occurring within a relatively short geological period (generally several Ma), mainly includes overflow basalts and radial basic dyke swarms (Coffin and Eldholm, 1994). The magma source was dominated by relatively dry and low volatile matter (Campbell and Griffiths, 1993). Most of the scholars believe that the mantle source of the Ni–Cu bearing mafic–ultramafic intrusions was modified by slab-derived melts and fluids due to oceanic crust subduction in eastern Tianshan before the Late Permian (Mao et al., 2008; Gao et al., 2013). However, there have had no reports on overflow basalts and radial basic dyke swarm assemblages related to LIPs in this area. On the contrary, amphibole, biotite, and other primary hydrous minerals are commonly found in the Lubei intrusion, which indicates that the primary magma related to subduction of Kanggur ocean basin in Late Carboniferous (Sun et al., 2020 and their references) is relatively wet.

The geochemical characteristics of the Lubei intrusion, which are relatively enriched in large ion lithophile elements (LILEs) (such as K, Rb, Ba, and Sr) and depleted in high field strength elements (HFSEs) (such as Th, Nb, Ta, and Ti), that indicate the magma suffered from fluid metasomatism during a subduction setting. In the εNd(T) versus εHf(T) diagram, the data points plot next to the ocean island basalt (OIB) and volcanic arc basalt (VAB; Figure 7A), which indicate the primary may be related to island arc magmatism. In the La/Nb versus La/Ba diagram, almost all samples plot in the subducted metasomatic lithospheric mantle region (Figure 7C). The 87Sr/86Sr versus εNd(T) diagram (Figure 7B) and Th/Zr versus Nb/Zr diagram (Figure 7D) indicate the fluids were involved in magmatic evolution. Due to the release of fluids from early altered slabs, many magmas in post–collisional extensional environments often inherits the magma source characteristics of fluid metasomatism in early subduction setting (Zhao et al., 2016), which is consistent with the low Nb and Ta concentrations of subduction-related magmas in the Lubei intrusion. All the results show that the magma source of the Lubei intrusion originated from the upwelling of the asthenosphere in a post-collisional extension setting, that led to the partial melting of metasomatic mantle which was modified by subduction fluid in the late Carboniferous (Deng et al., 2011b), and then formed to high magnesium tholeiite basaltic magma.
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FIGURE 7. Plot of εNd(T) versus εHf(T) (A), 87Sr/86Sr versus εNd(T) (B), La/Nb versus La/Ba (C), and Th/Zr versus Nb/Zr (D). The data of gray symbols are from Supplementary Appendix 1. Lower crust and sediments data from Bouvier et al. (2008) and Chauvel et al. (2014).




Ore Formation Mechanism

Ore formation mechanism generally has four ways which are: the changes in temperature and pressure, the fractional crystallization, the magma mixing, and the crustal contamination, that make magma reach sulfur saturation (Naldrett, 1999; Li and Ripley, 2005). First, the sulfur solubility decreases with decreasing temperature and increasing pressure (Li and Ripley, 2005). Although the initial magma is sulfur saturated, the sulfur will also be unsaturated during magma rise because of the increase in sulfur solubility, which is caused by the pressure drop is much greater than the temperature drop (Mavrogenes and O’Neill, 1999; Barnes and Lightfoot, 2005). Second, the sulfur content in the magma increases after the removal of Fe-oxide in fractional crystallization. Then, the magma became sulfur saturated and resulted in sulfide segregation (Haughton et al., 1974; Irvine, 1975). Third, magma mixing could change the saturation curve of sulfur and cause sulfur to enter the saturation zone to form immiscible sulfides (Irvine et al., 1983), such as the Bushveld and Jinchuan deposits. In fact, the petrology and geochemistry of the Lubei intrusion do not show the characteristics of magma mixing. Finally, crustal contamination was considered as a necessary factor for the formation of large Ni–Cu sulfide deposits (Naldrett, 2004, Naldrett, 2010).


Fractional Crystallization

In addition, the gabbro at the edge was influenced by surrounding rocks in the early stage, the progressive decrease in olivine content from peridotite through orthopyroxene peridotite to olivine pyroxenite and the textures as described above indicate that the fractionation is dominated by the crystallization and accumulation of olivine, orthopyroxene and clinopyroxene, which is consistent with the mineral separation and crystallization control line (Figure 6B). The diorite samples plot on the trends are same as the other rocks of the intrusion. The diagrams of MgO versus major oxides and compatible elements (e.g., Cr and Co) illustrate the fractionation/accumulation of olivine, pyroxene, and plagioclase. For example, a negative correlation of MgO with SiO2, CaO, Na2O+K2O, and TiO2 indicates the fractionation/accumulation of clinopyroxene and plagioclase; a positive correlation of MgO with compatible elements (e.g., Cr, Co, Ni, and V) is consistent with the fractionation/accumulation of olivine and orthopyroxene (Figure 8).
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FIGURE 8. Diagrams of MgO versus major oxides and compatible elements for the Lubei intrusion.




Crustal Contamination

In fact, it is difficult to avoid the assimilation and contamination of magma from the mantle to the crust, and the key is the degree and source of crustal contamination. The source of crustal contamination includes the addition of silicon and sulfur materials. The former can reduce the solubility of sulfur in magma (Irvine, 1975; Lightfoot and Hawkesworth, 1997), and the latter can increase the sulfur content in magma (Lesher and Campbell, 1993). The sulfur saturation of some nickel–copper sulfide deposits is mainly caused by the addition of crustal SiO2, and it has nothing to do with sulfur-rich surrounding rocks, such as Norilsk (Lightfoot and Hawkesworth, 1997; Ripley et al., 2003) and Kalatongke (Zhang et al., 2003) deposits. In addition, some sulfur-rich country rocks were incorporated into the magma to trigger sulfide saturation, such as Duluth and Voisey’s Bay deposits (Lambert et al., 1998). The Hf isotopes of diorite deviate significantly from the depleted mantle evolution line (Figure 9A), which indicate that the diorite may have suffered from crustal contamination. The Rb/Sr ratio (0.04 to 0.47) of the Lubei intrusion varies greatly with εSr(T) value of 0.7–33.4. The Sr–Nd isotopic magma mixing simulation shows that the magma source suffered 4–10% lower crustal contamination with slight contamination of the upper crust (Figure 9B), which is similar to Tulargen (<5%, Jiao et al., 2012), Huangshangdong (5–8%, Xia et al., 2010), Erhongwa (<5%, Sun et al., 2013a), Hulu (5–10%, Xia, 2009) and Huangshannan (~5%, Mao et al., 2016). The sulfur isotope δ34S (–0.3 to +1.8‰, Chen et al., 2019) of the Lubei ores was characterized by mantle sulfur (−3 to +3‰; Ohmoto, 1986), which is consistent with the Huangshannan (–0.4 to +0.8‰, Mao et al., 2017) and Huangshanxi (–0.2 to +0.86‰, Zhang et al., 2011) deposits in eastern Tianshan. Therefore, we conclude that the main mechanism of sulfur saturation in Lubei deposit is lower crustal contamination with slight contamination of the upper crust.
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FIGURE 9. Diagram of Hf (A) and Sr, Nd (B) isotopic crustal contamination tracing. LC and UC data from Rudnick and Gao (2011). The data of gray symbols are from Supplementary Appendix 1.




Metallogenic Process

The magma conduit plays an important role in the formation of Ni–Cu sulfide deposits (Maier et al., 2001; Su et al., 2014; Barnes et al., 2016). After the sulfur-unsaturated basaltic magma melt enters the crust, along with changes in temperature and pressure, and the addition of surrounding rock, sulfur saturation of magma is achieved through fractional crystallization and crustal contamination. Then, sulfide droplets are continuously deposited and accumulate owing to gravitational forces at the bend, widening, or bifurcation of the magma conduit due to the decrease in magma velocity (Keays, 1995; Naldrett, 1999; Lightfoot et al., 2012; Su et al., 2014). The Lubei Ni–Cu-Co sulfide deposit has undergone the following metallogenic processes (Figure 10).
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FIGURE 10. Schematic diagram of pipeline facies mineralization model of Lubei Ni–Cu–Co sulfide deposit (modified from Barnes et al., 2016).


The first stage is the formation of the parent magma. The high-Mg tholeiitic basaltic magma was formed by partial melting of the metasomatic lithospheric mantle (Chen et al., 2019), which was likely derived from a hydrous mantle previously modified by a fluid phase during the dehydration of the descending slab (Chen et al., 2018). The initial magma with a small amount of sulfide droplet migrates upwards through the conduit of the early structural fracture and rapidly crystallizes to form gabbro (phase I), influenced by the relatively low-temperature country rocks. The second stage is the fractional crystallization of the silicate and oxide minerals. As the magma moves upwards within the conduit, the temperature gradually drops, and high-temperature minerals (such as olivine, orthopyroxene, etc.) begin to crystallize, which removes a large amount of Si, Mg, and Fe. Meanwhile, the addition of a small amount of wall rock materials will change the magma viscosity, sulfur solubility, and crystallization temperature. The sulfur solubility will decrease with decreasing FeO contents and increasing Si-rich materials (Irvine, 1975; Lightfoot and Hawkesworth, 1997), which can promote more metal elements into sulfide melts to gather gradually as sulfide droplets (Barnes et al., 2016). The third stage is crustal contamination and mineralization. The addition of abundant Si materials further reduced the sulfur solubility and forms abundant sulfides. Meanwhile, due to the addition of SiO2, Al2O3, and volatiles, the flow velocity of magma slows to ensure adequate sulfide melt enrichment. The last stage is sulfide segregation and mineralization. Due to gravity flow and sulfide accumulation, the upper hanging ore body composed of disseminated ore generally forms in the middle of the magma, whereas the layered orebody composed of dense disseminated and dense massive ores forms in the lower part of the magma.




Geodynamic Setting

The crystallization age of the earliest emplacement of hornblende gabbro in the Lubei intrusion was 288 ± 1.8 Ma (Chen et al., 2018), and the latest emplacement diorite was 281.2 ± 1.5 Ma (Li et al., 2018), whose section (288–281 Ma) is consistent with the metallogenic ages of Huangshan, Huangshan, Xiangshan and other typical Ni–Cu–(Co) deposits in the eastern Tianshan area. At present, there are three different views of the geodynamic setting that formed the early Permian mafic–ultramafic intrusions in the Huangshan-Jingerquan belt, including an active continental margin (Xiao et al., 2004; Mao et al., 2006b), a post-collisional lithosphere extension environment (Gu et al., 2006), and a mantle plume (Mao et al., 2006a; Pirajno et al., 2008; Su et al., 2013a
). The geochemical characteristics of rocks suggest that the parent magma originated from a metasomatic mantle that was modified by subduction events, which is not consistent with the characteristics of rock assemblages and magmas of the Alaskan type (Irvine, 1974; Helmy and El Mahallawi, 2003). It is also inconsistent with the large-scale mantle-derived magmatism formed by the mantle plume within a short time (1–2 Ma), tholeiitic magma series, dry mantle source, and very low volatile content (Campbell and Griffiths, 1993). Therefore, we believe that the Lubei Ni– Cu–Co deposit formed in an extensional postcollisional environment with the geochemical characteristics of an early-stage subducted metasomatic mantle, which has nothing to do with mantle plume activity (Deng et al., 2011a). The regional tectonic–magmatic evolution and mineralization have had experienced the following processes.

The Kanggur ocean basin had already opened in the late Cambrian (494 ± 10 Ma, Li et al., 2008) and then entered the stage of ocean basin evolution. With the earliest subduction northward in the Late Ordovician (Du et al., 2018; Sun et al., 2018), the Dananhu–Tousuquan island arc belt was formed and accompanied by porphyry copper deposits (Sun et al., 2018), epithermal copper deposits (431.8 ± 2.7Ma, Deng et al., 2016) and VMS-type zinc–copper deposits (434.2 ± 3.9Ma, Deng et al., 2016) in the Kalatage area. The Devonian subduction continued to the north and formed basaltic–andesite volcanic rocks (Du et al., 2019). In the early Carboniferous, the Aqishan–Yamansu forearc basin or island arc belt was formed by subduction southward (Han et al., 2019; Zhao et al., 2019; Liu et al., 2020; Figure 11A) with iron and lead–zinc deposits related to volcanism (Hou et al., 2014). At the same time, porphyry copper deposits were formed by subduction to the north (Wang et al., 2016; Xiao et al., 2017). In the late Carboniferous, the Kanggur ocean basin was closed (Figure 11B), and the tectonic compression environment led to the formation of volcanic iron deposits (Zhao et al., 2017; Zhang et al., 2018), as well as ductile shear zone gold deposits (Wang et al., 2015b; Muhtar et al., 2020a). The geodynamic setting in the early Permian represented post-collisional extension setting (Muhtar et al., 2020b; Figure 11C). The metasomatic lithospheric mantle produced in the early subduction stage was partially melted, and the mantle-derived magma upwelling formed beaded mafic–ultramafic rocks along the Kanggur–Huangshan regional fault, accompanied by Huangshandong, Huangshannan, Hulu, Tulargen, Baixintan, and Lubei sulfide deposits (San et al., 2010; Sun et al., 2010; Chen et al., 2013, 2018; Zhao et al., 2015; Feng et al., 2018).
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FIGURE 11. The tectonic evolution in the late Paleozoic of eastern Tianshan. (A) the two-way subduction and accretion of the Kangur ocean basin occurred in the Early Carboniferous; (B) closure of Kanggur ocean basin in Late Carboniferous; (C) post-collisional extensional environment in Early Permian.





CONCLUSION


1.The Lubei mafic–ultramafic intrusion was composed of five lithofacies, including gabbro (phase I), peridotite (phase II), pyroxenite (phase III), olivine pyroxenite (phase IV), and diorite (phase V). In addition to pyroxene peridotite (phase III) and gabbro (phase I), the most important ore-bearing lithology is olivine pyroxenite (phase IV).

2.The Lubei intrusion was formed at the same time as the bearing Ni–Cu–Co sulfide mafic–ultramafic rocks in eastern Tianshan, and its metallogenic age was between 288 ± 1.8Ma of hornblende gabbro (phase I) and 281.3 ± 0.7Ma of diorite (phase V).

3.In addition to magmatic fractional crystallization, the most important mechanism of sulfur saturation in Lubei Ni–Cu–Co deposit is crustal contamination. The Sr–Nd isotope shows that the contamination degree of lower crustal materials is 4–10% with slight contamination of the upper crust.

4.The Lubei Ni–Cu–Co deposit was formed in post-collisional extensional setting of the CAOB during the early Permian. The primary magma derived from partial melting of metasomatized lithospheric mantle was formed Ni–Cu–Co sulfide deposit has gone through three stages, including fractional crystallization, crustal contamination, and sulfide segregation.
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