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Abstract

:

The giant Pulang porphyry Cu (–Mo–Au) deposit in Northwestern Yunnan Province, China, is located in the southern part of the Triassic Yidun Arc. The Cu orebodies are mainly hosted in quartz monzonite porphyry (QMP) intruding quartz diorite porphyry (QDP) and cut by granodiorite porphyry (GP). New LA-ICP-MS zircon U–Pb ages indicate that QDP (227 ± 2 Ma), QMP (218 ± 1 Ma, 219 ± 1 Ma), and GP (209 ± 1 Ma) are significantly different in age; however, the molybdenite Re–Os isochron age (218 ± 2 Ma) indicates a close temporal and genetic relationship between Cu mineralization and QMP. Pulang porphyry intrusions are enriched in light rare-earth elements (LREEs) and large ion lithophile elements (LILEs), and depleted in heavy rare-earth elements (HREEs) and high field-strength elements (HFSEs), with moderately negative Eu anomalies. They are high in SiO2, Al2O3, Sr, Na2O/K2O, Mg#, and Sr/Y, but low in Y, and Yb, suggesting a geochemical affinity to high-silica (HSA) adakitic rocks. These features are used to infer that the Pulang HSA porphyry intrusions were derived from the partial melting of a basaltic oceanic-slab. These magmas reacted with peridotite during their ascent through the mantle wedge. This is interpreted to indicate that the Pulang Cu deposit and associated magmatism can be linked to the synchronous westward subduction of the Ganzi–Litang oceanic lithosphere, which has been established as Late Triassic.






Keywords:


Pulang porphyry Cu (–Mo–Au) deposit; LA-ICP-MS zircon U–Pb dating; molybdenite Re–Os dating; high-silica adakitic rocks (HSA); Northwestern Yunnan Province












1. Introduction


Two famous porphyry mineralization systems in Western Yunnan Province, Southwestern (SW) China, mainly compose the Yidun Arc metallogenic belt in the north and the Jinshajiang–Red River metallogenic belt in the south (Figure 1A). The southern Yidun Arc (Figure 1B), namely, the Zhongdian Arc, is important for its Cu resources. Numerous porphyry and skarn Cu deposits have been discovered in the area, and representative deposits include Pulang, Xuejiping, Lannitang, Songnuo, Langdu, and Chundu (Figure 1C). The geological characteristics and geochronological data indicate that these Cu deposits have a temporal and spatial relationship with widespread Mesozoic intermediate-acid intrusions [1,2,3,4,5,6,7,8,9]. Recently, extensive isotopic geochronology studies have been carried out on these Cu deposits. Cu mineralization ages in the southern Yidun Arc have now been constrained to the Late Triassic period (210–230 Ma) by zircon U–Pb and molybdenite Re–Os dating [5,6,7,8,9,10,11,12,13].



The Pulang deposit, located ~36 km northeast of the Shangri-La County in Northwestern Yunnan Province, is one of the large-scale porphyry Cu (–Mo–Au) deposits in China. It is located in the Sanjiang Tethyan metallogenic domain in Yunnan Province, SW China, and contains reserves of 4.18 Mt Cu. The largest KT1 orebody contains reserves of 1.57 Mt Cu @ 0.52%, 54t Au @ 0.18g/t, and 84,800 t Mo @ 0.01% [14]. In the past ten years, because of its giant size, the deposit has attracted much attention, especially regarding its ore geology [15,16,17], geochronology, and petro-geochemistry [18,19,20,21,22,23]. Despite the existing geochronological and geochemical studies on the Pulang Cu deposit, there remains an insufficient understanding on the accurate diagenesis and mineralization ages, the relationships between Cu mineralization and associated magmatism, and the tectonic setting. To start with, the mineralization age of Pulang deposit is still a matter of debate, as the limited molybdenite Re–Os age ranging from 208 ± 15 Ma to 213 ± 4 Ma [3,18,24] is a substantial margin of error. Next, the published geochronological data for the quartz monzonite porphyry (QMP) and quartz diorite porphyry (QDP) in the Pulang deposit are in a broad range of 211–231 Ma and 214–228 Ma, respectively [4,5,6,10,18,19,22,23]. Some of these ages are younger than the Re–Os isochron ages of molybdenite [4,5,14,19], whereas some are ~15 Ma older than the Re–Os isochron ages of molybdenite [22,25]. Generally, a porphyry-type hydrothermal Cu mineralization system lasts for less than 10 Ma [26]. Therefore, most of these ages are not well explained in relation to the observed Cu mineralization. In addition, the relationship between Cu mineralization and associated magmatism remains unclear and controversial as a result of the ~20 Ma age interval (210–230 Ma) for the Pulang porphyry intrusions. Some scholars have considered the QMP to be the ore-causative intrusion [18,23], whereas others have deemed that all of the Pulang porphyry intrusions contributed to Cu mineralization [14,27,28]. Finally, there are also divergences in the understanding of the petrogenesis of these ore-bearing porphyries; some scholars have proposed that the Pulang porphyries associated with Cu mineralization are related to the partial melting of the Ganzi-Litang oceanic plate [10,13], while others have considered the formation of these porphyries to be related to the partial melting of enriched mantle and the assimilation and fractional crystallization (AFC) of mantle-derived basalt magma [14,27].



To address these issues, this study presents new zircon U–Pb geochronology and whole-rock major-trace elemental data for Pulang porphyry intrusions and molybdenite Re–Os ages for different types of ore. The aim of the study is to provide precise diagenesis and mineralization ages, explain the relationship between associated intrusions and Cu mineralization, evaluate the contribution of Pulang porphyry intrusions to the Cu mineralization, and discuss the geodynamic setting of the intrusions and associated Cu mineralization in the Pulang Cu (–Mo–Au) deposit.




2. Geological Background


The NNW-trending Yidun terrane is located between the Garze–Litang Suture and the Jinshajiang Suture (Figure 1B), which represent closure zones of two distinct Paleo-Tethys oceans during the Middle–Late Triassic and Late Paleozoic, respectively [29,30,31]. The Yidun Terrane is divided into the Zhongza Massif in the west and the Yidun Arc in the east by the NS-trending Xiangchang–Geza fault [32,33]. The subduction of the Garze–Litang oceanic plate beneath the Zhongza Block resulted in the accretion of the Zhongza Block to the Yangtze Craton via the Yidun Arc during the Late Triassic time. It is inferred that the Yidun Arc developed on the basement that was inherited from the Yangtze Craton [14].



The Yidun Arc is almost entirely overlain by the Triassic Yidun Group, which consists of slate, sandstone interbedded with minor limestone and flysch–volcanic succession, and intrusive rocks, which were produced by the westward subduction of the Garze–Litang oceanic plate (Figure 1C) [35,36]. Structures in the area are dominated by the NW–SE-trending or N–S-trending regional faults associated with the subduction, which channeled the NW–SE-trending Mesozoic intrusions (Figure 1C). The subduction-related magmatism resulted in abundant calc-alkaline arc-related volcanic rocks (such as andesite, rhyolite, and basalt), which developed at ~230 Ma in the northern segment of the Yidun Arc, and the voluminous Late Triassic (206–237 Ma) intermediate to felsic porphyritic rocks (such as quartz porphyry, quartz monzonite porphyry, quartz diorite porphyry, and diorite porphyry) in the southern segment of the Yidun Arc (Zhongdian Arc) [20,37].



Volcanic-associated massive sulfide (VMS) deposits, such as the Gayiqiong Zn–Pb–Cu, Shengmolong Zn–Pb, and Gacun giant Zn–Pb–Ag–Cu deposits, are distributed in the northern segment of the Yidun Arc, whereas abundant economic porphyry Cu deposits, such as the well-known Pulang, Xuejiping, Lannitang, and Chundu deposits, are mainly distributed in the southern segment of the Yidun Arc (Figure 1C) [20,33]. The different types of deposits in the northern and southern segment of the Yidun Arc are probably attributable to the subduction angle of the Garze–Litang oceanic plate in the Middle–Late Triassic [20,33]. As a result of a steep subduction angle, the northern segment of the Yidun Arc was tensional, which induced magma spill over onto the surface and caused extensive volcanic rocks to accompany the formation of some volcanic massive sulfide-type deposits. By contrast, owing to a gentle angle of subduction, the southern segment of the Yidun Arc was compressional, which caused the magma to remain below the surface and formed hypabyssal porphyritic intrusions related to porphyry-type deposits.




3. Deposit Geology


The Pulang porphyry Cu (–Mo–Au) ore district (Location: 28°02′19″ N, 99°59′23″ E) is situated ~36 km northeast of the Shangri-La (Zhongdian) County in Northwestern Yunnan Province (Figure 1C). It contains the largest ore block with ~96% of the total ore reserves in the south and smaller ore blocks in the north and east. Besides minor Quaternary strata, the ore district mainly consists of the Late Triassic Tumugou Formation and large-scale porphyry intrusions over an area of 8.9 km2 (Figure 2A). The Tumugou Formation consists of interlayered slates and sandstones, minor limestones, and volcanic rocks. NW-trending Heishuitang and NEE-trending Quanganlida faults controlled the porphyry intrusions and the major Cu orebodies [28].



The intrusive units in Pulang occurred mainly as NW-trending porphyry intrusions that can be grouped into three types on the basis of their cross-cutting relationship and petrographic characteristics. The quartz diorite porphyry (QDP) forms the largest intrusion and is widespread in the ore district. The QMP is the most important ore-hosting intrusion, and it trends mainly NNW–SSE within the QDP in the southern part of the ore district (Figure 2A,B). The NE–SW-trending GP is also distributed within the QDP, and it cuts the earlier QMP and the Cu orebody (Figure 2A). The QDP contains minor sulfides, such as chalcopyrite, pyrite, and molybdenite. Petrographic characteristics of the three types of porphyry intrusions are listed in Table 1 and shown in Figure 3.



Six Cu orebodies were explored in the initial mining area, and the "multi-nodal" KT1 that mainly occurs in the interior of the QMP is the largest orebody (Figure 2) controlled by the Heishuitang fault. It is about 1600 m in length and has a width of 360–600 m in the south and 120–300 m in the north. The thickness of this orebody varies from 52 m to 700 m [20]. The Cu grade varies from 0.20% to 3.74% with an average grade of 0.52% and a grade variation coefficient of 68.69%. From the center to the outer edge, the thickness of the orebody decreases, as does the grade of Cu and other associated metals (0.001% to 0.030% Mo, average 0.010%; 0.06 to 0.87 g/t Au, average 0.18 g/t; and 0.34 to 3.93 g/t Ag, average 1.27 g/t). Ore samples in the Pulang deposit display vein (Figure 4A), veinlet (Figure 4B), stockwork, disseminated, dense-disseminated (Figure 4C), and taxitic (Figure 4D) structures. The metallic minerals are dominated by chalcopyrite (Figure 4E), pyrite (Figure 4F–H), pyrrhotite, bornite, molybdenite (Figure 4I), and minor magnetite. Metal minerals display xenomorphic granular (Figure 4E), idiomorphic–hypidiomorphic granular (Figure 4F), filling metasomatic (Figure 4G), cataclastic (Figure 4G), and scaly textures (Figure 4I). The non-metallic minerals include quartz, plagioclase, K-feldspar, biotite, amphibole, chlorite, epidote, sericite, and calcite.



The hydrothermal alteration in the Pulang deposit mainly includes silicification, K-feldspar alteration, sericitization, chloritization, epidotization, and carbonation. A typical porphyry alteration zoning occurs in this deposit from the center to the outer edge zone. An inner alteration zone is located at the core of the QMP and consists of extensive hydrothermal K-feldspar and quartz assemblages, which resulted from alteration of the plagioclase in the wall rock. Subsequently, the primary K-feldspar, plagioclase, and biotite were altered to silicification and sericitization assemblages, with minor K-feldspathization forming the silicification–sericitization alteration zone, the latter of which is accompanied by economic Cu orebodies. The outer alteration zone (propylitization zone) is characterized by chloritization, epidotization with minor silicification, and carbonation.



On the basis of field research, cross-cutting relationships, mineral paragenetic associations, and associated hydrothermal alteration, the mineralization processes of the Pulang deposit can be divided into the following four stages: quartz + K-feldspar ± pyrite veins (Stage I); quartz + molybdenite ± chalcopyrite ± pyrite veins (Stage II); quartz + chalcopyrite + pyrite ± pyrrhotite ± molybdenite veins (Stage III); and quartz + calcite ± pyrite veins (Stage IV). Stage I is characterized by silicification and K-feldspathization with minor idiomorphic–hypidiomorphic disseminated pyrite mineralization distributed in the quartz–K-feldspar veins and host rocks. Stage II is characterized by the occurrence of molybdenite, with minor pyrite and chalcopyrite assemblages associated with silicification. The zone of Stage II silicification affected rocks that were slightly farther from the center of the orebody and around the margins of the zone of earlier K-feldspathization–silicification (Stage I). Stage III is the major Cu mineralization stage and is characterized by abundant precipitation of sulfide minerals accompanied by strong silicification and sericitization. Sulfides formed in this stage are dominated by chalcopyrite and pyrite (>85 vol.%), followed by bornite, pyrrhotite, and molybdenite. These sulfides generally replaced the earlier-formed pyrite and molybdenite, or filled in fractures of the earlier-formed euhedral pyrite (Figure 4G). The associated alteration including silicification and sericitization, as well as minor chloritization and epidotization, is distributed on both sides of the Stage III veins. Stage IV is the latest stage generating large numbers of quartz–calcite veins near the propylitization zone. Only minor disseminated pyrite was locally distributed in the veins and wall-rock. The abundant quartz and calcite minerals were observed in this stage.




4. Samples and Analytical Methods


4.1. LA-ICP-MS Zircon U–Pb Dating


Zircon grains were extracted from the quartz diorite porphyry, quartz monzonite porphyry, and granodiorite porphyry samples (Table 1) using magnetic and heavy liquid separation methods, and they were handpicked under a binocular microscope at the Integrity Geological Service Corporation in Langfang City, Heibei Province, China. The handpicked zircon grains were then mounted in epoxy resin and polished to expose crystal cores. All the zircon grains were examined under reflected and transmitted light with an optical microscope. Cathodoluminescence (CL) images, obtained using a JEOL scanning electron microscope (JEOL, Tokyo, Japan), were used to reveal their internal structures and to select spots for zircon U–Pb isotope analyses (Figure 5). These analysis spots were usually chosen near rims in areas with oscillatory CL response, which represents the final crystallization age of these intrusions.



Samples for LA-ICP-MS zircon U–Pb analyses were performed using a quadrupole ICP-MS (Agilient 7500c, Agilent Technologies, Santa Clara, CA, USA) coupled with an 193 nm ArF excimer laser (COMPexPro 102; Coherent, Santa Clara, CA, USA) equipped with an automatic positioning system, at the Key Laboratory of Mineral Resources Evaluation in Northeast Asia, Ministry of Natural Resources of China, Changchun, Jilin Province, China. The diameter of the laser spot was 32 μm. A zircon standard (91500) and the National Institute of Science and Technology (NIST) 610 reference standard were analyzed after each set of six unknown analyses. The external zircon standard was used to correct for isotope ratio fractionation. The NIST610 reference standard was used in calculations of element concentrations and Si was used as an internal standard. Uncertainties on isotope ratios and ages are presented as ±2σ. The detailed analytical process and data reduction methodology are described in detail by Hou et al. [38], and the isotope data were calculated using the GLITTER (Version 4.0) [39]. Concordia diagram and weighted-mean age calculations were produced using ISOPLOT (Version 3.0) [40]. Common Pb was corrected following the method of Anderson [41].




4.2. Molybdenite Re–Os Dating


Minor disseminated molybdenite in the Pulang deposit were recognized in the QDP, and most of the molybdenite occurred as vein and dense-disseminated in the QMP. Six molybdenite samples from different ore-hosting porphyry intrusions in the Pulang Cu (–Mo–Au) deposit, including three QMP-hosted and three QDP-hosted samples, were collected for Re–Os dating. Molybdenite grains were magnetically separated and handpicked using a binocular microscope (purity > 99%). The Re–Os isotope analyses were performed at the Re–Os Isotope Laboratory, National Research Center of Geoanalysis (NRCG), Chinese Academy of Geological Sciences (CAGS), Beijing, China. Samples were dissolved and equilibrated with 185Re- and 190Os-enriched spikes using alkaline fusion. The separation of rhenium from matrix elements was achieved by solvent extraction and cation exchange resin chromatography, while osmium was distilled as OsO4 from an H2SO4–Ce(SO4)2 solution. The Re and Os concentrations as well as their isotopic compositions were made by an inductively coupled plasma mass spectrometer (TJA X-series ICP-MS, Thermo Fisher Scientific, Waltham, MA, USA). Detailed chemical procedure of Re–Os analytical methods used in this study can be followed by Shirey and Walker [42] and Du et al. [43]. The analytical reliability was tested by analyses of the JDC standard certified reference material GBW04436. Molybdenite model ages were calculated by t = [ln (1 + 187Os/187Re)]/λ, where λ is the decay constant of 187Re, 1.666 × 10−11 year−1 [44]. The Isoplot/Ex (Version 3.0) [40] was used for calculating the isochron age and drawing isochronological age diagrams. Absolute uncertainties of the Re–Os data are given at the 2σ level.




4.3. Major and Trace Element Concentrations


Following the removal of weathered surfaces, a total of 23 whole-rock samples were crushed and ground to ~200 mesh using an agate mill. Major and trace element compositions were analyzed by inductively coupled plasma optical emission spectroscopy (ICP-OES; Leeman Prodigy; precision better than ±1%) and inductively coupled plasma mass spectrometry (ICP-MS; Agilent—7500a; precision better than ±5%), respectively, at the Experiment Center, China University of Geosciences, Beijing, China.





5. Analytical Results


5.1. Zircon U–Pb Dating


Zircon U–Pb dating results of the quartz diorite porphyry (QDP, PL-1), and quartz monzonite porphyry (QMP, PL-2, PL-3) and granodiorite porphyry (GP, PL-4) in the Pulang deposit are listed in Table S1 and shown in Figure 6. All zircon grains from different types of porphyry samples are euhedral–subhedral in shape and transparent or pale brown in color, and exhibit marked oscillatory growth zoning in CL images (Figure 5). Most of them have high Th/U ratios (0.3–1.7; Table S1), indicating their magmatic origin [45,46,47,48,49,50]. For sample PL-1, the 206Pb/238U ages from 23 analytical spots range from 220 ± 3 Ma to 233 ± 3 Ma, with a concordant U–Pb age of 228 ± 1 Ma (2σ, MSWD = 0.30, N = 23; Figure 6A) and a weighted mean age of 227 ± 2 Ma (2σ, MSWD = 1.8, N = 23; Figure 6A). The 206Pb/238U ages of 21 analytical spots from sample PL-2 range from 214 ± 3 Ma to 225 ± 4 Ma, with concordant U–Pb and weighted mean ages of 218 ± 1 Ma (2σ, MSWD = 0.43, N = 21) and 218 ± 1 Ma (2σ, MSWD = 0.78, N = 21; Figure 6B), respectively. For sample PL-3, 21 analytical spots yield 206Pb/238U ages ranging from 215 ± 2 Ma to 224 ± 3 Ma, which give a concordant U–Pb age of 219 ± 1 Ma (2σ, MSWD = 0.25, N = 21; Figure 6C) and a weighted mean age of 219 ± 1 Ma (2σ, MSWD = 1.18, N = 21; Figure 6C). Twenty-one analytical spots from the sample PL-4 yield 206Pb/238U ages ranging from 204 ± 2 Ma to 211 ± 3 Ma, and yield a concordant U–Pb age of 209 ± 1 Ma (2σ, MSWD = 0.33, N = 21; Figure 6D) and a weighted mean age of 209 ± 1 Ma (2σ, MSWD = 0.98, N = 21; Figure 6D). These ages represent the emplacement ages of intrusions in the Pulang Cu (–Mo–Au) deposit.




5.2. Molybdenite Re–Os Dating


The Re–Os isotopic compositions of six molybdenite samples obtained from the Pulang Cu deposit are presented in Table 2 and Figure 7. The Re and common Os concentrations are 101.22–933.39 μg/g and 0.0164–0.5393 ng/g, respectively, and the 187Re and 187Os compositions are 63.62–586.65 μg/g and 230.17–2129.61 ng/g, respectively. The six molybdenite samples yield a well-constrained Re–Os isochron age of 218 ± 2 Ma (2σ, MSWD = 0.23, N = 6; Figure 7A), and a weighted average age of 217 ± 1 Ma (2σ, MSWD = 0.23, N = 6; Figure 7B). The isochron age (218 ± 2 Ma) represents Cu mineralization age of the Pulang deposit.




5.3. Major and Trace Element


The whole-rock major and trace elemental compositions for the QDP (PL-1), QMP (PL-2, PL-3), and GP (PL-4) in the Pulang deposit are listed in Table S2. Overall, the three different porphyry intrusions show wide-ranging compositional variation in terms of major elements. The QDP has an SiO2 content of 61.90–64.24 wt %, a K2O content of 1.10–1.14 wt %, a CaO content of 5.05–6.18 wt %, and an MgO content of 3.26–4.19 wt %, with Mg# [Mg# = 100 × Mg2+/(Mg2+ + TFe2+)] values varying from 68 to 73. Compared with the QDP, the QMP and GP have higher SiO2 (QMP = 64.32–67.69 wt %, GP = 69.95–74.10 wt %) and K2O (QMP = 2.53–4.33 wt %, GP = 2.0–3.01 wt %), but relatively lower CaO (QMP = 2.60–3.85 wt %, GP = 1.49–2.14 wt %) and MgO (QMP = 1.69–2.06 wt %, GP = 1.80–3.23 wt %), with Mg# value (QMP = 46–60, GP = 47–71). In addition, the Al2O3 content of the GP (11.39–12.11 wt %) is lower than that of QDP (15.43–16.17 wt %) and QMP (14.32–16.07 wt %). The TiO2, Fe2O3T, Na2O, P2O5, and aluminum saturation index (A/CNK) of the three porphyry intrusions are similar, ranging from 0.40 to 0.77 wt %, from 2.17 to 4.56 wt %, from 2.46 to 4.98 wt %, from 0.23 to 0.45 wt %, and from 0.77 to 1.08, respectively. For SiO2 vs. K2O + Na2O diagram (Figure 8A [51]), data for all samples are plotted within fields of the subalkaline series. In the SiO2 vs. K2O (Figure 8B [52]) and Na2O vs. K2O diagrams (Figure 8C [53]), data for QDP samples are plotted within fields of the middle-K calc-alkaline series and sodic suites, whereas data for the QMP and GP samples are plotted within fields of the high-K calc-alkaline series and potassic suites (Figure 8B,C). All samples have a narrow range of A/CNK (mole [Al2O3/(CaO + Na2O + K2O)]) ratio values (A/CNK = 0.77–1.08), indicating metaluminous to moderately peraluminous in an A/NK vs. A/CNK diagram (Figure 8D [54]).



In the chondrite-normalized REE diagram (Figure 9A), the three different petrographic porphyry intrusions are depleted of heavy rare-earth elements (HREEs) relative to light rare-earth elements (LREEs), with slightly negligible Eu anomalies (Eu/Eu* = 0.79–0.97). The QMP [(La/Yb)N = 17.0–25.9] are more fractionated than the GP [(La/Yb)N = 9.3–16.8] and QDP [(La/Yb)N = 7.6–9.0]. In the MORB-normalized geochemical pattern (Figure 9B), they display similar REE patterns, and all are characterized by a depletion of high field-strength elements (HFSEs; e.g., Nb, Ta, and Ti). They are characterized by high Sr (432–1150 ppm), and low Y (9–16 ppm) and Yb (0.8–1.5 ppm) concentrations, with high Sr/Y ratios (48–94).





6. Discussion


6.1. Timing of Magmatism and Cu Mineralization


Some previous geochronological studies on the QDP, QMP, and GP in Pulang obtained a coeval age. For example, Wang et al. [14] obtained LA-ICP-MS zircon U–Pb ages of 214 ± 3 Ma, 214 ± 3 Ma, and 209 ± 4 Ma for QDP, QMP, and GP, respectively; Wang et al. [22] obtained SHRIMP zircon U–Pb ages of 228 ± 3 Ma and 226 ± 3 Ma for QDP and QMP, respectively. These isotope dating results have led to the conclusion that all the QDP, QMP, and GP contribute to the Pulang Cu mineralization. However, the ages of QDP (228 ± 3 Ma) and QMP (226 ± 3 Ma) are incompatible with the reported molybdenite Re–Os isochron ages (208 ± 15 Ma and 213 ± 4 Ma [3,18,24]). In this study, the U–Pb concordia age of the zircon coincides well with the weighted mean 206Pb/238U age in every porphyry intrusion sample (Figure 6), suggesting more accurate and reliable dating. Our new dating results for QMP (218 ± 1 Ma and 219 ± 1 Ma) show that it is younger than QDP (227 ± 2 Ma) by about 9 Ma, and it is older than GP (209 ± 1 Ma) by about 10 Ma, indicating that the three different porphyry intrusions were not formed coevally. This conclusion is further supported by the geological fact that the QMP and GP display as small dykes intruding into the QDP (Figure 2), and that the GP cuts both QMP and orebodies (Figure 2). The Pulang porphyry intrusions were not formed coevally, which makes it unlikely that the Pulang porphyry intrusions all contributed to Cu mineralization. To constrain the mineralization age accurately, we performed the molybdenite Re–Os dating, and the result is that the six molybdenite-bearing samples from the Pulang deposit yielded a well-constrained isochron age of 218 ± 2 Ma, and a weighted mean age of 217 ± 1 Ma (Figure 7). The precise zircon U–Pb and Re–Os ages indicate a close temporal relationship between Cu mineralization and QMP. In addition, Cu mineralization in the Pulang deposit mainly occurred within the QMP (Figure 7), and only minor mineralization developed in the QDP. From the center (QMP) to the outer edge (QDP), the thickness of the orebody decreases, as does the grade of Cu and other associated metals (0.030–0.001% Mo, average 0.010%; 0.87–0.06g/t Au, average 0.18 g/t; and 3.93–0.34 g/t Ag, average 1.27 g/t), which also suggests a spatial relationship between Cu mineralization and QMP. Moreover, the Pb isotope compositions of sulfur minerals (206Pb/204Pb = 18.079–18.694, 207Pb/204Pb = 15.603–15.632, and 208Pb/204Pb = 38.228–38.635 [58]) in Pulang are similar and homogeneous, and they coincide well with those of the QMP (206Pb/204Pb = 18.3005–18.5431, 207Pb/204Pb = 15.6061–15.6318 and 208Pb/204Pb = 38.4352–38.856 [58]), but significantly differ from those of the QDP (206Pb/204Pb = 18.8761–19.1700, 207Pb/204Pb = 15.6191–15.6413, and 208Pb/204Pb = 39.3458–39.5706 [23]). Furthermore, the Cu concentrations (Table S2) of QMP range from 343 to 5220 ppm (average = 1989 ppm), largely exceeding the Cu concentrations in QDP (113–117 ppm, average = 115 ppm) and GP (222–229 ppm, average = 225 ppm); this finding indicates that ore-forming materials in the Pulang deposit were mainly sourced from QMP. To summarize, geological, geochronological, isotopic, and geochemical data led to the conclusion that Cu mineralization in Pulang was spatially, temporally, and genetically related to the QMP rather than the QDP and GP.



The zircon U–Pb ages of QMP (218 ± 1 Ma and 219 ± 1 Ma) are consistent with molybdenite Re–Os age (218 ± 2 Ma), constraining the timing of emplacement and associated Cu mineralization in the Pulang Cu (–Mo–Au) deposit to the Late Triassic (~217 Ma). Moreover, these ages are broadly consistent with the zircon U–Pb and mineralization ages of some porphyry-type Cu deposits located in the same metallogenic belt of the southern Yidun Arc, such as Xuejiping, Lannitang, Songnuo, and Chundu (Table 3). Thus, the zircon U–Pb and Re–Os isochron ages, reported herein and previously, constrain the Late Triassic magmatism and associated Cu mineralization event to the southern Yidun Arc.




6.2. Petrogenesis and Tectonic Setting


A large number of geochronological data indicate that Late Triassic magmatism in the Yidun Arc lasted for at least 29 Ma from ~235 to ~206 Ma with a peak age at around 215 Ma [59,60,61]. According to the sequence of magma intrusion for the Pulang porphyry intrusions, it is clear that the SiO2 content of the rocks increases gradually from QDP to QMP and then to GP, which indicates that the Late Triassic Pulang porphyry intrusions are the products of different evolution stages of the same magmatism in the same tectonic setting.



Pulang porphyry intrusions have high SiO2 (62–74 wt %), Al2O3 (11.4–16.2 wt %, mostly >15.0 wt %), Na2O (2.4–5.0 wt %, mostly >4.0 wt %), Sr (432–1150 ppm), Mg# values (46–73), and Sr/Y ratios (48–94), and they have low Y (9–16 ppm) and Yb values (0.8–1.5 ppm), as well as moderately negative Eu anomalies (Eu/Eu* = 0.79–0.97), suggesting a geochemical affinity to adakitic rocks [62,63,64,65]. In the (La/Yb)N vs. YbN and Sr/Y vs. Y geochemical classification diagrams (Figure 10A,B), most samples of the Pulang porphyry intrusions are plotted in the adakitic rocks field, and only a few samples are plotted in the transitional field between typical adakitic rocks and normal island arc rocks. Adakite was initially named for rocks with clear contributions from the partial melting of subducted young hot oceanic crust represented by mid-ocean ridge basalt (MORB) [62]. Some important geochemical characteristics of the adakites, such as high Sr and low Y and Yb, can be attributed to the presence of garnet ± amphibole and the absence of plagioclase within the melt residue [62,66,67,68,69,70]. To date, several genetic models have been proposed to explain the genesis of adakites, including (1) the assimilation of crustal material by a mantle-derived magma, and subsequent fractional crystallization (AFC model [64,71]), (2) the partial melting of the delaminated lower continental crust [72,73], (3) the partial melting of the thickened continental crust [74,75], and (4) the partial melting of a subducted oceanic slab [62,63,64].



To begin with, the fractionation of amphibole would result in high Sr/Y ratios, but there are no evident correlations between Sr/Y and SiO2 (Figure 11A). The moderately negative Eu anomalies indicate little or no plagioclase fractionation. Fractional crystallization of a garnet-bearing assemblage from basaltic melts would result in a positive correlation between Sr/Y, La/Yb, and especially Dy/Yb ratios with increasing SiO2 [10]. The Pulang porphyry intrusions do not show such correlation (Figure 11B). Instead, they display the clearly partial melting trends observed in the La/Yb vs. La and Rb/Nb vs. Rb diagrams (Figure 11C,D), indicating that the partial melting of the source plays a dominant role in the formation of the Pulang adakitic magmas. Moreover, adakitic magmas derived from the partial melting of thickened continental lower crust are characteristic of K-rich and low MgO magmas with low Mg# values (generally Mg# < 46) [66,71], which are not compatible with the geochemical features of the Pulang porphyry intrusions as described above. Moreover, adakitic magmas produced by the partial melting of delaminated lower crust generally have high MgO, Cr, Co, and Ni contents, which are similar to those of the Pulang porphyry intrusions. However, extensive isotope, geochemical, and geochronological data indicate that the delamination of the lower crust is inconsistent with the geological background of the Yidun Arc during the Late Triassic [10,14,33]. Finally, the geochemical characteristics of the Pulang adakitic porphyry intrusions and adakite are compared in detail (Table 4), and the comparison results indicate that Pulang adakitic porphyry intrusions are similar to adakite. Moreover, Pulang porphyry intrusions also have low TiO2 (0.4–0.8 wt %), MgO (1.7–4.2 wt %), and CaO + Na2O (4.6–10.9 wt %) contents and low Cr/Ni ratios (1.2–7.6, mostly 1.2–3.9). As shown in the detailed geochemical comparison in Table 4, Pulang porphyry intrusions can be classified as high silica adakites (HSA) [63]. In the discrimination diagrams of Martin et al. (2005) [63], Pulang porphyry intrusion samples are plotted in the fields of HSA (Figure 10C–F). It is generally believed that HSA are derived from oceanic-slab melts that may react with mantle wedges during the ascent [62,63,64,65]. Together with the isotopic geochronology and the tectonic setting discussed below, we propose that Pulang HSA porphyry intrusions were derived from the partial melting of the subducted Ganzi-Litang oceanic plate that reacted with peridotite during its ascent through the mantle wedge. Their high-Mg# features are caused by the interaction between slab melts and mantle peridotite [76,77].



It is generally accepted that the formation of the Yidun Arc can be attributed to the westward subduction of the Ganzi–Litang oceanic lithosphere during the Late Triassic period, and that magmatic activity in the Yidun Arc lasted for at least 29 Ma, from ~235 to ~206 Ma [59,60,61]. The initial westward subduction of the Ganzi–Litang oceanic lithosphere began at ~235 Ma (following the earlier closure of the Jinshajiang Ocean), and finally ended at ~206 Ma, accompanied by the occurrence of syn-collision granites. The Late Triassic volcanic and intrusive rocks in the Yidun Arc are characterized by middle- to high-K calc-alkaline rock series with an I-type affinity [10,11,14], together with enrichment in LILEs and LREEs, and depletion of HFSEs and HREEs. These geochemical characteristics are similar to those of QDP, QMP, and GP in Pulang, indicating an island arc setting [78]. Moreover, in the Rb vs. Y + Nb, Rb vs. Yb + Ta, Nb vs. Y, and Rb/10 vs. Hf vs. Ta × 3 diagrams (Figure 12A–D), all the QDP, QMP and GP samples from Pulang are plotted within the volcanic arc granite (VAG) field, also consistent with a subduction-related volcanic arc setting. In the Th/Yb vs. Ba/La and Ba/Th vs. Th/Nb diagrams (Figure 12E,F), the Pulang samples show a trend similar to that of the melt-related enrichment rather than the fluid-related enrichment, indicating a source associated with subducted plate melting. This further supports the conclusion discussed above that Pulang adakitic porphyry intrusions are related to oceanic-slab-derived melts. Importantly, these geochemical characteristics at the Pulang Cu deposit are similar to those of the porphyry intrusions associated with Cu mineralization at the Xuejiping, Chundu, Lannitang, Songnuo, and Langdu Cu deposits in the southern Yidun Arc. Combining similar geochemical characteristics with similar mineralization ages and geological characteristics of these porphyry-type Cu deposits in the southern Yidun Arc (Table 3), we conclude that all of these Cu deposits can be attributed to the Late Triassic tectonic–magmatic–hydrothermal event that was induced by the westward subduction of the Ganzi–Litang oceanic lithosphere.




6.3. Implications for the Cu Mineralization


The Yidun arc was formed during the Late Triassic in response to the westward subduction of the Ganzi–Litang oceanic plate. The Late Triassic bimodal volcanic suites and associated VMS-type deposits developed in the northern Yidun Arc, which can be attributed to a steep subduction. In contrast, the flat subduction in the southern Yidun Arc produced abundant adakitic porphyry intrusions and associated porphyry-type Cu deposits. This flat subduction is the most favorable tectonic setting for slab melting [83,84]. It has been recently proposed that oceanic-slab-derived adakites are genetically related to porphyry-type Cu–Au deposits [83,84,85,86,87,88,89,90,91]. Oceanic-slab-derived melts are considered to have high oxygen fugacity and high Cu concentrations to form adakitic magmas that may potentially produce porphyry Cu deposit [83,84,85]. At an oxygen fugacity above FMQ + 2 (FMQ refers to fayalite–magnetite–quartz oxygen buffer), sulfur and chalcophile elements (Cu, Au, etc.) easily form oxidized ionic compounds (SO42–) that cause the Cu to remain in magmas in the form of sulfate during the magma ascent. By contrast, at an oxygen fugacity below FMQ, sulfur presents mainly in its reduced form (S2−), which is less soluble in magmas. This leads to a premature precipitation of metallic elements in the mantle or deep crust, which is not good for the formation of porphyry Cu deposit [83]. For the Pulang deposit, the QMP associated with Cu mineralization has a high oxygen fugacity (fO2 > FMQ + 5.5), and even the QDP of the barren mineralization has a high oxygen fugacity (fO2 > FMQ + 5.1) [14], indicating that the Pulang Cu deposit formed in a high oxygen fugacity environment. For another, Cu concentrations in the oceanic crust range from 60 to 130 ppm [92], which is much higher than those of the primitive mantle (30 ppm [93]) and the continental crust (27 ppm [84]). Therefore, basaltic oceanic-slab-derived melts (oceanic-slab-derived adakites) have considerably higher Cu content than the lower continental crust melt or mantle-derived melt [83], which is supported by the higher Cu concentrations for the QDP (113–117 ppm), QMP (343–5220 ppm), and GP (222–229 ppm) in Pulang. The combination of these factors contributed to the formation of the subduction-related Pulang porphyry deposit (Figure 13).





7. Conclusions


According to the LA-ICP-MS zircon U–Pb dating, molybdenite Re–Os dating and whole-rock geochemistry data, the following conclusions can be drawn:

	
Molybdenite from the Pulang porphyry Cu deposit yields the Re–Os age of 218 ± 2 Ma, which is in accordance with most of the porphyry-type Cu deposits in the southern Yidun Arc having mineralization ages of 217–221 Ma. Zircons from the quartz diorite porphyry, quartz monzonite porphyry, and granodiorite porphyry yield U–Pb ages of 227 ± 2 Ma, 218 ± 1 Ma, and 209 ± 1 Ma, respectively, suggesting a close spatial, temporal, and genetical relationship between Cu mineralization and quartz monzonite porphyry.



	
The Pulang porphyry intrusions geochemically belong to high silica (HSA) adakitic rocks. These intrusions derived from the partial melting of subducted Ganzi-Litang oceanic plate that reacted with peridotite during its ascent through the mantle wedge.



	
The Pulang deposit shows similar geological characteristics to the most other porphyry-type Cu deposits in the southern Yidun Arc. These porphyry-type Cu deposits are considered to be related to the westward subduction of the Ganzi-Litang oceanic lithosphere during the Late Triassic.
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Figure 1. (A) Regional tectonic map of the Zhongdian island-arc zone (based on Li et al. [20]), showing the Indosinian and Himalayan porphyry Cu belts and deposits numbered as follows: 1 = Yulong; 2 = Malasongsuo; 3 = Duoxiasongsuo; 4 = Mamupu; 5 = Pulang; 6 = Machangqing; 7 = Tongchang. (B) Tectonic location map and (C) regional geology map of the Pulang Cu deposit (based on Wang et al. [34]). I = Yangtze block; II = Garze–Litang suture zone; III = Yidun arc belt; IV = Zhongza block; V = Jinsahjiang suture zone; VI = Jomda–Weixi magmatic arc; VII = Changdu–Lanping block; VIII = Sandashan–Jinghong volcanic arc; IX = Lancangjiang suture zone; X = Baoshan block. 
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Figure 2. (A) Geological map of the Pulang porphyry Cu (–Mo–Au) deposit showing the biggest orebody KT1 and KT2 (based on Wang et al. [14]). (B) Geological section of the No. 4 exploration line in the Pulang porphyry Cu (–Mo–Au) deposit (based on Li et al. [20]). 
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Figure 3. Hand specimen photographs and thin section photomicrographs of the porphyry intrusions in the Pulang ore district. (A,B) Quartz diorite porphyry (B under cross-polarized light). (C–F) Quartz monzonite porphyry (D and F under cross-polarized light). (G,H) Granodiorite porphyry (H under cross-polarized light). Abbreviations: Qz: quartz; Pl: Plagioclase; Kfs: K-feldspar; Bt: Biotite; Am: Amphibole; Chl: chlorite. 
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Figure 4. Photographs of ore fabrics and mineral assemblages of the Pulang porphyry Cu (–Mo–Au) deposit. (A) Chalcopyrite–pyrite veins and veinlets are distributed in the altered quartz monzonite porphyry. (B) Thin-film molybdenite veinlet. (C) Chalcopyrite intergrown with molybdenite that occurs as dense-disseminated in the altered quartz monzonite porphyry. (D) Nodular chalcopyrite. (E) Xenomorphic granular chalcopyrite. (F) Idiomorphic granular pyrite and xenomorphic granular chalcopyrite. (G) Chalcopyrite replaced by sphalerite, and they were filled into the fissures of pyrite. (H) Pyrite showing a cataclastic texture; and chalcopyrite filling into the holes of pyrite. (I) Scaly molybdenite. Abbreviations: Ccp: chalcopyrite; Py: pyrite; Mo: molybdenite; Sp: sphalerite. 
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Figure 5. Cathodoluminescence (CL) images of respective zircon grains from the samples of Pulang porphyry intrusions. Yellow circles denote the locations of U–Pb dating. Abbreviations: QDP: Quartz diorite porphyry; QMP: Quartz monzonite porphyry; GP: Granodiorite porphyry. 






Figure 5. Cathodoluminescence (CL) images of respective zircon grains from the samples of Pulang porphyry intrusions. Yellow circles denote the locations of U–Pb dating. Abbreviations: QDP: Quartz diorite porphyry; QMP: Quartz monzonite porphyry; GP: Granodiorite porphyry.



[image: Minerals 09 00191 g005]







[image: Minerals 09 00191 g006 550]





Figure 6. Zircon U–Pb concordia diagrams for samples of the quartz diorite porphyry (A), quartz monzonite porphyry (B,C), and granodiorite porphyry (D) in the Pulang Cu (–Mo–Au) deposit. 
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Figure 7. Diagrams of molybdenite Re–Os isochron age (A) and weighted mean age (B) in the Pulang Cu (–Mo–Au) deposit. 
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Figure 8. (A) Diagrams of SiO2 vs. Na2O + K2O (based on Irvine and Baragar [51]); (B) SiO2 vs. K2O (based on Peccerillo and Taylor [52]); (C) Na2O vs. K2O (based on Middlemost [53]); (D) A/CNK vs. A/NK for the Pulang porphyry intrusions (based on Maniar and Piccoli [54]). 
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Figure 9. (A) Chondrite-normalized REE patterns and (B) MORB-normalized geochemical patterns for the Pulang porphyry intrusions (based on Pearce [55]). Chondrite and N-MORB values are from Boynton [56] and Sun and McDinough [57], respectively. 
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Figure 10. (A) (La/Yb)N vs. (Yb)N (based on Martin [79]), (B) Sr/Y vs. Y (Defant and Drummond [62]), (C) SiO2 vs. MgO (based on Martin et al. [63]), (D) SiO2 vs. Sr (based on Martin et al. [63]), (E) SiO2 vs. Cr/Ni (based on Martin et al. [63]), and (F) SiO2 vs. Sr/Y (based on Martin et al. [63]) discrimination diagrams for Pulang porphyry intrusions. 






Figure 10. (A) (La/Yb)N vs. (Yb)N (based on Martin [79]), (B) Sr/Y vs. Y (Defant and Drummond [62]), (C) SiO2 vs. MgO (based on Martin et al. [63]), (D) SiO2 vs. Sr (based on Martin et al. [63]), (E) SiO2 vs. Cr/Ni (based on Martin et al. [63]), and (F) SiO2 vs. Sr/Y (based on Martin et al. [63]) discrimination diagrams for Pulang porphyry intrusions.



[image: Minerals 09 00191 g010]







[image: Minerals 09 00191 g011 550]





Figure 11. (A) Sr/Y vs. SiO2, (B) Dy/Y vs. SiO2, (C) La/Yb vs. La, and (D) Rb/Nd vs. Rb diagrams for the Pulang porphyry intrusions. Symbols are as in Figure 10. 
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Figure 12. (A) Rb vs. Y + Nb (based on Pearce et al. [80]), (B) Rb vs. Yb + Ta (based on Pearce et al. [80]), (C) Y vs. Nb (based on Pearce [81]), and (D) Rb/30-Hf-Ta × 3 (based on Harris et al. [82]) tectonic discrimination diagrams for Pulang porphyry intrusions. (E) Th/Yb vs. Ba/La and (F) Ba/Th vs. Th/Nb diagrams showing the roles of the fluid- and melt-related enrichments of the source. Symbols are as in Figure 10. 
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Figure 13. Tectonic setting and metallogenic model diagram of the Pulang porphyry Cu (–Mo–Au) deposit. 
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Table 1. Characteristics of the porphyry intrusions in the Pulang ore district.
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	Sample No.
	Lithology
	Location
	Texture/Structure
	Phenocrysts
	Matrix





	PL-1
	Quartz diorite porphyry
	N: 28°02′49″

E: 99°58′51″
	Porphyritic texture, massive structure
	Phenocrysts account for 20% of the rock mass and consist of plagioclase (~15%, 0.5–3.2 mm), amphibole (~3%, 0.3–1.8 mm), and quartz (~2%, 0.4–2.3 mm).
	Matrix is primarily a fine-grained texture and is dominated by plagioclase with minor amphibole, K-feldspar, and quartz.



	PL-2
	Quartz monzonite porphyry
	N: 28°03′44″

E: 99°59′19″
	Porphyritic texture, massive structure
	Phenocrysts account for 20% of the rock mass and consist of plagioclase (~9%, 0.6–3.8 mm), K-feldspar (~7%, 0.4–3.4 mm), quartz (~3%, 0.5–2.8 mm), and biotite (~1%, 0.2–1.6 mm).
	Matrix shows a fine-grained texture and is composed of plagioclase and K-feldspar with minor quartz and biotite.



	PL-3
	Quartz monzonite porphyry
	N: 28°02′54″

E: 99°58′57″
	Porphyritic texture, massive structure
	Phenocrysts account for 20% of the rock mass and consist of plagioclase (~9%, 0.6–3.8 mm), K-feldspar (~7%, 0.4–3.4 mm), quartz (~3%, 0.5–2.8 mm), and biotite (~1%, 0.2–1.7 mm).
	Matrix shows a fine-grained texture and is composed of plagioclase and K-feldspar with minor quartz and biotite.



	PL-4
	Granodiorite porphyry
	N: 28°02′07″

E: 99°58′18″
	Porphyritic texture, massive structure
	Phenocrysts account for 20% of the rock mass and consist of plagioclase (~8%, 0.4–2.3 mm), quartz (~5%, 0.5–2.6 mm), biotite (~3%, 0.3–1.4 mm), amphibole (~2%, 0.2–1.2 mm), and K-feldspar (~2%, 0.5–2.0 mm).
	Matrix shows a fine-grained texture and is composed of plagioclase and quartz with minor biotite and amphibole.
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Table 2. Molybdenite Re–Os dating results in the Pulang Cu (–Mo–Au) deposit.
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Sample No.

	
Lithology

	
Ore-Hosted Rocks

	
Location

	
Re (μg/g)

	
Common Os (ng/g)

	
187Re (μg/g)

	
187Os (ng/g)

	
Model Age (Ma)




	

	

	

	

	
Measured

	
Error

	
Measured

	
Error

	
Measured

	
Error

	
Measured

	
Error

	
Measured

	
Error






	
PL-8-6

	
Mo-bearing quartz veinlet ore

	
QDP

	
N: 28°02′45″

E: 99°58′53″

	
921.25

	
8.08

	
0.0184

	
0.4222

	
579.03

	
5.08

	
2112.44

	
13.19

	
218.6

	
3.0




	
PL-11-2

	
Disseminated Mo-bearing chalcopyrite ore

	
QMP

	
N: 28°02′53″

E: 99°59′04″

	
101.22

	
0.65

	
0.2262

	
0.4283

	
63.62

	
0.41

	
230.17

	
1.42

	
216.8

	
2.9




	
PL-11-3

	
Disseminated Mo-bearing chalcopyrite ore

	
QMP

	
N: 28°02′53″

E: 99°59′04″

	
154.64

	
1.01

	
0.0164

	
0.3759

	
97.19

	
0.64

	
351.44

	
2.09

	
216.6

	
2.9




	
PL-10-4

	
Mo-bearing quartz veinlet ore

	
QDP

	
N: 28°02′56″

E: 99°58′52″

	
316.48

	
2.15

	
0.4501

	
0.4819

	
198.91

	
1.35

	
720.58

	
4.47

	
217.0

	
2.9




	
PL-11-5

	
Mo-bearing chalcopyrite quartz vein ore

	
QDP

	
N: 28°02′53″

E: 99°59′26″

	
236.07

	
1.64

	
0.5393

	
0.2190

	
148.37

	
1.03

	
538.16

	
3.42

	
217.3

	
3.0




	
PL-7-1

	
Mo-bearing quartz lump ore

	
QMP

	
N: 28°02′49″

E: 99°59′10″

	
933.39

	
8.19

	
0.0187

	
0.4278

	
586.65

	
5.15

	
2129.61

	
13.64

	
217.5

	
3.2








Note: QDP: Quartz diorite porphyry; QMP: Quartz monzonite porphyry.
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