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Abstract

:

The Triassic Paleo-Tethyan magmatic belt in the East Kunlun Orogen (EKO) hosts a small number of porphyry-skarn deposits. The controls of these deposits, especially those in the eastern EKO, are poorly understood. In this contribution, we report new petrological, zircon U-Th-Pb-Hf isotopic, whole-rock elemental with Sr-Nd isotopic, and mineral chemistry data of the Delong quartz diorite and mafic enclaves to constrain their petrogenesis and metal fertility. The quartz diorite and mafic enclaves are emplaced in the Late Triassic (ca. 234 Ma). They are medium-K, metaluminous, enriched in large-ion lithophile elements (e.g., Rb, Ba, Th) and light rare earth elements (e.g., La, Ce, Nd), and relatively depleted in high field strength elements (e.g., Nb, Ta, Ti, P) and heavy rare earth elements (e.g., Gd, Er, Tm, Yb). The quartz diorite show similar (87Sr/86Sr)i (0.712584~0.713172) and more depleted εNd(t) (−6.4~−5.7) and εHf(t) (−2.3~+2.6) to those of mafic enclaves ((87Sr/86Sr)i = 0.712463~0.713093; εNd(t) = −6.4~−6.0; εHf(t) = −9.4~−4.8). Geochemical compositions of zircon, amphibole, and biotite yield high water content (5.3 wt.%~6.9 wt.% and 6.1 wt.%~7.3 wt.% based on amphibole, respectively) and high redox state for both the quartz diorite and mafic enclaves. These data, together with petrography, indicate the Delong intrusion was formed by mingling of magmas from enriched mantle and lower continental crust with juvenile materials. The oxidized and water-rich features of these magmas denote they have potential for porphyry Cu (±Au ± Mo) deposits, as do some Triassic magmatic rocks in the eastern EKO that show similar geochemical and petrographic characteristics with the Delong intrusion.
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1. Introduction


Porphyry Cu ± Au ± Mo systems host a significant proportion of the world’s Cu, Au, and Mo deposits [1]. Multiple factors such as source region, intra-crustal magmatic process, water content, oxygen fugacity, magma chamber size, and metal precipitation efficiency may play significant roles in generating porphyry Cu ± Au ± Mo deposits, and appropriate post-mineralization uplift and exhumation are vital to expose and avoid removal of the orebodies [2,3,4]. It is believed that the causative intrusions of porphyry deposits are generally derived from the enriched mantle in arc settings or lower continental crust (LCC) in collision settings [3,5,6]. These causative magmas always show hydrous and oxidized characteristics in order to inhibit the dispersion of Cu (Au) by sulfide saturation in the magmatic process. Prolonged crystallization on their way to the subsurface is necessary to transform the basaltic magma to andesitic-granitic magma as well as to focus the fluid and metal [4,6].



The East Kunlun Orogen (EKO) had experienced Carboniferous-Triassic Paleo-Tethys-related oceanic expansion, subduction, collision, and post-collisional extension [7,8]. These processes result in an east-west trend magmatic belt in the EKO compared with the Gangdese magmatic belt in the southern Qinghai-Tibet Plateau in volume [9]. A number of collision-related super-large to medium-size porphyry Cu-Mo deposits (e.g., Qulong and Jiama) and Cu-Au deposits (e.g., Xietongmen and Newtongmen) have been uncovered in the Gangdese magmatic belt, with the former being related to high Sr/Y granodiorite porphyries and granite porphyries and the latter being related to quartz diorite and granodiorite porphyries [5,6]. It is noted that collision-related magmatic rocks (Middle-Late Triassic) also prevail in the EKO [8,10]; however, only a few small to medium-size porphyry-skarn Cu ± Au ± Mo deposits, such as Tongyugou, Saishitang, and Yuzigou, have been discovered in the EKO [11,12]. Whether there is potential for large porphyry Cu ± Au ± Mo deposits in the EKO—especially the eastern part, where a few small to medium-size porphyry-skarn Cu ± Au ± Mo deposits occur—is poorly understood. The reasons for the lack of records of large to super-large porphyry Cu ± Au ± Mo deposits in the EKO are also still enigmatic.



In this contribution, we carry out research on zircon geochronology and Hf isotopes, whole-rock elements and isotopes, and mineral chemistry of the quartz diorite and mafic enclaves in the Delong Cu-Au deposit. The source region, magmatic process, and physico-chemical conditions will be discussed in detail. From the perspective of magma water and oxygen fugacity, the gold-copper mineralization potential of the Delong intrusion and the eastern part of the EKO will be evaluated based on our data and those compiled from previous research.




2. Geological Setting and Deposit Geology


The EKO is located in the northern part of the Qinghai-Tibet Plateau and is connected with the Qinling Orogen to the east and the Bayan Har terrain to the south (Figure 1A). Three tectonic units, including Qimantagh, Northern East Kunlun, and Southern East Kunlun from north to south, compose the EKO (Figure 1B). Two east-west suture zones, including the Central Eastern Kunlun suture zone and the Southern East Kunlun suture zone, traverse across the EKO (Figure 1B). These two suture zones are products of ocean-continent transformation related to the Cambrian-Devonian Proto-Tethys and Carboniferous-Triassic Paleo-Tethys, respectively [7,13]. The Paleo-Tethys Ocean should be closed before ca. 240 Ma, and the continental collision could last 10 Ma (ca. 240 Ma~230 Ma), after which the post-collisional extension occurred (ca. 230 Ma) [7,8,14,15,16].



The basement of the EKO is composed of Proterozoic medium-high grade metamorphic rocks. Overlying the basement are Ordovician-Silurian low-grade metamorphic sedimentary and volcanic rocks. Devonian conglomerate, sandstone, and volcanic rocks are sparsely distributed in the whole EKO. Carboniferous-Permian sedimentary and volcanic rocks mainly occur to the south of and in the Central Eastern Kunlun suture zone. Intermediate-felsic intrusions are widespread in the EKO, with most of them crystallizing during the Ordovician-Devonian and the Late Permian-Triassic, the latter of which are products of the subduction, continental collision, and post-collision extension related to the Paleo-Tethys Ocean [8,13]. Some of these intrusions show adakitic features [7,8,13,17,18]. A small number of Triassic porphyry Cu ± Au ± Mo and skarn Fe ± Cu ± Pb ± Zn deposits occur in the EKO [19,20], with the former mainly distributing in the east and the latter in the northwest (Qimantagh) of the EKO (Figure 1B).



The Delong Au-Cu deposit is located at the east end of the EKO. The basement rocks, in the north-eastern district, are composed of Proterozoic schist and gneiss (Figure 1C). Early Triassic volcanic (including dacite porphyry and volcaniclastic rocks; Figure S1A,B; 249 ± 1 Ma, unpublished report) and sedimentary rocks (including limestone and clastic rocks) can be found in the middle and south of the ore district, with some of them having undergone metamorphism. Intrusive rocks are widespread in the ore district, including Cambrian gabbro in the east central, Middle Triassic granite and potassic granite (240 ± 1 Ma [14]), and Late Triassic quartz diorite.



Several copper and gold orebodies/mineralization zones have been discovered in the Delong deposit. In the outcrops, these orebodies crosscut the Proterozoic basement rocks, the Early Triassic volcanic rocks (dacite porphyry and volcaniclastic rocks), and the Middle Triassic potassic granite (Figure 1C). These crosscutting relationships can be also observed in deep drill core samples (Figure S1E,F), implying the later formation of orebodies than the Early-Middle Triassic magmatic rocks. Potassic alteration are intensive in the study area, especially some granites (Figure 1C and Figure S1C). Chloritization and epidotization can be observed in the granites, quartz diorites, and enclosed mafic enclaves (Figure 1C,D). Quartz-sulfide-bearing veinlets and stockworks can be observed in the (potassic) granites and volcanic rocks (Figure S1E,F). These veinlets and stockworks are mainly composed of quartz, pyrite, arsenopyrite, chalcopyrite, sphalerite, and bornite. The alteration and mineralization characteristics of this deposit together suggest a possible porphyry mineralization in the deep, which is likely related to the quartz diorite according to the crosscutting relationships. To evaluate the possible potential of porphyry Cu-Au mineralization in the deep of the studied area, this study focuses on the Delong quartz diorite and enclosed mafic enclaves.




3. Petrography


The Delong quartz diorite intrusion is located in the western part of the Delong gold-copper deposit (Figure 1C). Mafic enclaves sparsely distributed in the intrusion. The mafic enclaves are mainly ellipsoid-shaped and occasionally display an elongated shape (Figure 2A). Minerals in the mafic enclaves occasionally show linear arrangement (Figure 2B).



The Delong quartz diorite is mainly composed of plagioclase (50%~60%), alkali-feldspar (5%), quartz (10%~18%), amphibole (10%~15%), biotite (10%), and minor apatite, zircon, magnetite, and so on (Figure 2A–F,H). In the QAP diagram, the Delong quartz diorite is plotted in the quartz-diorite and quartz-gabbro area based on the estimated mineral volume abundances (Figure S2). The plagioclase with grain sizes ranging from 1 mm to 5 mm occasionally shows zonal structure. Some of the zonal plagioclase grains locally display argillic and sericitic alterations. The grain sizes of amphibole vary between 0.5 mm and 4 mm and biotite between 0.2 mm and 3 mm (Figure 2A–F,H).



The mafic enclaves show similar mineral composition with the quartz diorite (Figure 2A–G,I), but different mineral proportions and smaller grain sizes. The proportions of plagioclase, amphibole, and biotite are 40%~50%, 35%~50%, and 5~10%, respectively, and the mineral grain sizes range from 0.2 mm to 2 mm, 0.2 mm to 1 mm, and 0.1 mm to 0.8 mm, respectively. It can be observed that both amphibole and biotite from the quartz diorite and mafic enclaves show chloritization and epidotization occasionally (Figure 2C,D).




4. Analytical Methods


4.1. Zircon U–Th-Pb-Hf Isotopes and Trace Element Analyses


Zircons from two samples (DB042-2 and DB041-1) were handpicked after sample crushing and magnetic and gravity concentration. The zircon separations were then mounted in epoxy resin and polished to expose core regions. Detail microscopic observation of the zircons using microscope and Cathodoluminescence (CL) was carried out to select inclusion- or crack-free areas for in-situ analyses.



Zircon U-Th-Pb isotopes and trace elements were analyzed simultaneously using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at the Wuhan SampleSolution Analytical Technology Co., Ltd., Wuhan, China. Laser sampling was performed using a GeolasPro laser ablation system and an Agilent 7900 instrument was used for ionization, ion filtration, and ion-signal collection. The laser spot size was set to 32 μm and the laser frequency was set to 5 Hz; 91500 (zircon) and Nist610 (glass) were used as external standards for U-Pb dating and trace element calibration. Zircon GJ-1 and PLE were analyzed to monitor the data quality. The detailed analytical procedure and conditions have been described by Zong et al. (2017) [21]. ICPMSDataCal (v.12.2) software was used for data reduction [22], including integration of background and analyzed signals, correction, quantitative calibration, and signal selection (using elements such as REE, P, and Ca) to avoid effect of inclusion. IsoplotR was used for data calculation and visualization [23].



Zircon Hf isotope analyses were carried out using LA-MC (multi-collector)-ICP-MS at the State Key Laboratory of Geological Processes and Mineral Resources (GPMR), China University of Geosciences, Wuhan. Laser sampling was performed using GeoLas 2005 laser ablation system and an instrument Neptune Plus was used for signal acquisition. The laser spot size was set to 44 μm, with energy density of 15~20 J/cm2; 91500 and GJ-1 were analyzed simultaneously. The detailed analytical procedure and working conditions have been described by Hu et al. (2012) [24]. The parameters used in our calculations for Hf two-stage model ages and εHf(t) are as follows: (176Lu/177Hf)CHUR = 0.0332, (176Hf/177Hf)CHUR = 0.282772 [25]; (176Lu/177Hf)DM = 0.0384, (176Hf/177Hf)DM = 0.28325 [26]; λ(176Lu) = 1.867 × 10−11 a−1 [27]. The 176Lu/177Hf (C) = 0.015 [26].




4.2. Mineral Composition Analyses


Mineral composition analyses were conducted at the State Key Laboratory of Nuclear Resources and Environment using electron probe micro-analysis (EPMA). The instrument model is JXA-8530F Plus. The accelerating voltage and beam current are 15 kV and 20 nA, respectively. The beam diameter is 1~2 μm. The peak analysis time of the major elements is 20 s (Si, Fe, Mg) or 10 s (other major elements) and the background time is 10 s (Si, Fe, Mg) or 5 s (other major elements). The standard samples for calibration the contents of major elements use 53 kinds of mineral standard samples and 44 kinds of elemental standard samples. The ZAF correction method is used to correct data.




4.3. Whole Rock Major, Trace Elements, and Sr-Nd Isotope Analyses


Rock blocks were cut to remove weathered surface and altered parts. Then, the fresh samples were crushed into 200-mesh powders for whole rock geochemical analyses. Major elements were analyzed using X-ray fluorescence (XRF) spectrometry at the Australian Laboratory Services’ (ALS) Chemex (Guangzhou) Co. Ltd., Guangzhou, China, with analytical precision better than 5%. Trace elements were analyzed using Agilent 7500a ICP-MS after powder samples digested by HF + HNO3. Standards OU-6 (slate), AMH-1 (Andesite), and GBPG-1 (plagiogneiss) were analyzed simultaneously to monitor the data quality. The analytical precisions for most elements are better than 10%.



Whole rock Sr-Nd isotopes were analyzed using Finnigan Triton thermo-ion mass spectrometer at the GPMR following procedure of Gao et al. (2004) [28]. 146Nd/144Nd and 88Sr/86Sr values were normalized to 0.7219 and 8.3752, respectively, to correct mass fractionation. Standard samples of NBS987 and BCR-2 were analyzed to monitor the instrument working conditions. The precisions for 87Rb/86Sr, 147Sm/144Nd are better than 1% and 0.5%, respectively. The present-day (147Sm/144Nd)DM (0.2137) and (143Nd/144Nd)DM (0.51315), and decay constants of 87Rb (1.42 × 10−11 year−1) and 147Sm (6.54 × 10−12 year−1), are used for calculating Nd two-stage model ages (T2DMNd), initial 87Sr/86Sr and εNd(t) [29,30].





5. Results


5.1. Zircon U–Pb Ages


Zircon U–Th-Pb isotopic data of the Delong quartz diorite (DB042-2; N 35°38′00″, E 98°28′17″) and mafic enclave (DB041-1; N 35°37′58″, E 98°28′20″) are summarized in Table S1 and are illustrated together with CL images of representative zircons in Figure 3. Zircon grains from the quartz diorite and mafic enclave are transparent and colorless, with most of those from the quartz diorite being euhedral and those from mafic enclave being subhedral. Most of the zircon grains from the quartz diorite are prismatic in shape and many of those from the mafic enclave are columnar. The lengths of the zircons from the two samples are about 100~300 µm. Ring-like oscillatory zonings are notable for zircons from the quartz diorite, while band-like zonings are always observed in zircons from the mafic enclave (Figure 3A).



Zircons from both samples show high Th/U ratios (0.49~1.10 and 0.42~1.43, respectively; Table S1), implying that they are magmatic in origin [31]. Sixteen zircon grains from the quartz diorite were selected for U-Th-Pb analyses and gave 206Pb/238U ages of ca. 231~236 Ma and a weighted mean 206Pb/238U date (excluded one discordant spot) of ca. 234 ± 1 Ma (MSWD = 0.26; n = 15; Figure 3B). Twenty-two spots of zircon grains from the mafic enclave were analyzed and yielded a 206Pb/238U age of ca. 231~236 Ma, producing a weighted mean 206Pb/238U age of ca. 234 ± 1 Ma (MSWD = 0.42; n = 22; Figure 3C). This age is identical with that of the quartz diorite within the error range. These ages imply that the quartz diorite and mafic enclaves crystallized contemporaneously.




5.2. Major and Trace Element Geochemistry


Major and trace element data for the Delong quartz diorite and mafic enclaves are listed in Table S3 and illustrated in Figure 4 and Figure 5. Samples from the quartz diorite show small variation in SiO2 contents (61.1~63.1 wt.%), with moderate variation in Fe2O3T (6.02~7.16 wt.%), CaO (5.33~5.88 wt.%), and total alkali (Na2O + K2O = 4.62~5.11 wt.%), and high variation in MgO (1.95~2.79 wt.%). In the Na2O + K2O vs. SiO2 (TAS) diagram, all samples are plotted in the diorite field or the boundary between diorite and granodiorite (Figure 4A). The diorite shows calcic (Figure 4B), medium-K (Figure 4C), and metaluminous (Figure 4D) characteristics. In comparison, the mafic enclaves have lower SiO2 (51.8~54.7 wt.%) and total alkali (2.65~4.92 wt.%) and higher Fe2O3T (8.56~12.08 wt.%), CaO (7.67~9.36 wt.%), and MgO (4.30~9.34 wt.%). In the TAS diagram, all mafic enclaves fall in the gabbroic diorite field or the boundary between gabbroic diorite and gabbro (Figure 4A). The mafic enclaves also display medium-K (Figure 4C) and metaluminous (Figure 4D) characteristics, but are more alkalic (Figure 4B).



The quartz diorites and mafic enclaves have total rare earth element (REE) contents of 119.59~361.26 ppm and 90.69~238.90 ppm (Table S2), respectively. Both of them show negative Eu anomalies (Eu/Eu* = 0.62~0.91 and 0.59~0.79, respectively), enrichment, and notable fractionation of light REE (LREE), but inapparent fractionation of heavy REE (HREE) in the chondrite-normalized REE diagrams (Figure 5A,C). In the primitive mantle-normalized trace elements spider diagrams, the quartz diorites and mafic enclaves notably display negative Nb, Ta, P, and Ti anomalies, and positive Pb anomalies, which are similar to that of arc-related rocks (Figure 5B,D).




5.3. Mineral Chemistry and Crystallization Conditions


5.3.1. Zircon


Zircon grains from both the Delong quartz diorite and mafic enclave show relatively higher HREE than LREE and negative Eu anomalies (Figure 6 and Table S3). All zircons from the mafic enclave display positive Ce anomalies, while some of those from the quartz diorites show weak to no positive Ce anomalies (Figure 6). The zircon Nb/Ta ratios of the quartz diorite and mafic enclave are of 1.45~2.10 and 1.04~2.69, respectively. Based on Ti contents of the zircons, the zircon crystallization temperature (TZircon-Ti) is estimated at 638~741 °C for the quartz diorite and 627~817 °C for the mafic enclave [38]. The zircon Ce(IV)/Ce(III) ratios are estimated based on zircon REE contents and Lattice strain model [39,40] and are of 17.6~351.5 for the quartz diorite and 44.4~451.6 (except one spot with very high value of 1906.2) for the mafic enclave (Table S3; Figure 7). The Logf(O2) values of the quartz diorite and mafic enclave are calculated follow the formula described by Trail et al. (2011) [41] and estimated at −19.28~−7.7 and −15.58~−5.33, respectively. The ∆NNO (nickel–nickel oxide buffer) of the quartz diorite and mafic enclave, calculated based on zircon Eu anomalies [41], are of 1.46~4.34 and 2.06~7.34, respectively.




5.3.2. Hornblende


Hornblende grains from the quartz diorite and mafic enclaves show similar chemical compositions. They are calcic (Figure 8A) and have Mg/(Mg + Fe2+) around 0.5, belonging to magnesiohornblende and ferrohornblende [47] (Figure 8B). Based on chemical composition of the hornblende grains, the crystallization pressure and temperature, oxygen fugacity (Log(fO2)), and water contents of corresponding melts are estimated at 113~203 Mpa, 791~845 °C, −13.56~−12.50, and 5.3~6.9 wt.% for the quartz diorite, and 122~146 Mpa, 782~816 °C, −13.83~−13.35, and 6.1~7.3 wt.% for the mafic enclaves (Table S4 and Figure 9), respectively. For the same amphibole grains from the quartz diorite, the inner zones always show slightly higher Mg/(Mg + Fe2+) (0.47~0.67 vs. 0.50~0.51) and ∆NNO (0.24~0.78 vs. −0.22~−0.14), and lower crystallization temperature (791~828 °C vs. 836~845 °C) than the corresponding outer zones, the latter of which are similar with those of amphibole from the mafic enclaves (Table S4).




5.3.3. Biotite


The biotite from the quartz diorite and mafic enclaves have relatively high FeO (20.72~28.82 wt.%) and low MgO (8.92~12.38 wt.%) and are classified as siderophyllite (Figure 10A). Most of the biotite grains show high contents of TiO2, indicating their primary origin (Figure 10B). One biotite grain from the mafic enclaves maybe altered and thus display low TiO2 content (Figure 10B). The biotite crystallization temperature and pressure, calculated by the following formulas described by Henry et al. (2005) [51] and Uchida et al. (2007) [52], are of 680~710 °C and 134~161 Mpa (excluding altered grain), respectively. The oxygen fugacity of the melt from which the biotite crystallized is around NNO (Figure 11A).




5.3.4. Plagioclase


Plagioclase from the quartz diorite and mafic enclaves (plagioclase xenocryst) show variable anorthite (An) contents, with those from the quartz diorite between 34~49 and mafic enclaves between 36~47 (Table S6). Generally, plagioclase grains from both the quartz diorite and mafic enclaves show variable An for a single grain, with some mantles displaying higher An than the corresponding rims and cores (Table S6 and Figure 11B).





5.4. Whole Rock Sr-Nd Isotopes and Zircon Lu–Hf Isotopes


The samples from the Delong quartz diorite show 87Rb/86Sr ratios of 0.32~0.62 with high initial 87Sr/86Sr (0.712584~0.713182; t = 234 Ma) and enriched εNd(t) (−6.4~−5.7; t = 234 Ma; Figure 12A). The Nd two-stage model ages (T2DMNd) vary from 1468 to 1527 Ma (Table S7). In comparison, the mafic enclaves have wider range of 87Rb/86Sr ratios (0.13~0.67), similar initial 87Sr/86Sr (0.712463~0.713093, t = 234 Ma), but more enriched εNd(t) (−6.0~−6.4; Figure 12A) and older T2DMNd (1496–1524 Ma; Table S7).



176Hf/177Hf of the quartz diorite and mafic enclave are of 0.282576~0.282717 and 0.282393–0.282505, respectively. The quartz diorites have enriched to depleted εHf(t) of −2.3~+2.6 and Hf two-stage model ages (T2DMHf) of 967~1241 Ma. In contrast, the mafic enclaves have more enriched εHf(t) (−4.8~−9.4) and older T2DMHf (1378~1632Ma).





6. Discussion


6.1. Magma Mixing/Mingling


Mafic enclaves are prevailing in many Permian-Triassic intermediate-felsic intrusions in the EKO [7,8,67]. Most of these mafic enclaves show typical igneous textures, precluding their xenolith (captured from country rocks) or restite (captured from source regions) origins, but of rather magmatic origin [7,8,15,67]. These magmatic mafic enclaves together with their host intrusions are interpreted to be formed by mixing/mingling of magmas from different sources (e.g., crust and mantle) [7,15] or by self-mixing of co-genetic cumulates and magma [67].



The mafic enclaves in the Delong quartz diorite exhibit an elongated shape with no evidence of solid-state deformation (Figure 2A–E). Quartz and feldspar xenocrysts likely from the quartz diorite occur occasionally in the mafic enclaves (Figure 2A,B). Some small felsic enclaves, which should be from the host quartz diorite, can also be observed in the mafic enclaves (Figure 2E). These pieces of petrographic evidence imply that the Delong mafic enclaves are magmatic in origin and magmas deriving the mafic enclaves and the quartz diorite should mix/mingle before solidification, similar with most of those enclaves and corresponding host intrusions in the EKO [7,8,15,67].



Isotopes are robust tool for distinguishing between the aforementioned two mechanisms (mixing/mingling of magmas from different sources vs. self-mixing) for the Delong intrusion. The Delong quartz diorite and mafic enclaves show consistent zircon U-Pb ages (Figure 3) but distinct zircon εHf(t) values (−2.3~+2.6 vs. −9.4~−4.8; Figure 12B), indicating that they crystallized from magmas derived from different sources. Several observations supporting the above contention are listed as follows: (1) the higher εNd(t) (−5.8~−5.7; Table S7) of the quartz diorite samples (exclude DB040-1) than that of mafic enclaves (−6.4~−6.0; Table S7) in general; (2) the distinct Nb/Ta ratios of the mafic enclaves (averaging 12.3) and quartz diorite (averaging 8.6); (3) the higher An of some plagioclase mantles than corresponding cores and rims (inverse zoning) of the same grains [68] (Figure 11B); (4) the lower crystallization temperature of the cores than mantles (791~828 °C vs. 836~845 °C) of amphiboles from the quartz diorite; (5) zircons from the mafic enclave show higher Ti (5.16 ppm vs. 3.73 ppm) and TZircon-Ti (725 °C vs. 699 °C), lower Nb (1.21 ppm vs. 1.99 ppm) and Ta (0.60 ppm vs. 1.15 ppm) contents, and lower δYb (δYb = YbN/(TmN × LuN)0.5; 1.17 vs. 1.35) than that of zircons from the quartz diorite in general (Table S3 and Figure 6). Taken together, we conclude that the Delong quartz diorite and mafic enclaves were formed by mixing/mingling of magmas from different sources rather than through self-mixing of co-genetic cumulate and magma.



As mentioned above, the magmas of the mafic enclaves and quartz diorite mixed/mingled during magma evolution. It is unclear whether the magmatic process is dominated by mixing or mingling. We tend to believe that mingling instead of mixing could play significant role during the magma evolution considering the notably compositional gap between the mafic enclaves and quartz diorite (Figure 4 and Table S2). The narrow compositional variation of major elements of the mafic enclaves and quartz diorite also suggest mingling dominated the magmatic process (Figure 4 and Table S2). The distinct zircon εHf(t) for the Delong mafic enclaves and quartz diorite further suggest that chemical mixing is limited. Moreover, it is believed that magma mixing is limited during injection of mafic magma into felsic magma because of the high viscosity of felsic magma [69,70]. Overall, we believe mingling instead of mixing may dominate the magmatic process and that the quartz diorite and mafic enclaves can by and large represent the compositions of the felsic causative magma and mafic causative magma, respectively.




6.2. Sources of the Mafic Enclaves and Quartz Diorite


6.2.1. Sources of the Mafic Enclaves


The mafic enclaves in the Delong quartz diorite are gabbroic diorite in composition (Figure 4A) and the corresponding rock-forming magma should be more mafic (maybe basaltic) considering magma mingling. In comparison to the host quartz diorite, the higher Fe2O3 (8.56~12.08 wt.%), MgO (4.30~9.34 wt.%), and Mg# (42~69), together with the nearly basaltic composition of the mafic enclaves, indicate that the rock-forming magma should originate from mantle. However, the enriched initial 87Sr/86Sr (0.712463~0.713093), εNd(t) (−6.0~−6.4), and εHf(t) (−4.8~−9.4) of the mafic enclaves, distinct from mantle-derived mid-ocean ridge basalt (MORB) and ocean island basalt (OIB) from the EKO [71], imply crust material should also be involved (Figure 12).



Crust assimilation during magma evolution or partial melting of a mantle source region incorporating enriched terrigenous materials could generate magma with the observed enriched Sr-Nd-Hf isotope composition. The concentrated whole rock initial 87Sr/86Sr and εNd(t) of the mafic enclaves imply that crust assimilation should play a limited role during magma evolution (Table S7). The scarcity of inherited zircon in the mafic enclaves also implies limit crust assimilation (Figure 3). In addition, the enrichment of LREE, depletion of HREE and Nb, Ta, Ti, Zr, Hf, and P indicate that the mafic enclaves could be sourced from enriched mantle (Figure 5), which always has enriched terrigenous sediments involved [8,67]. The mafic enclaves display similar (87Sr/86Sr)i and εNd(t) with the contemporaneous enriched mantle-derived mafic rocks from the EKO, indicating their enriched mantle origin (Figure 12). The Sr-Nd-Hf isotopic characteristics of the mafic enclaves, which could be explained by partial melting of a mixture of a depleted end-member and an enriched end-member (Figure 12), also support the enriched-mantle (with enriched subducting sediment involved) origin of the mafic enclaves.




6.2.2. Sources of the Diorite


The Permian-Triassic intermediate-felsic intrusions are widespread in the EKO [9] and their source regions are discussed in detail [7,8,14,15,67]. Three possible source regions including subducting slab, enriched mantle, and LCC are at present proposed for as their rock-forming magmas, although these rocks share similar Sr-Nd-Hf isotopic compositions [7,8,14,15,67]. These source regions should also be applied to the Delong quartz diorite, which displays similar Sr-Nd-Hf isotope characteristics with contemporaneous intermediate-felsic intrusions in the EKO ([7,14,61,67] and references therein). In the following, we will discuss which of the three aforementioned source regions is the most reasonable source for the Delong quartz diorite.



It is proposed that the Paleo-Tethys Ocean in the EKO had closed before ~240 Ma and continental collision and subsequent post-collisional extension occurred during 240~215 Ma [7,8,10,16], and thus it is unlikely for the slab to melt at ~234 Ma to produce the Delong quartz diorite. Moreover, subducting slab-derived rocks always show high Sr/Y and (La/Yb)N [72], as do those contemporaneous slab-derived rocks in the adjacent area of the Delong [8]. However, the Sr/Y (8.6~13.5) and (La/Yb)N (5.6~27.2) of the Delong quartz diorite are very low (Table S2), precluding the subducting slab as the source region of the quartz diorite. Melting of enriched mantle usually produces basaltic magma, such as the Annage hornblende gabbro (242 ± 2 Ma) in adjacent area of the Delong [61], and crystal fractionation of this magma could generate andesitic to granodioritic magma similar to Delong quartz diorite. However, based on numerical calculation [73], crystal (e.g., amphibole) fractionation of water-rich basaltic magma would significantly increase the Sr/Y and La/Yb ratios of the residual magma, which is opposite to the extremely low Sr/Y (8.6~13.5) and (La/Yb)N (5.6~27.2) features of the Delong quartz diorite (Table S2). In addition, the enriched mantle-derived mafic enclaves discussed above show distinct Nd-Hf isotopic compositions with the Delong quartz diorite (Figure 12), being against a shared source for them.



The low MgO content (1.95~2.79 wt.%; Table S2) and Mg# (38~44; Table S2) of the Delong quartz diorite are identical to those of granodiorites (Mg# = 41~46) derived from mafic lower continental crust [7], but distinct from the Wulonggou enriched mantle-derived diorite (~215Ma, Mg# = 49~54) in the EKO [74], implying that LCC instead of enriched mantle is a more plausible source for the andesitic to granodioritic Delong quartz diorite [7]. In addition, the Sr-Nd isotopes of the Delong quartz diorite are indistinguishable from the LCC-derived granitoids in the EKO (Xiong et al., 2014 [7] and reference therein; Figure 12), suggesting a sharing source for them. Moreover, considering the relatively high εHf(t) of the Delong quartz diorite (Figure 12; εHf(t) = −2.3~+2.6), a model of melting of LCC with mixed depleted mantle-derived juvenile and old (enriched) material could explain the observed Sr-Nd-Hf isotopic signatures of the Delong quartz diorite (Figure 12). It should be added that the EKO had experienced multi-stage ocean-continent transitions [7,8,13] and depleted mantle-derived juvenile material should be added to the LCC commonly during these processes. Thus, source regions with mixed juvenile and old materials are common in the LCC in the EKO. In summary, we preclude enriched mantle and subducting slab, but tend to contend LCC with mixed old and juvenile material as the source of the Delong quartz diorite.





6.3. Magma Fertility and Gold-Copper Mineralization Potential of the Eastern EKO


As mentioned above, factors such as magma source region, intra-crustal magmatic process, water content, and oxygen fugacity control generation of porphyry deposits. The Delong quartz diorite and mafic enclaves were derived from enriched mantle and lower continental crust with juvenile materials, as discussed above. These source regions are also favorable for porphyry deposits [5,75]. Here, we estimate the water content and redox state of the Delong intrusion and similar contemporary rocks in the eastern EKO to evaluate the mineralization potential there.



6.3.1. Water Content


The water contents of primary magmas are difficult to be accurately estimated; however, a few methods based on mineral composition and geochemistry are used to impose rough constraint on magmatic water contents [48,76]. Both the Delong quartz diorite and mafic enclaves show high abundance of dark hydrous minerals (amphibole and biotite) (Figure 2). Some of the dark grains (amphibole and biotite) are enclosed by plagioclases (Figure 2C,G), implying their no later crystallization than plagioclases. This phenomenon indicates that both the Delong quartz diorite and mafic enclaves should come from hydrous melts, since high water content would suppress crystallization of plagioclase [77,78]. In addition, the nearly negative correlation between Dy/Yb and SiO2, and positive correlation for Eu/Eu* versus SiO2 and Sr/Y versus SiO2, suggest no notable plagioclase but abundant amphibole fractionation during early magma evolution (Table S2). This further prove the quartz diorite and mafic enclaves derived from hydrous melts. Further, water contents calculated based on amphibole composition are 5.3%~6.9% and 6.1%~7.3% for the quartz diorite and mafic enclaves, respectively (Table S4), indicating water-rich characteristics for both causative magmas (Figure 9C).




6.3.2. Oxygen Fugacity


Mineral compositions can impose first-level constraint on magma redox state. The occurrence of magnetite in the Delong quartz diorite and the mafic enclaves suggest that the causative magmas should be oxidized (Figure 2G–I).



Trace elements with variable valences can also be used to estimate the redox state of a magma. Among them, Eu and Ce in zircon are generally used to quantitively calculate the oxygen fugacity of a magma, especially in porphyry-copper systems [39,44]. In magmatic systems, both Eu and Ce show two valences (Eu3+/Eu2+ and Ce4+/Ce3+) and the high valence cations of them substitute into zircon lattice more easily than the low valence cations [44]. Oxidized conditions would increase the Eu3+/Eu2+ and Ce4+/Ce3+ ratios of magmas and thus could enlarge both the partition coefficients of the Eu and Ce in zircon/magma systems. Based on the above theory, it is reasonable to calculate oxygen fugacity by using partitioning anomalies of Eu and Ce in zircon/magma systems [39,44]. Using the above method, the Delong quartz diorite and mafic enclaves yield an average ΔNNO of 2.65 and 3.70, respectively (calculated from Eu anomalies), indicative of oxidized conditions (Figure 7C). However, their Log(fO2) values calculated from Ce partitioning anomalies show wide ranges, which could be caused by incorrect data due to mineral inclusions enclosed in zircons or fluid-zircon interaction [40,42]. Here, as shown in Figure 7, we apply zircon La contents (La < 0.1ppm for inclusion-free zircon) and Y/Ho ratios (>34 for fluid involvement) as an index to preclude possible incorrect analysis data [40,42]. After the above data screening, the Log(fO2) values of the Delong quartz diorite concentrate are between −14.20 and −7.70, while that of the mafic enclaves are between −15.58 and −5.33, indicating oxidized conditions. Another method calculating oxygen fugacity from zircon U, Ti, and Ce is also applied to our samples [79] and yield an average ΔFMQ (fayalite–magnetite–quartz buffer) of 0.66 and 0.60 (inclusion-free zircons) for the Delong quartz diorite and mafic enclaves (Table S3), respectively, adding evidence to the above conclusion.



Major elements of mafic minerals, such as amphibole and biotite, can also offer some information for the magmatic redox states. The amphiboles from the Delong quartz diorite and mafic enclaves yield an average ΔNNO of 0.18 and 0.28, respectively, implying oxidized conditions during amphibole crystallization (Figure 9B; Table S4). The biotites from them yield a redox state around NNO (Figure 11A), similar to that of the amphiboles. Although the trace elements of zircons and major elements of amphiboles and biotites from the Delong quartz diorite and mafic enclaves yield slightly different oxygen fugacity, taken together they indicate oxidized conditions for the causative magmas.




6.3.3. Gold-Copper Mineralization Potential of the Eastern EKO


Late Permian-Triassic intermediate-felsic magmatic rocks with mafic enclaves enclosed are widespread in the EKO [8,10] (Figure 1B). These rocks were formed during the subduction of the Paleo-Tethys Ocean and subsequent syn- to post-collision [8,67]. A small number of porphyry and skarn mineralization occurrences/deposits genetically related with the Triassic syn- to post-collisional magmatic rocks are reported in the west and east of the EKO (Figure 1A); among them, only two located in the east end of the EKO are medium-size porphyry deposits [11,12,19]. The scarcity of large to super-large porphyry Cu (Au-Mo) deposits in the west of the EKO could be due to the low magmatic oxidation states and low water contents of the Triassic syn- to post-collisional magmatic rocks there [12]. Whether there is potential for large/super-large porphyry deposits in the eastern EKO and the reasons for a lack of large to super-large porphyry Cu (Au-Mo) deposits in the eastern EKO are still unclear.



The Delong quartz diorite and mafic enclaves from the east of the EKO show water-rich and oxidized characteristics, as discussed above (Figure 7 and Figure 9). Generally, the amphibole compositional data and zircon trace elemental data compiled from the Middle-Late Triassic magmatic rocks in the eastern EKO also indicate their water-rich and oxidized characteristics (Figure 7 and Figure 9), although these rocks are compositionally different from the Delong intrusion to some extent [8,11,49,80]. These characteristics are notably different from those of Triassic magmatic rocks with low magmatic oxidation states and low water content in the west of the EKO [12], implying better potential for porphyry deposits in the eastern EKO. Although many intrusions in the eastern EKO have no available data for evaluating their oxygen states and water contents, our data together with available published data indicate that the partial melting of the sub-continental mantle and lower crust underlying the eastern EKO could generate primary magmas favorable for metal (e.g., Cu and Au) to retain and enrich during magmatic evolution [4] and thus indicate potential for porphyry deposits in the eastern EKO. The occurrence of the two Late Triassic medium-size porphyry Cu (-Au) deposits (Tongyugou and Saishitang; Figure 1B) and the Delong Au-Cu deposit (Figure 1C) in the east end of the EKO also support the above speculation. It also should be noticed that several Middle-Late Triassic gold deposits in the east and middle areas of the EKO are considered to be magmatic-origin [81,82,83], which imply that the Middle-Late Triassic magmas could reserve metal during magmatic evolution. Some fertility indicators are also applied to zircons from the Middle-Late Triassic magmatic rocks in the eastern EKO (Figure 13). Among them the zircon Eu/Eu* (>0.3) and (Eu/Eu*)/Y (>0.0001) are the best fertility indicators [84]. Most of the Middle-Late Triassic magmatic rocks in the eastern EKO show high Eu/Eu* and (Eu/Eu*)/Y, which is consistent with fertile porphyry Cu ± Au ± Mo systems [78,84]. The low zircon Dy/Yb (<0.3) and positive correlation between (Eu/Eu*)/Y and (Ce/Nd)/Y also indicate the fertility of these magmatic rocks (Figure 13B), although some of these rocks show relatively low (Ce/Nd)/Y [84]. We also have plotted Eu/Eu* and temperature (T(°C)) vs. Hf commons for zircon data (Figure S3). These figures show the following: (1) positive relationship between temperature and Hf content; (2) relatively constant Eu/Eu* as the zircon Hf content increasing for individual intrusion. These characteristics are consistent with ore-forming intrusions of large/super-large porphyry deposits referred to by Dilles et al. (2015) [85]. Taken together, the eastern EKO have the potential to generate Middle-Late Triassic large to super-large porphyry deposits. The reason why no large to super-large porphyry systems discovered in the eastern EKO so far could be inadequate exploration work, excessive post-ore denudation, and so on, which requires further study to determine and is beyond the scope of this study.






7. Conclusions


A comprehensive study of petrography, whole-rock elemental and isotopic signatures, and mineral geochemical and isotopic characteristics of the Delong quartz diorite and mafic enclaves in the EKO, together with published data, leads to the following conclusions:



The Delong quartz diorite and mafic enclaves intruded in the Late Triassic (~234 Ma). They are calc-alkalic, medium-K, and metaluminous. A notable compositional gap and different Nd-Hf isotopic compositions have been observed between them, indicating the mingling of magmas from distinct sources formed the Delong quartz diorite and mafic enclaves.



The Delong quartz diorite shows relatively high SiO2 content and low Mg#. It holds enriched Sr-Nd isotopic characteristics, but relatively depleted Hf isotopes, indicating that it is sourced from the lower continental crust with juvenile materials. In addition, the mafic enclaves hold more enriched isotopic compositions, lower SiO2, and higher Mg#, indicating an enriched mantle source region for them.



The Late Triassic Delong intrusion contains water-rich minerals and magnetite. These, together with chemical compositions of amphibole, biotite, and zircon, indicate water-rich and oxidized characteristics of their rock-forming magmas, as do some Middle-Late Triassic magmatic systems in the eastern EKO. These characteristics imply the potential for porphyry deposits in the eastern EKO.
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Figure 1. (A) Map of the Qinghai-Tibetan plateau showing the location of the EKO (after Chen J. et al., 2017 [8]); (B) Geological map of the EKO showing the distribution of Triassic porphyry-skarn deposits (after Chen et al., 2017 [8]); (C) Geological map of the Delong gold-copper deposit area showing the sampling locations. INDB-Indian block; YZB-Yangtze block; ALSB-Alashan block; TRMB-Tarim block. The zircon U-Pb ages labelled in (C) are from our unpublished report. 
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Figure 2. Field photo (A), hand sample photo (B), and microphotographs (C–I) of the Delong quartz diorite and mafic enclaves. (C,G) collected under transmitted plane-polarized light; (D–F) collected under transmitted cross-polarized light; (H,I) are backscattered photos. Bt–biotite; Pl–plagioclase; Qz–quartz; Amp-amphibole; Chl-Chlorite; Epi-Epidote; Mt-Magnetite; Py-Pyrite; Sphe-Sphene; Ilm-ilmelite. 
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Figure 3. Representative CL images and U–Pb concordia plots of the Delong quartz diorite (A,B) and mafic enclave enclosed (A,C). The locations of U-Pb age and Lu-Hf isotope (yellow solid circles) analyses are also shown on the corresponding CL images. MSWD: mean square of weighted deviation. The yellow numbers in (A) are spot numbers for U-Pb and Lu-Hf isotope analyses. 
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Figure 4. Plots of (A) K2O + Na2O (wt.%) versus. SiO2 (wt.%) (after Middlemost, 1994 [32]); (B) Na2O + K2O-CaO (wt.%) versus SiO2 (wt.%) (after Frost, 2001 [33]); (C) K2O (wt.%) versus SiO2 (wt.%) (after Peccerillo and Taylor, 1976 [34]) and (D) A/NK [molar ratio Al2O3/(Na2O + K2O)] versus A/CNK [molar ratio Al2O3/(CaO + Na2O + K2O)] (after Maniar and Piccoli, 1989 [35]) for the Delong quartz diorite and mafic enclaves. 
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Figure 5. Chondrite-normalized rare earth element patterns (A,C) and primitive mantle-normalized trace element spider-diagrams (B,D) for the Delong quartz diorite and mafic enclaves. The data of bulk continental crust (BCC) [36], ocean island basalt (OIB) [37], enriched mid-ocean ridge basalt (E-MORB) [37], and normal mid-ocean ridge basalt (N-MORB) [37] are shown for comparison. Chondrite and primitive mantle values used for normalization are from Sun and McDonough (1989) [37]. 
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Figure 6. Chondrite-normalized rare earth element diagrams for zircons from the Delong quartz diorite (A) and enclosed mafic enclave (B). Chondrite values used for normalization are from Sun and McDonough (1989) [37]. Data for spot with La > 0.1 ppm may be affected by mineral inclusion as proposed by (Zou et al. (2019) [40] and Li et al. (2022) [42]. 
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Figure 7. Plots of zircon (A) CeIV/CeIII versus Eu/Eu*, (B) Log(fO2) versus T(°C) and (C) ∆NNO versus T(°C) for Delong quartz diorite and mafic enclave. Data from the Asiha [8] and Jialiuhe [43] are also shown for comparison. The Log(fO2) and ∆NNO values are calculated based on zircon CeIV/CeIII [41] and zircon Eu anomalies [44], respectively. The formula for calculating temperature (T(°C)) is after Ferry and Watson (2007) [38]. Common solid oxygen buffers are shown in (B). HM = magnetite–hematite buffer; NNO = nickel–nickel oxide buffer; FMQ = fayalite–magnetite–quartz buffer; WM = wüstite–magnetite buffer; IW = iron–wüstite buffer. Field for fertile systems (porphyry Cu) are compiled from Lu et al. (2016) [45] and Shen et al. (2015) [46]. Filled labels represent data points with La < 0.1 ppm and Y/Ho < 34 and the unfilled represent the opposite. 
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Figure 8. Diagrams for classification of calcic amphiboles (after Leake, 1997 [47]). (A) (Na)B versus (Ca+Na)B diagram; (B) Mg/(Mg + Fe2+) versus Si (apfu) diagram. 
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Figure 9. P(Mpa) versus T(°C) (A), Log(fO2) versus T(°C) (B) and T(°C) versus H2Omelt (wt.%) (C) diagrams for the selected amphiboles as determined by amphibole compositions (after Ridolfi et al., 2010 [48]). Data from the Saishitang [11] and Xiangride [49] are also shown for comparison. The dashed curve in A roughly divides consistent experimental products with different crystallinity and the solid curves represent the maximum relative P errors ranging from 11% to 25% [48]. The NNO and NNO+2 curves calculated following [50] are shown in B. The dashed and the solid curves in C are maximum thermal stability and lower limit of consistent amphiboles [48]. 
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Figure 10. (A) Triangular classification diagram of biotite (after Foster, 1960 [53]) and (B) TiO2-FeO + MnO-MgO ternary diagram of biotite (after Nachit et al., 2005 [54]) for the Delong quartz diorite and mafic enclaves. 
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Figure 11. (A) Fe2+-Fe3+-Mg2+ ternary diagram of biotites for the Delong quartz diorite and mafic enclaves (after Wones and Eugster, 1965 [55]) and (B) An variations of plagioclase grains from the Delong quartz diorite and mafic enclaves. 
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Figure 12. Plots of (A) εNd(t) versus (87Sr/86Sr)i, (B) εHf(t) versus T(Ma), and (C) εNd(t) versus εHf(t) for the Delong quartz diorites and mafic enclaves. The black curves with grey circles in A and C are mixing trends between depleted mantle-derived basalt (A’neymaqen MORB) and Proterozoic granulite (Jinshuikou granulite) or S-type granites (Bokelilai S-type granite) in the EKO. The continental crust array in C is from Vervoort et al. (1999) [56]. Sr-Nd-Hf isotopic data of some rocks from the EKO are also shown for composition and they refer to the following resources: A’neymaqen MORB and OIB-[57]; Jinshuikou S-type granite-[58]; Jinshuikou granulite-[59]; Bokelila S-type granite-[60]; enriched mantle-derived mafic rocks from Bairiqili-[49], Annage-[61], Yeniugou-[62], Jinshuikou-[63]; asthenosphere-derived mafic rocks from Shitoukengde-[64], Kengdenongshe-[65], Xiwanggou-[66]. 
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Figure 13. Zircon Dy/Yb versus Eu/Eu* (A) and (Ce/Nb)/Y versus (Eu/Eu*)/Y (B) diagrams for Delong quartz diorite and mafic enclave. Data from the Asiha [8] and Jialiuhe [80] are also shown for comparison. The fertile systems areas are compiled by Lu et al. (2013) [84]. Filled labels represent data points with La < 0.1 ppm and Y/Ho < 34 and the unfilled represent the opposite. 
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