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Abstract

:

The petrology, mineralogy, elemental geochemistry, biology and PGEs characteristics of the black shale of the Wufeng and Longmaxi Formations in the CN outcrop of the Sichuan Basin are studied in this paper. The distribution and change in PGEs at different horizons are summarized, and the reasons for PGEs enrichment are discussed. The results show that the PGEs in the organic-rich shale segment are obviously enriched, which is positively correlated with the Total Organic Carbon (TOC) content and has a Pt–Pd distribution characteristic. δEuN, Pd/Pt, (Pt + Pd)/(Os + Ru + Ir), etc., and SiO2–Al2O3 and It/Pt–Pd/Pt discrimination diagrams, indicate that they are not extraterrestrial sources, nor are they the origins of normal seawater deposition but they are related to hydrothermal deposition. The enrichment process of PGEs is relatively complicated and is controlled by the impact of the sedimentary environment in the restricted basin. The anoxic water environment and organic-rich environment are the main factors of PGEs enrichment. PGEs and TOC have a good positive correlation and can be used as index parameters for sedimentary environments and organic matter enrichment.
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1. Introduction


Platinum group elements (PGEs) include six elements: ruthenium (Ru), rhodium (Rh), palladium (Pd), osmium (Os), iridium (Ir) and platinum (Pt). PGEs are high-temperature elements with strong sulfur and iron affinity. It is understood that black shale migrates and becomes enriched in hydrothermal solutions at 300 °C; however, its chemical activity below 200 °C and its low-temperature geochemical properties are still not clear. In traditional geochemical theory, PGEs enrichment is mainly related to basic ultrabasic rocks [1,2], but in recent years, research in various countries in Europe, Asia, North and South America, and especially in large areas of southern China, have found PGEs enrichment in black shale [3,4,5,6,7]. These shales have no direct space–time relationship with basic ultrabasic rocks. Therefore, the study of PGEs in black shale will be of great significance to understanding its low-temperature geochemical properties [8].



The source of PGEs in the black rock series is currently an area of high research interest. Predecessors have performed much research on the source of PGEs in the black rock series, which is widely developed due to the paleo-oceanic anoxic event at the Precambrian–Cambrian boundary [4,9,10]. However, there are still many controversies regarding the origin and enrichment of PGEs in the black rock series. These viewpoints mainly focus on the origin of extraterrestrial matter, the origin of normal seawater and the origin of hydrothermal solution. With the vigorous development of unconventional oil in China, major breakthroughs have been made in shale gas from the Lower Paleozoic Longmaxi Formation (Fm for short) in the Sichuan Basin. Similar to the Cambrian system black shale, the black shale of the Wufeng Fm and Longmaxi Fm in the Ordovician–Silurian (O–S for short) transition period, also rich in organic matter and deposited in anoxic seawater, is an important source rock and reservoir in South China. A large number of research achievements have been made in shale sedimentary environments, burial history and hydrocarbon generation potential [11,12,13,14]. However, systematic PGEs geochemical studies of this sequence are rarely reported. In this paper, the PGEs of organic-rich black shale in the Wufeng Fm and Longmaxi Fm will be systematically analyzed. Combined with the characteristics of major and trace rare earth elements, rock minerals and paleontology, the characteristics and modes of PGEs enrichment will be recognized, and the genesis of the PGEs anomaly and its indication of the sedimentary environment will be preliminarily discussed.




2. Geological Setting


The Sichuan Basin has experienced multistage tectonic movements, forming a basin structure pattern surrounded by mountains. Oil and gas accumulation has been found in much of the strata in this area [15,16]. Shale gas reservoirs are mainly found in the Cambrian Niutitang Fm, the Late Ordovician Wufeng Fm and the Early Silurian Longmaxi Fm. Under the influence of the Caledonian movement, large-scale tectonic uplift occurred at the end of the Silurian Period, and the palaeogeographical pattern of “three uplifts and one depression” was formed in the Sichuan Basin [12]. At the same time, influenced by global ice cap formation and melting events at the transition of the Ordovician to the Silurian, the global climate and sea level dramatically changed [12,17] during the middle and late stages of Wufeng Fm deposition (i.e., the early and middle stages of Hernante), the biological shell limestone of the Guanyinqiao Member (Mem for short) of the Wufeng Fm was deposited due to the mass extinction of graptolite and Hirnantia Fauna [18,19]. In the early stage of Longmaxi Fm (the late Hernante early stage of Longmaxi Fm), climate warming, glacier melting and biological recovery formed organic rich black shale of Longmaxi Fm [18,20].



The preliminary geological survey found that the PGEs content at the bottom of the Guanyinqiao Mem and Longmaxi Fm at the Late Ordovician Early Silurian (O-S) transition interface in the Sichuan Basin has a sudden increase (PGEs > 10 × 10–9), a bimodal element combination (Figure 1) enriched with a large amount of acidic elements (Mo, Pb, Zn, B, W and REEs) and basic volcanic rock elements (Fe, Ni, V, Cu and PGEs) occurring at the same time, which represents a major geological event that has been responded to in the whole Sichuan Basin. It may also be the “biological explosion and extinction” event at the end of the glacial period, or it may have been affected by the submarine hydrothermal event. According to the well diagram of PGEs of Well XD2–CN outcrop–Well HD1 in southwest-northeast direction of the Sichuan Basin, the abrupt enrichment of PGEs occurs at the bottom of Longmaxi Fm at the location of the Ordovician Silurian transition interface, which is significantly related to the TOC peak (>4%). It is speculated that the enrichment of PGEs may not only be affected by thermal fluid but also be related to the biological mass extinction caused by climate disasters and the basin limitation caused by structure. In this paper, the CN outcrop is selected as the research object, and the black shale of the Wufeng Fm and Longmaxi Fm is systematically studied to disclose the characteristics and causes of PGEs enrichment in detail to understand the indicative significance of PGEs enrichment to the environment.



The CN outcrop is located on the southern margin of the Sichuan Basin (Figure 2a). The main lithologies are carbonaceous siliceous shale and calcareous mudstone. The outcrop from bottom to top can be divided into six sections (Figure 2b). Section A is located at the bottom of Wufeng Fm, with a thickness of about 2 m and the lithology is mainly gray calcareous silty mudstone; Section B is in the middle of Wufeng Fm, with a thickness of about 6 m and mainly gray-black calcareous siliceous mudstone; Section C is in the upper part of Wufeng Fm, with a thickness of about 3~4 m and the lithology is mainly black calcareous mudstone and graptolite development (Figure 2b). At the top of the Section C of Wufeng Fm is biolimestone mudstone of Guanyinqiao Mem with a thickness of approximately 0.8 m (Figure 2b and Figure 3a); Section D is at the bottom of Longmaxi Fm with a thickness of approximately 1.5 m and mainly the black siliceous carbonaceous shale; Section E is in the lower part of the Longmaxi Fm, and has a thickness of approximately 20 m and mainly black calcareous shale, with graptolite development; Section F is located in the middle-upper part of Longmaxi Fm, with a total thickness of about 280 m and the lithology is mainly gray silty mudstone and argillaceous siltstone, with few graptolites. The lithology and biological characteristics of the Guanyinqiao Mem in the Ordovician–Silurian (O–S) transition horizon can be divided into three small layers from bottom to top (Figure 3a,d,e): the lower part is gray-black calcareous siliceous shale with a thickness of approximately 0.2 m, and brachiopod fossils and graptolite fossils are occasionally seen, which gradually transited with the underlying calcareous siliceous shale of the Wufeng Fm; the middle part is dark gray calcareous shale with a thickness of approximately 0.4 m, and a large number of brachiopod fossils are found; and the upper part is approximately 0.2 m thick black graptolite shale, with a large amount of graptolite, similar to the bottom of the overlying Longmaxi Fm [21]. From the perspective of lithological and palaeontological characteristics, the Guanyinqiao Mem is in conformable contact with the graptolite shale section of the overlying Longmaxi Fm and the underlying Wufeng Fm, which reveals that the ancient water depth experienced a cycle change from deep to shallow back to deep during the early and middle Wufeng Fm––the Guanyinqiao Mem–early Longmaxi Fm. Among them, the PGEs-rich layer is mainly located in the upper part of the Wufeng Fm––Guanyinqiao Mem––and the lower part of the Longmaxi Fm. In particular, Section D (Figure 2b) at the bottom of the Longmaxi Fm is approximately 1 m thick. The PGEs, Au, Ag, Cu, Zn, Mo, Ni and other metals in this layer are strongly enriched. The lithology is carbonaceous siliceous shale, with a large number of organisms, and the TOC value is up to 7%.




3. Samples and Methods


The studied outcrop in this paper is located in Changning County, Yibin City, Sichuan Province. A total of 43 outcrop samples of the Upper Ordovician Wufeng Fm–Lower Silurian Longmaxi Fm were collected. The detailed sampling location and sedimentary succession of the rocks are presented in Figure 2b. A total of 43 black mudstone samples were collected from the bottom to the top for TOC, mineral composition and major and trace element analyses. Among them, 20 elements were analyzed for PGEs and Ag and five samples were analyzed for Au. The collected samples contain many pyrite grains. The microscopic characteristics show that the main mineral compositions are quartz, pyrite, clay minerals, calcite and microorganism fragments.



To minimize the pollution and ensure the accuracy of the analysis, fresh and nonaltered rock samples should be collected as much as possible. Major elements were detected using an Axios Max pw4400/40 X-ray fluorescence spectrometer (PANalytical B.V., Almelo, Netherlands), with an analysis error of less than 1%. Trace elements were determined by an X-Series II inductively coupled plasma mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) with an analytical accuracy of better than 5%. Au was performed by solubilization of aqua regia and then determination by the AAS (Atomic Absorption Spectrometry) method. Mineral composition analysis was quantified using a Brooker D8 Advans X-ray diffractometer and JEOL JSM-6610LV SEM with Gatan 697 argon ion-polishing instrument. TOC was measured using the multi n/C 3100 total carbon analyzer in Jena, Germany. The above tests were completed in the Key Laboratory of Shale Gas, Chongqing Institute of Geological Survey, Chongqing, China.



The contents of PGEs were determined by nickel matte assay with ICP-MS (PerkinElmer NexIon PE300D) and determination accuracy RSD ≤ 6.5. Ag was dissolved by aqua regia bath and the analysis accuracy was better than 15% [19]. The above tests were completed at the National Geological Laboratory, Beijing, China.



The determination of sulfur isotopes (34SV-CDT) was completed in the analysis and testing research center of the Beijing Institute of Nuclear Industry Geology, Beijing, China. Delta V plus gas isotope mass spectrometry was used for determination, and the analysis accuracy was better than ±0.2 ‰ [22].




4. Analytical Results


4.1. Total Organic Carbon and Mineralogical Characteristics


The TOC content and mineral composition characteristics of 43 samples collected from the CN outcrop are shown in Figure 2b, and the mineral composition corresponding to PGEs samples is shown in Table 1. The TOC content in the CN outcrop is generally high, with a value of 0.74~7.47% and an average value of 2.59%. Among them, the middle and upper part of Wufeng Fm (Section B + C) and the lower part of Longmaxi Fm (Section D + E) are organic rich shale (TOC > 2%). The organic matter decreases in the middle-upper part of Longmaxi Fm with TOC < 2% (Section F). As shown in the X-ray diffraction (XRD) analysis results, the samples are mainly composed of quartz, clay minerals and carbonate minerals, with quartz contents of 26~74% and an average value of 42%; clay contents of 12~60% and an average value of 34%; carbonate mineral contents of 7%~44% and an average value of 24%; and an average pyrite content of 1.5%, which can be observed in most of the samples. According to the field stratigraphic observation and mineral composition analysis, combined with TOC and biological characteristics, the black shale in the CN outcrop is divided into five lithologies (Figure 2b,c): Type I: Black thin-layer carbonaceous siliceous shale, TOC > 7%, quartz + feldspar > 50%, carbonate minerals < 25%, mainly located at the bottom of the Longmaxi Fm and the upper part of Guanyinqiao (Section D), with a thickness of approximately 1 m (Figure 3a). This section has a large number of organisms and is rich in PGEs and Au, Ag, Cu, Zn, Mo, Ni and other metal elements, which are PGEs enrichment layer; Type II: Black layered calcium-bearing siliceous shale, 2% < TOC < 5%, quartz + feldspar > 50%, carbonate mineral > 25%, mainly located in the middle of Wufeng Fm (Section B) and the bottom of Longmaxi Fm (Section E); Type III: gray-black calcareous carbonaceous mudstone, TOC > 2%, quartz + feldspar < 50%, carbonate mineral > 35%, mainly located in the upper part of Wufeng Fm and the lower part of Guanyinqiao Mem (Section C); Type IV: bioclastic calcareous mudstone and calcareous silty mudstone, TOC < 2%, quartz + feldspar < 50%, carbonate minerals > 25%, mainly including Guanyinqiao Mem (upper part of Section C) and upper part of Section F of Longmaxi Fm; Type V: calcareous silty mudstone and argillaceous siltstone, TOC < 2%, quartz + feldspar < 50%, clay > 40%, carbonate mineral < 15%, mainly located in the lower part of Section F of the Longmaxi Fm.



Figure 2b shows that the TOC > 2% section is mainly concentrated at the bottom of the Wufeng Fm and Longmaxi Fm. The lithology is mainly black carbonaceous siliceous mudstone with a total thickness of approximately 30 m–40 m (Sections B, C, D and E). The quartz content is relatively high, and the clay mineral content is relatively low (Figure 2b). A large amount of strawberry-shaped pyrite, organic matter and radiolarian fossils can be seen under the microscope, which indicates that it was mainly deposited in the deep-water continental shelf facies reducing water body with high biological silicon content (Figure 3a–c). The TOC content of the Guanyinqiao Mem is approximately 1.7%, which is in gradual transition with the bottom of the Longmaxi Fm, and the brachiopod fossil Hirnantia biota is developed (Figure 3d,e). The TOC < 2% section starts from more than 30 m above the bottom of the Longmaxi Fm (Section F). The lithology is mainly calcareous silty mudstone. Compared with the lower section, the calcareous content and silty content of this section are significantly increased, and the siliceous content is decreased. Under the microscope, there are few siliceous organisms, such as radiolaria. It can be seen from the triangle diagram of mineral composition (Figure 2c) that the rocks with TOC > 2% are mainly close to the quartz end, indicating that a large amount of biogenic siliceous matter contributes to the high TOC [12,21].




4.2. Major and Trace Elements


The values of major elements in the black shale in CN outcrop are shown in Table 1. Compared with the UCC (Upper Continental Crust) values [23], CaO and MgO are slightly enriched and the other major elements are slightly depleted. The SiO2 content is relatively high, with values of 38.28% ~ 73.13%, and an average value of 52%, which is mainly biogenic silica [12,21,24], The Al2O3 values are 4.24%~14.83%, with an average value of 8.89%. The higher values of Al2O3 indicated more terrigenous material input in the Late Longmaxi Fm. The content of CaO is relatively high, ranging from 2.77% to 17.00%, with an average of 9.93%. The content of MgO is 1.19%-6.16% with an average value of 2.82%, mainly from carbonate minerals. The δ34S values varied from -10.5‰ to 15.7‰, and high values are observed in the C and D sections, which indicate that metal minerals in this segment clustered in the form of sulfide, and show the influence of more deep crustal hydrothermal deposition or biological reduction under an anoxic environment [7,25]



The abundance of trace elements of black shale samples from the CN outcrop is shown in Table 2 and Figure 4. Table 2 also contains the average content of trace elements of the UCC [26,27]. The enrichment factor (EF) is used to describe the enrichment of an element in black shale. The EF is defined as the ratio of the concentration of an element in black shale to its average concentration in the UCC [28]. The calculation results are as follows: XEF = (X/Al) sample /(X/Al)PAAS, where X and Al represent the contents of element X and Al in the sample, respectively. Samples were standardized using post-Archean Australian shales (PAAS). The dilution effect of carbonate on sediment is reduced after Al standard. If XEF>1, then the element is enriched relative to the average Marine shale; if XEF>3, then it is significantly enriched; if XEF>10, then it is moderately to strongly enriched; otherwise, XEF<1 indicates a relative deficit [29,30]. Trace elements such as V, Cr, Co, Ni, Cu, Zn, As, Mo, Cd, Sb, Re, Pb, Bi, U, Th, Sc and Ba are enriched (EF>1) in the CN profile compared with average Marine shale [23], while Sr, Tl and W are depleted (EF<1). Mo and Cd were strongly enriched (MoEF = 25.6, CdEF = 13.7), and V, Ni, Cu, Zn, U and other elements were significantly enriched (VEF = 6, NiEF = 6.95, CuEF = 3.58, ZnEF = 3.17, UEF = 7.82). Re, Mo, Cd, Ni, V, U, Cu, Zn and other elements had strong correlations with PGEs and TOC and are especially enriched in the D section (Figure 4).



Mo, U, V, Co, Ni, Cu, Zn and other elements form various valence states under different redox conditions, and they are more sensitive to anoxic environments [31]. Additionally, these elements support biological metabolisms and biochemical processes by providing important biological micronutrients or bioessential elements in early life metabolism [32]. Therefore, Mo/TOC, V/Cr, Ni/Co and MOEF-UEF covariant models have been widely used to study the redox state of paleo-oceans, sea basin restriction and primary marine palaeoproductivity [30,31,33]. The enrichment of Mo, U, V, Co, Ni, Cu, Zn and other elements indicated that the sedimentary water in the study area is a reductive environment with high primary paleo-productivity [31,33,34]. Mo and U were significantly enriched in Section D, with an EF greater than 100 (Table 2, Figure 4). The Mo/TOC values in the D and E sections of Longmaxi Fm is significantly higher, with values of 10.15-16.67. In particular, the Mo/TOC in Section D shows a peak value with an average value of 16, which is close to that of Ohio shale in Central Appalachian Basin (Mo/TOC is 12-18) in a semi-retention environment [33]. The mean Mo/TOC of Section B and C of Wufeng Fm is 4.07, similar to that of the Black Sea (mean 4.5), and even lower than that in several samples, which is close to the ratio of the Barnett Fm shale in the Fort Worth Basin, formed in a strong restricted basin environment [35]. This indicates that the organic-rich black shale of the Wufeng Fm and the Longmaxi Fm formed in significantly different environments. The sedimentary period of the Wufeng Fm was a strongly restricted sea basin under an anoxic environment, while the early Longmaxi Fm was a semi-restricted sea basin under an anoxic–suboxic environment [33].



The rare earth elements (REE) of CN outcrop are shown in Table 2. The ∑REE values are 81.77 × 10−6~281.70 × 10−6, with the average of 142.73 × 10−6. This value is close to the average of UCC (146.4 × 10−6) and slightly lower than that of the PAAS (183.03 × 10−6) [23]. The total amount of light rare earth elements (∑LREE) ranges from 72.86 × 10−6 to 260.5 × 10−6, with an average of 128.54 × 10−6, accounting for 90% of the∑REE. The total amount of heavy rare earth elements (∑HREE) is 8.83 × 10−6~21.2 × 10−6, with an average of 14.2 × 10−6, accounting for 10% of the ∑REE. ∑LREE/∑HREE values are 7.25~12.29, the average of 8.96, showing obvious enrichment of LREE and loss of HREE, which is consistent with the distribution law of REE in shale [36]. The values of Eu anomaly (δEuN normalized chondrites) range from 0.65 to 1.29, with an average value of 0.93, showing a wide range of variation, both positive and negative, indicating obvious differentiation compared with chondrites. The values of δEuS (PAAS standardized) ranged from 0.99 to 1.97 with a mean value of 1.42, indicating a positive anomaly. The values of δCeS (PAAS standardized) are 0.76–0.99 with a mean value of 0.89, indicating a weak negative difference. The δEuN positive anomalies reflect the influence of hydrothermal deposition [37,38,39], and the positive anomaly of δEus and the negative anomaly of δCes indicate a reducing sedimentary environment [19,39,40], All the above demonstrate that the Wufeng Fm and Longmaxi Fm in the study area was deposited in a reductive water environment and affected by hydrothermal deposition.




4.3. PGEs Content and Parameter Characteristics


The PGEs contents of black shale are shown in Table 3 and Figure 5, which varies within 2.53 × 10−9~27.64 × 10−9. The content of Pd and Pt was high: the Pd value is 1.53 × 10−9~15.4 × 10−9, with an average of 4.1 × 10–9; and the Pt value is 0.7 × 10−9~9.8 × 10−9, with an average of 2.75 × 10−9. The content of Os, Rh and Ru is low: the Os value is 0.09 × 10−9~1.31 × 10−9, with an average of 0.36 × 10–9; Rh value is 0.04 × 10−9~0.33 × 10−9, with an average of 0.11 × 10−9; and Ru value is 0.16 × 10−9~0.70 × 10−9, with an average of 0.26 × 10−9. Ir content is the lowest, with a value of 0.02 × 10−9~0.43 × 10−9 and an average of 0.08 × 10−9. The Ag content is high, ranging within 0.097 × 10−6~3.09 × 10−6, with an average of 0.56 × 10−6. The Au content of five samples in Section C-D is also measured. The sampling position of Au is shown in Figure 2b. The Au content of one sample in Section D is 4.27 × 10−9, three samples of Guanyinqiao Mem have Au contents of 2.01 × 10−9, 2.04 × 10−9, and 3.51 × 10−9, and the Au content of one sample in the Section C of Wufeng Fm is 2.79 × 10−9.



Compared with the average content of the UCC [6,42], the CN outcrop black shale is relatively rich in PGEs (Figure 6). Compared with the Cambrian black samples in the Chengkou area [7], the contents of others show similar characteristics except that Pd and Ru are significantly lower. Compared with the Cambrian black rock series in Hunan and Guizhou [43], other elements show similar features except that Ru is slightly higher and Ir is slightly lower. In addition, the samples of the polymetallic enrichment layer of the black rock series (Section D) in this area are relatively rich in Ag and Au, which are 27 times and two times the abundance of the UCC, respectively [42]. It can be seen from the element profile histogram that the PGEs enrichment layer is mainly distributed in Section D from Section C at the top of the Wufeng Fm to the bottom of the Longmaxi Fm. The PGEs contents in other sections of the profile are low.



PGEs have certain distribution laws in different spheres of Earth. Generally, there are three kinds of distribution modes: Ru–Pt, Ru–OS and Pt–Pd [6,44]. The distribution of PGEs in the study area has an obvious Pt–Pd pattern, Pd > Pt, and the content of Pd is much higher than Ru, Rh, Os and Ir. In general, the Pt/Pd of the whole profile is less than one, in which of PGEs enrichment layer (Section C and D) Pt/Pd≈ 1:1, while in Section A, B, E and F it is Pt/Pd ≈ 1:2. The mean values of Pt/Ir, Pt/Ru and Pd/Pt of PGEs enrichment layers (Sections C+ D) are 4.60, 3.47 and 6.07, respectively, which are far greater than the corresponding original mantle values of 1.21, 1.44 and 0.55 [45] and C1 chondrite values of 1.22, 1.42 and 0.54 [45], indicating that the source of PGEs may not be the original mantle or C1 chondrite. In addition, the Pd/Ir value can best verify the fractionation effect of PGEs. The Pd/Ir value of the PGEs enrichment layer is 72.96, which indicates strong fractionation.





5. Discussion


5.1. Extraterrestrial Matter Influences


The source of PGEs in the black rock series is a research hotspot at present. Predecessors have performed much research on the source of PGEs in the black rock series, which has been widely developed due to the paleo-oceanic anoxic event at the turn of the Precambrian–Cambrian boundary [4,9,43,46]. Fan et al. (1973, 2004) [47,48] proposed that Ni, Co and PGEs may be extraterrestrial sources and trace elements such as Mo, Zn, Pb, Ba and V may be the origin of submarine hot springs according to the Ir anomaly and the distribution of PGEs. Coveney et al. (1991, 2012) [10,49], Li et al. (2000) [50] and Mao et al. (2001) [51] think that it is mainly related to submarine hydrothermal effusion. Han (2015) [42] thinks that it comes from hot brine rich in organic matter, that is, the organic matter and hot brine mode [52]. Liang et al. (1997) [53] put forward a conclusion similar to that of Fan et al. (1973) [47] that the Mo–Ni–PGEs metal layer is of typical syngenetic sedimentary origin, and PGEs enrichment is related to carbonaceous adsorption in addition to sulfide. In conclusion, the previous viewpoints on the genesis of PGEs in the Cambrian black rock series mainly focus on the origin of extraterrestrial materials, the origin of normal seawater and the origin of hot water.



Ir in PGEs can provide important information on rock genesis, and Ir anomalies are considered to be affected by the impact of extraterrestrial objects on the earth [25,54,55]. The Ir content of black shale in CN outcrop is low (Table 3), ranging from 0.02 × 10−9 to 0.43 × 10−9, with an average of 0.080 × 10−9. The Ir value of PGEs enrichment layer (Section D) is slightly higher, and the value is 0.1 × 10−9~0.43 × 10−9 but also significantly lower than the Ir content of the Cretaceous Tertiary boundary clay layer in Denmark with typical extraterrestrial genesis (47 × 10−9) [54,55,56] and primitive mantle values (Ir =3.2 × 10−9) [23], and similar to the Ir value of Ni-Mo layer in Niutitang Fm (measured by [10] ranged from 0.02 × 10−9~0.15 ×10−9and the Cambrian black shale in Chengkou area [7] value is 0.05 × 10−9~0.15 × 10−9,and there is no obvious abnormally high value of Ir. Therefore, it can be considered that PGEs in the black shale of the Wufeng Fm and Longmaxi Fm Fm does not have the characteristics of extraterrestrial material sources.



Carbonaceous chondrites can be regarded as representative of extraterrestrial materials. The mean value of Pd/Pt, (Pt + Pd)/(Os + Ru + Ir), Au/Ir, and Ag/Au in carbonaceous chondrites are 0.57, 0.86, 0.31 and 1.14, respectively [57,58]. However, those values in the D Section are 1.26, 10.36, 21, and 500, respectively, which is not comparable. Therefore, it is speculated that these PGEs are not from extraterrestrial materials. As show in Ir/Pt–Pd/Pt discrimination diagram [25] (Figure 7), the sample points with TOC > 2% (type I, type II, type III) and TOC < 2% (type IV, type V) are obviously zoned but are far from chondrites [45] and clay rocks at the Cretaceous-Paleogene (K/Pg) boundary that are obviously affected by extraterrestrial materials [56], which again shows that the PGEs in the study area do not have extraterrestrial material source characteristics.




5.2. Influence of Hydrothermal Deposition


With the deepening of shale gas exploration in the Sichuan Basin, many scholars have carried out much research on the origin of organic matter-rich black shale in the upper Wufeng Fm and Longmaxi Fm from different aspects, such as paleontology, elemental geochemistry and isotopes [51,59]. Up to now, it is still controversial whether the black shale deposition of the Wufeng Fm and Longmaxi Fm in the upper Yangtze region is affected by hydrothermal fluid. Some scholars believe that the high siliceous black shale of the Wufeng Fm and Longmaxi Fm is mainly of biological origin and lack of hydrothermal origin [59,60]. However, some studies also indicate that the black shale was affected by hydrothermal deposition [61]. According to the SiO2–Al2O3 discrimination diagram (Figure 8) [62], the samples of Section C fall into the normal seawater deposition area, while the sample of Section D of the PGEs enrichment layer falls into the junction of hot water and normal seawater deposition areas, indicating that the shale in Section D may be affected by hydrothermal activity during deposition, and the enrichment of PGEs may be related to hydrothermal sedimentation. At the same time, other sample points are located in both areas, which indicates that the black shale may have been affected by hydrothermal activity during the deposition period.



In general, typical hydrothermal deposits have low REE, LREE enrichment and obvious positive Eu anomalies [63]; high concentrations of the trace elements Mo, Sb, U, Cd, V, Ba, Ni, Cr, Cu, Zn, and Bi and the strong loss of Sr may also be related to hydrothermal activities [40,64]. The REE of black shale in CN outcrop show obvious LREE enrichment, and some samples show positive Eu anomalies (Table 2). Moreover, Mo, U, V, Ba, Ni, Cr, Cu, Zn and other elements are enriched, and Sr is depleted. The above element characteristics indicate that the study area is affected by hydrothermal deposition.



Previous studies have shown that the typical Kuroko massive sulfide deposit and the Cambrian black rock series in Chengkou [7], RM black chimney [65], Guizhou Ni Mo ore [9] and Yangliuping PGEs ore [66] are involved in the enrichment of PGEs in hydrothermal genesis. On the standardized distribution pattern map of PGEs chondrites (Figure 9), the Section C and Section D of the black rock series in the study area are obviously differentiated, and the Ir presents an obvious low value. This is distinct from the PGEs distribution pattern with flat sources of extraterrestrial materials [25,45] but has a similar distribution trend with the typical Kuroko massive sulfide deposit, RM black chimney and Chengkou Cambrian black rock series. It is slightly lower than that of Ni–Mo ore and Yangliuping PGEs ore in Guizhou, which is quite different from the normal seawater sedimentation distribution mode [9], which again shows that the genesis of the black rock series of the Wufeng Fm and Longmaxi Fm is not caused by extraterrestrial materials but affected by hydrothermal deposition.



Scheme 2007. Kuroko sulfide deposit of Japan and Cambrian black shale at Chengkou are from [7]; RM Black Chimney and Yangliuping outcrop are from [65,66], respectively.



Element Pd and Ir have different geochemical behaviors in magma and hydrothermal fluid. Ir does not easily migrate in hydrothermal fluid, so hydrothermal sulfide has lower Ir content and higher Pd/Ir ratios, while magmatic sulfide ore has relatively lower values, so the Pd/Ir value is usually used to indicate hydrothermal alteration of ore genesis [66]. For example, the average Ir value of the Pacific black chimney is 0.7-0.8 ng/g, and the Pd/Ir ratio is 12.4-231.9 [65]. The Ir content in the study area is low, with an average of 0.08 ng/g (the average value of the D section is 0.13 ng/g), and the Pd/Ir ratio is 17-101 (Table 3, the average value of the D section is 85), with a wide range of variation, showing the genetic characteristics of hydrothermal influence [65]. It can be seen that the black shale of CN outcrop and the Cambrian black shale of Chengkou [7] and the Ni–Mo ore in Guizhou [9] and the Ni–Mo–Zn ore in Canada [67] fell in the same range (Figure 10), while the oceanic Fe–Mn crusts [68] fell in another region, which also shows the result of the participation of hydrothermal activity in the sedimentary period.




5.3. Biological Sedimentation


Previous studies have shown that bio-organic matter plays an important role in the enrichment and accumulation of elements in both seawater and hydrothermal mineralization [69,70]. In carbonaceous rocks, the chemical adsorption ability of carbonaceous-activated organic matter becomes an effective mechanism for PGEs accumulation [71] (A large number of organisms developed during the early stage of sedimentation and diagenesis, such as algae and plankton, constantly absorbed nutrients from the surrounding environment and concentrated PGEs, Au, Ag, V, Mo, Ni and other metal elements. Later, a large number of biological remains were degraded by bacteria to produce a large amount of humic acid (the precursor of kerogen), and the CO2 and CH4 produced at the same time kept the sedimentary interface in a continuous and stable reduction state, which is not only conducive to the full adsorption and precipitation of metal elements by the sediments, but also effectively prevents the organic complexes of the precipitated metals from being released again and participating in the circulation activities of the ocean [72]. Therefore, the organic-rich black shale is rich in a variety of metal elements [7,43,73]. Among them, the PGEs enrichment layer is subjected to the strongest hot water action, and the thermal evolution of organic matter is enhanced. During this process, kerogen continuously concentrates and adsorbs precious metal ions such as PGEs, Au and Ag, so the PGEs enrichment layer corresponds to a high TOC value [43,58].



The TOC of the middle and upper part of the Wufeng Fm (Section B and C) and the early stage of the Longmaxi Fm (Section D and E) are more than 2%. A large number of graptolite, brachiopod bivalves and other fossils can be directly seen in black shale, and radiolaria and other microbial fossils can be seen under the microscope (Figure 3). Especially in Section D, the TOC value is higher than 7%, which corresponds to the high value of PGEs, and the trace elements Re, Mo, Cd, Ni, V, U, Cu, Zn and δ 34SV-CDT also showed high mutation values (Figure 4). It can be seen from the correlation diagram (Figure 11) that PGEs has excellent correlation with TOC, R2 value is 0.5675, and has excellent correlation with Cu, Zn, Ni, Mo, V, U and other elements (R2 value is 0.5397, 0.6375, 0.5893, 0.5039, 0.6139, 0.5351, respectively), indicating that PGEs enriched in marine shale may be associated with not only the sedimentary carbonaceous matter related to biological processes, but also to the mineralization of some molybdenum sulfide nickel ore and pyrite [35,58,74,75].




5.4. Indicative Significance of Sedimentary Environment


Previous studies have shown that the formation and preservation of organic-rich shale with high TOC are complex physical and chemical processes. Many scholars attempted to study the main factors that control these processes and proposed relevant influences on the burial and preservation of organic matter in sediments [31,76]. At present, it is believed that factors including primary paleo-productivity of the ocean and bottom water redox conditions in a periodically stratified marine basin, paleoclimate, sedimentation rate, terrigenous flux, paleosalinity and subsequent tectonic movement play an important role in the enrichment and preservation of organic materials [31,76,77]. Previous studies have shown that the degree of restriction in the Sichuan Basin differed during Wufeng and Longmaxi periods. The restriction of Wufeng Fm is similar to the Black Sea basin, which is a strong restricted basin, while the Longmaxi Fm is a semi-restricted basin. The high TOC in the Wufeng Fm mainly benefited from the slow rate of water exchange resulting from the strong restricted basin during the period of marine retreat, which was conducive to the preservation of organic matter. In contrast, the high TOC in the Longmaxi Fm mainly benefited from the anoxic sedimentary environment caused by the rise in sea level, which controlled the enrichment of organic matter in the semi-restricted basin. However, the PGEs-enrichment layer happens to be located at the sedimentary transition boundary of the Wufeng Fm and Longmaxi Fm. At the period of O-S transition, the Gondwana glacier event ends, accompanied by mass extinction events, and volcanic events spread all of the Sichuan basin. The obvious enrichment of PGEs effectively indicates the environmental mutation of the O-S boundary. This finding suggested that at that time the sedimentary environment is not only conducive to the enrichment of organic matter, but also to the preservation. Thus, PGEs and metal element enrichment layer with high TOC in the D section was formed.



According to the results of this study, many organisms are developed in PGEs rich layer (Section D), which corresponded to high palaeo-productivity (Figure 12). PGEs and paleo-productivity index P/Al [78,79] were strongly correlated with the R2 value of 0.4213 (Figure 11i, Figure 12). In addition, PGEs was strongly correlated with the paleoredox proxies V/Cr and Ni/Co (Figure 11g,h). The R2 values were 0.4569 and 0.6118, indicating that PGEs was enriched in the anoxic water environment. The correlations between PGEs and the parameters for the degree of basin restricted MoEF, UEF and Mo/TOC were excellent when TOC > 2% (Figure 11j–l). The R2 values were 0.5788, 0.6196 and 0.4332, which indicated that PGEs is similar to Mo and U and was strongly correlated with the TOC. It is speculated that the enrichment of PGEs may have been affected by the degree of basin restriction. Moreover, Mo/TOC were obviously distributed differently from he Wufeng Fm and Longmaxi Fm (Figure 11l), and both were strongly correlated with PGEs (R2 values were 0.6291, 0.8098). It indicated that the basin has different limitations during the Wufeng and Longmaxi periods [80]. In addition, it can be seen in Figure 12 that PGEs rich layer (Section D) corresponded to the anoxic environment with strong restriction, high palaeo-productivity and low terrigenous flux [19,57]. However, the enrichment of PGEs was as complex as the enrichment of the TOC, which was controlled by the influence of the paleoenvironment. However, it is undeniable that the anoxic water body and high primary paleo-productivity in the restricted basin were the main factors that contributed to PGEs enrichment. It could also be related to extinctions caused by abrupt climate changes or strong tectonic movements. Additionally, the positive correlation between TOC and PGEs indicates that the PGEs may be used as an indicator of sedimentary environment, just like characteristic trace elements and REE.





6. Conclusions


	
The black shale of the Wufeng Fm and Longmaxi Fm in the CN outcrop has a high TOC and SiO2 content. A large number of radiolarian fossils have been found, indicating that they are mainly biogenic siliceous. The content of PGEs is low, relatively rich in Pt and Pd, and deficient in Ir and Ru, with an obvious Pt–Pd distribution pattern. PGEs is mainly enriched in the bottom of Longmaxi Fm, and Mo, Ni, V, U, Cu, Zn and other elements are enriched at the same time, which indicates that the sedimentary period of this period is not only the normal seawater deposition, but may be affected by submarine hydrothermal sedimentation.



	
There is no obvious abnormality in Ir whose content is low, which is significantly less than that of the Cretaceous–Paleogene boundary clay layer in Denmark with typical extraterrestrial genesis. Meanwhile, there is no comparability with the values of Pd/Pt, (Pt + PD)/(OS + Ru + IR), Au/Ir and Ag/Au in carbonaceous chondrites, indicating that PGEs of the black shale is not an extraterrestrial material source.



	
The trace elements Mo, Sb, V, Ba, Ni, Cr, Cu, Zn enrichment and Sr deficiency, LREE enrichment, partial samples δEun positive anomaly, the normalized PGEs distribution pattern of chondrite, the Pd/Ir and the Pt/Pd–Ir/Pd correlation diagram all show that the enrichment of PGEs is closely related to the seafloor hydrothermal process.



	
PGEs and TOC, Mo, Ni, Cu, Zn and δ 34SV-CDT correlations indicate that PGEs enrichment is related not only to organic matter enrichment but also to Mo, Ni sulfide and pyrite. This may be related to the enrichment of mantle-derived materials brought by submarine hydrothermal solution in the early Longmaxi Fm. PGEs enrichment is complex and controlled by the influence of the sedimentary environment. The anoxic water body and high primary paleo-productivity in the restricted basin and hydrothermal sedimentary influence are the main factors. It could also be related to extinctions caused by abrupt climate changes or strong tectonic movements. In addition, the good positive correlation between TOC and PGEs indicates that PGEs may be used as an indicator parameter for the sedimentary environment and organic matter enrichment.
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Figure 1. Well Connection Diagram of the Wufeng Fm and Longmaxi Fm in Sichuan Basin. 
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Figure 2. (a) The sedimentary facies map of the Wufeng Fm and Longmaxi Fm and outcrop location in the Upper Yangtze Craton. (b) Stratigraphic column of the Wufeng Fm and Longmaxi Fm and the sampling location; (c) Ternary diagram of mineral composition of Wufeng and Longmaxi black shale. 1. Deep water shelf facies; 2. Shallow water shelf facies; 3. Tidal-flat facies; 4. Ancient land or uplift; 5. Fault; 6. Basin boundary line; 7. Sedimentary facies boundary; 8. Place name; 9. Sampling location; 10. Type I: Siliceous carbonaceous shale, TOC > 2%; 11. Type II: Calcareous siliceous shale, TOC > 2%; 12. Type Ⅲ: Calcareous carbonaceous mudstone TOC > 2%; 13. Type IV: bioclastic calcareous mudstone and calcareous silty mudstone, TOC < 2%; 14. Calcareous silty mudstone and argillaceous siltstone, TOC < 2%. 
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Figure 3. Mineral, rock and biological characteristics of the the Wufeng Fm and Longmaxi Fm. (a) outcrop characteristics, photo; (b) mineral and biological characteristics of Section D of Longmaxi Fm, thin section photo; (c) quartz and organic matter in Section D of Longmaxi Fm, SEM; (d) bioclastic limestone of Guanyinqiao Fm, photo; (e) Hirnantia of Guanyinqiao Mem, photo; (f) biological features of Guanyinqiao Mem of Wufeng Fm, Cathodoluminescence photo. 
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Figure 4. Trace element characteristics in CN outcrop. 






Figure 4. Trace element characteristics in CN outcrop.



[image: Minerals 12 01363 g004]







[image: Minerals 12 01363 g005 550] 





Figure 5. Characteristics of PGEs in CN outcrop. 
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Figure 6. Enrichment factors of PGEs in the Longmaxi Fm black shale in CN outcrop normalized to the UCC [6]. 
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Figure 7. Ir/Pt–Pd/Pt discrimination diagram of CN outcrop [25]. 
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Figure 8. SiO2/Al2O3 diagram of CN outcrop [62]. 
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Figure 9. Chondrite-normalized patterns of PGEs in the Wufeng Fm and Longmaxi Fm black rocks in CN outcrop. 
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Figure 10. Pt–Pd and Pt/Pd–Ir/Pd diagram for black shale in CN outcrop. 1. Fe–Mn crusts [68]; 2. Ni–Mo ore in Guizhou [9]; 3. Ni–Mo–Zn ore, Canada [67]; 4. Cambrian black shale in Chengkou [7]; 5. CN outcrop (Section C and D). 
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Figure 11. Linear relationship between PGE with elements and parameters. (a) PGE-TOC linear relationship diagram; (b) PGE-Cu linear relationship diagram; (c) PGE-Zn linear relationship diagram; (d) PGE-Ni linear relationship diagram; (e) PGE-Mo linear relationship diagram; (f) PGE-V linear relationship diagram; (g) PGE-V/Cr linear relationship diagram; (h) PGE-Ni/Co linear relationship diagram; (i) PGE-P/Al linear relationship diagram; (j) PGE-MoEF linear relationship diagram; (k) PGE-UEF linear relationship diagram; (l) PGE-Mo/TOC linear relationship diagram. 
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Figure 12. Stratigraphic profiles of CN outcrop for correlation between PGEs and high TOC main controlling factors. 
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Table 1. TOC, mineral composition, major element and sulfur isotope of CN outcrop.
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Sample

No.

	
Fm

	
TOC

%

	
Clay

(%)

	
Carbo

Nate

(%)

	
Quartz + feldspar(%)

	
SiO2

(%)

	
Al2O3

(%)

	
Fe2O3

(%)

	
MgO

(%)

	
CaO

(%)

	
Na2O

(%)

	
K2O

(%)

	
MnO

(%)

	
TiO2

(%)

	
P2O5

(%)

	
LOI

(%)

	
δ34SV-CDT

(‰)






	
Y1

	
S1l

	
1.10

	
45

	
31

	
23

	
44.08

	
14.48

	
4.91

	
3.87

	
9.04

	
0.89

	
3.96

	
0.05

	
0.64

	
0.10

	
15.64

	
5.90




	
Y2

	
S1l

	
1.01

	
43

	
30

	
26

	
41.22

	
12.05

	
5.24

	
4.50

	
11.05

	
0.93

	
3.36

	
0.08

	
0.57

	
0.11

	
18.22

	
6.10




	
Y3

	
S1l

	
1.09

	
41

	
35

	
23

	
42.20

	
12.09

	
4.07

	
3.33

	
12.40

	
1.52

	
3.28

	
0.06

	
0.57

	
0.10

	
18.34

	
7.00




	
Y4

	
S1l

	
1.12

	
50

	
16

	
30

	
53.30

	
14.83

	
5.21

	
3.52

	
4.10

	
2.26

	
4.07

	
0.05

	
0.70

	
0.11

	
10.23

	
−6.50




	
Y5

	
S1l

	
1.16

	
54

	
9

	
35

	
57.66

	
14.83

	
5.23

	
2.95

	
2.77

	
1.84

	
4.03

	
0.03

	
0.70

	
0.18

	
8.30

	
−10.50




	
Y6

	
S1l

	
3.34

	
20

	
24

	
51

	
55.06

	
6.22

	
2.28

	
3.18

	
9.33

	
0.48

	
1.65

	
0.03

	
0.32

	
0.09

	
17.57

	
10.10




	
Y7

	
S1l

	
3.29

	
14

	
22

	
61

	
62.10

	
4.88

	
1.85

	
1.83

	
8.68

	
0.95

	
1.28

	
0.03

	
0.25

	
0.08

	
15.23

	
13.40




	
Y8

	
S1l

	
7.40

	
25

	
20

	
50

	
56.64

	
6.19

	
1.48

	
2.32

	
7.32

	
2.27

	
1.53

	
0.03

	
0.31

	
0.16

	
19.36

	
7.50




	
Y9

	
S1l

	
7.25

	
28

	
20

	
50

	
55.86

	
6.97

	
1.93

	
2.38

	
8.54

	
0.99

	
1.79

	
0.03

	
0.36

	
0.16

	
18.84

	
9.30




	
Y10

	
S1l

	
3.18

	
19

	
28

	
52

	
53.68

	
6.56

	
1.20

	
1.83

	
13.31

	
2.07

	
1.69

	
0.05

	
0.35

	
0.14

	
17.49

	
11.70




	
Y11

	
O3g

	
1.77

	
29

	
37

	
32

	
46.64

	
7.65

	
1.61

	
1.95

	
17.00

	
1.08

	
2.00

	
0.07

	
0.42

	
0.13

	
19.38

	
11.40




	
Y12

	
O3g

	
1.24

	
25

	
41

	
32

	
38.28

	
9.09

	
3.73

	
3.30

	
14.38

	
2.69

	
2.48

	
0.11

	
0.49

	
0.16

	
19.82

	
15.70




	
Y13

	
O3w

	
3.86

	
34

	
35

	
30

	
41.42

	
9.04

	
2.59

	
2.66

	
14.76

	
0.70

	
2.34

	
0.07

	
0.49

	
0.21

	
22.24

	
13.50




	
Y14

	
O3w

	
3.42

	
30

	
35

	
32

	
41.57

	
8.01

	
2.63

	
2.59

	
14.20

	
2.02

	
2.08

	
0.06

	
0.40

	
0.19

	
22.45

	
9.00




	
Y15

	
O3w

	
2.64

	
12

	
31

	
55

	
59.15

	
4.24

	
1.27

	
1.57

	
12.44

	
0.93

	
1.13

	
0.06

	
0.21

	
0.09

	
17.61

	
2.10




	
Y16

	
O3w

	
3.15

	
19

	
17

	
60

	
73.14

	
4.37

	
1.44

	
1.19

	
5.32

	
0.47

	
1.12

	
0.03

	
0.21

	
0.08

	
10.69

	
−2.90




	
Y17

	
O3w

	
3.78

	
25

	
7

	
63

	
73.13

	
5.89

	
1.80

	
1.39

	
3.51

	
0.22

	
1.56

	
0.03

	
0.29

	
0.09

	
10.28

	
−7.10




	
Y18

	
O3w

	
2.91

	
28

	
44

	
25

	
41.53

	
6.65

	
2.70

	
6.16

	
14.01

	
0.11

	
1.87

	
0.15

	
0.32

	
0.09

	
24.86

	
−1.80




	
Y19

	
O3w

	
2.46

	
39

	
22

	
37

	
56.90

	
10.47

	
2.22

	
2.30

	
7.64

	
0.81

	
2.80

	
0.07

	
0.45

	
0.08

	
14.61

	
−6.20




	
Y20

	
O3w

	
0.74

	
47

	
25

	
27

	
46.49

	
13.29

	
3.77

	
3.51

	
8.80

	
2.70

	
3.95

	
0.11

	
0.81

	
0.09

	
14.94

	
−0.30




	
UCC value

	

	

	
65.89

	
15.17

	
4.49

	
2.20

	
4.19

	
3.89

	
3.39

	
0.07

	
0.50

	
0.20

	

	




	
Oxide/UCC

	

	

	
0.79

	
0.59

	
0.64

	
1.28

	
2.37

	
0.33

	
0.71

	
0.88

	
0.89

	
0.61

	

	








Note: UCC value ref. [23].
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Table 2. Trace elements and REE and relevant parameters of CN outcrop.
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Sample

No.

	
Fm.

	
V

(ug/g)

	
Co

(μg/g)

	
Ni

(μg/g)

	
Cu

(μg/g)

	
Zn

(μg/g)

	
Mo

(μg/g)

	
U

(μg/g)

	
MoEF

	
UEF

	
Mo/

TOC

	
ΣREE

(μg/g)

	
LREE(μg/g)

	
HRE(μg/g)

	
δEuN

	
δEuS

	
δCeS






	
Y1

	
S1l

	
114.3

	
14.2

	
52.5

	
36.0

	
55.5

	
6.2

	
6.9

	
4.3

	
2.6

	
5.6

	
168.7

	
153.2

	
15.6

	
1.17

	
1.79

	
0.92




	
Y2

	
S1l

	
101.0

	
12.4

	
57.5

	
34.4

	
39.5

	
5.6

	
6.1

	
4.7

	
2.8

	
5.6

	
176.6

	
159.6

	
16.9

	
1.04

	
1.59

	
0.91




	
Y3

	
S1l

	
140.6

	
11.5

	
59.8

	
25.8

	
47.0

	
6.0

	
5.9

	
5.1

	
2.6

	
5.5

	
149.3

	
134.8

	
14.5

	
1.16

	
1.78

	
0.91




	
Y4

	
S1l

	
139.0

	
13.0

	
43.2

	
38.9

	
54.1

	
4.2

	
5.0

	
2.8

	
1.8

	
3.7

	
168.9

	
154.0

	
14.9

	
1.02

	
1.56

	
0.94




	
Y5

	
S1l

	
119.4

	
13.5

	
42.4

	
42.3

	
84.0

	
5.9

	
5.1

	
4.0

	
1.9

	
5.1

	
176.9

	
162.0

	
14.8

	
0.98

	
1.50

	
0.93




	
Y6

	
S1l

	
169.6

	
7.3

	
93.0

	
47.0

	
133.8

	
42.0

	
13.7

	
68.3

	
11.9

	
12.6

	
102.9

	
92.9

	
10.0

	
1.05

	
1.60

	
0.87




	
Y7

	
S1l

	
164.4

	
8.7

	
116.6

	
22.9

	
72.5

	
33.4

	
13.5

	
69.2

	
15.0

	
10.2

	
81.8

	
72.9

	
8.9

	
1.29

	
1.97

	
0.86




	
Y8

	
S1l

	
774.7

	
6.5

	
158.5

	
137.3

	
496.8

	
114.4

	
49.2

	
186.9

	
43.1

	
15.5

	
102.3

	
90.4

	
11.9

	
1.07

	
1.63

	
0.76




	
Y9

	
S1l

	
876.1

	
7.2

	
175.1

	
134.3

	
866.2

	
120.9

	
45.1

	
175.4

	
35.1

	
16.7

	
133.1

	
118.6

	
14.5

	
0.73

	
1.11

	
0.84




	
Y10

	
S1l

	
252.1

	
4.6

	
92.1

	
42.8

	
54.5

	
8.3

	
9.8

	
12.8

	
8.1

	
2.6

	
93.9

	
82.5

	
11.4

	
0.79

	
1.20

	
0.86




	
Y11

	
O3g

	
131.7

	
9.5

	
76.5

	
47.5

	
168.6

	
4.0

	
5.5

	
5.3

	
3.9

	
2.3

	
96.8

	
84.5

	
12.2

	
0.93

	
1.42

	
0.90




	
Y12

	
O3g

	
128.7

	
9.0

	
62.7

	
28.6

	
60.7

	
0.8

	
3.1

	
0.9

	
1.8

	
0.7

	
139.5

	
125.1

	
14.4

	
0.69

	
1.05

	
0.91




	
Y13

	
O3w

	
169.5

	
15.2

	
127.0

	
44.6

	
58.2

	
33.2

	
32.3

	
37.2

	
19.4

	
8.6

	
180.4

	
159.8

	
20.5

	
0.77

	
1.17

	
0.85




	
Y14

	
O3w

	
151.3

	
14.3

	
145.4

	
48.9

	
108.4

	
32.9

	
17.1

	
41.5

	
11.6

	
9.6

	
173.3

	
153.7

	
19.6

	
0.71

	
1.09

	
0.86




	
Y15

	
O3w

	
117.8

	
5.1

	
50.6

	
29.4

	
10.4

	
7.5

	
4.8

	
18.0

	
6.2

	
2.9

	
88.8

	
78.1

	
10.8

	
0.93

	
1.42

	
0.91




	
Y16

	
O3w

	
128.1

	
6.3

	
53.4

	
48.2

	
31.9

	
8.1

	
4.1

	
18.7

	
5.1

	
2.6

	
90.5

	
81.7

	
8.8

	
0.97

	
1.49

	
0.94




	
Y17

	
O3w

	
200.1

	
6.8

	
61.0

	
68.6

	
108.3

	
9.4

	
7.4

	
16.2

	
6.8

	
2.5

	
101.4

	
92.0

	
9.4

	
0.88

	
1.34

	
0.89




	
Y18

	
O3w

	
118.4

	
6.1

	
64.6

	
57.5

	
28.0

	
4.0

	
8.9

	
6.1

	
7.2

	
1.4

	
150.9

	
132.6

	
18.3

	
0.75

	
1.15

	
0.83




	
Y19

	
O3w

	
91.9

	
4.3

	
47.0

	
68.5

	
73.2

	
2.4

	
5.4

	
2.4

	
2.8

	
1.0

	
281.7

	
260.5

	
21.2

	
0.65

	
0.99

	
0.93




	
Y20

	
O3w

	
133.4

	
8.2

	
50.8

	
44.4

	
83.9

	
0.5

	
7.6

	
0.4

	
3.1

	
0.6

	
197.0

	
181.8

	
15.3

	
1.06

	
1.62

	
0.99




	
PAAS

	
60.0

	
10.0

	
20.0

	
25.0

	
71.0

	
1.5

	
2.8

	

	

	

	
183.0

	

	

	

	

	




	
EF

	
6.0

	
1.6

	
7.0

	
3.6

	
3.2

	
25.6

	
7.8

	

	

	

	

	

	

	

	

	








Note: EF = (X/Al) sample/(X/Al)PAAS. PAAS value ref. [23]. Chondrite value ref. [41]; LREE = La + Ce + Pr + Nd + Sm + Eu, HREE = Gd + Tb + Dy + Ho + Er + Tm + Yb + Lu. δEuN = 2(Eu)N/((Sm)N + (Gd)N)) Subscript N indicates the normalized value of elements relative to chondrites ref. [41], δEuS = 2(Eu)S/((Sm)S + (Gd)S), δCeS = 2(Ce)S/((La)S + (Pr)S)), Subscript S is the PAAS standardized value [23].
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Table 3. PGEs and relevant parameters of CN outcrop.
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Sample

No.

	
Fm.

	
Os(ng/g)

	
Ir(ng/g)

	
Ru(ng/g)

	
Rh(ng/g)

	
Pt(ng/g)

	
Pd(ng/g)

	
Ag(μg/g)

	
PGEs(ng/g)

	
Pd/Pt

	
Pd/(Pd + Pt)

	
Pd/Ir

	
(Pt + Pd)/(Os + Ru + Ir)






	
Y1

	
S1l

	
0.12

	
0.05

	
0.21

	
0.07

	
0.97

	
2.18

	
0.11

	
3.60

	
2.25

	
0.69

	
43.60

	
8.29




	
Y2

	
S1l

	
0.18

	
0.05

	
0.22

	
0.06

	
0.91

	
1.94

	
0.12

	
3.36

	
2.13

	
0.68

	
38.80

	
6.33




	
Y3

	
S1l

	
0.18

	
0.04

	
0.19

	
0.06

	
0.81

	
1.58

	
0.10

	
2.86

	
1.95

	
0.66

	
39.50

	
5.83




	
Y4

	
S1l

	
0.19

	
0.06

	
0.23

	
0.07

	
1.00

	
1.87

	
0.10

	
3.42

	
1.87

	
0.65

	
31.17

	
5.98




	
Y5

	
S1l

	
0.15

	
0.05

	
0.22

	
0.05

	
0.73

	
1.33

	
0.10

	
2.53

	
1.82

	
0.65

	
26.60

	
4.90




	
Y6

	
S1l

	
0.35

	
0.08

	
0.16

	
0.04

	
0.70

	
1.39

	
0.24

	
2.72

	
1.99

	
0.67

	
17.38

	
3.54




	
Y7

	
S1l

	
0.31

	
0.03

	
0.23

	
0.06

	
1.21

	
2.01

	
0.36

	
3.85

	
1.66

	
0.62

	
67.00

	
5.65




	
Y8

	
S1l

	
0.76

	
0.08

	
0.39

	
0.21

	
6.69

	
7.74

	
1.61

	
15.87

	
1.16

	
0.54

	
96.75

	
11.73




	
Y9

	
S1l

	
1.31

	
0.20

	
0.70

	
0.23

	
9.80

	
15.40

	
1.67

	
27.64

	
1.57

	
0.61

	
77.00

	
11.40




	
Y10

	
S1l

	
1.01

	
0.10

	
0.34

	
0.17

	
7.80

	
8.12

	
3.09

	
17.54

	
1.04

	
0.51

	
81.20

	
10.98




	
Y11

	
O3g

	
0.13

	
0.43

	
0.25

	
0.33

	
5.55

	
7.29

	
0.65

	
13.98

	
1.31

	
0.57

	
16.95

	
15.85




	
Y12

	
O3g

	
0.09

	
0.04

	
0.18

	
0.06

	
0.93

	
2.11

	
0.71

	
3.41

	
2.27

	
0.69

	
52.75

	
9.81




	
Y13

	
O3w

	
0.43

	
0.08

	
0.23

	
0.12

	
4.39

	
5.71

	
0.51

	
10.96

	
1.30

	
0.57

	
71.38

	
13.65




	
Y14

	
O3w

	
0.34

	
0.06

	
0.24

	
0.09

	
5.12

	
5.67

	
0.51

	
11.52

	
1.11

	
0.53

	
94.50

	
16.86




	
Y15

	
O3w

	
0.24

	
0.02

	
0.16

	
0.07

	
0.98

	
2.03

	
0.25

	
3.50

	
2.07

	
0.67

	
101.50

	
7.17




	
Y16

	
O3w

	
0.35

	
0.02

	
0.16

	
0.07

	
0.74

	
1.53

	
0.24

	
2.87

	
2.07

	
0.67

	
76.50

	
4.28




	
Y17

	
O3w

	
0.40

	
0.07

	
0.33

	
0.15

	
2.55

	
5.35

	
0.29

	
8.85

	
2.10

	
0.68

	
76.43

	
9.88




	
Y18

	
O3w

	
0.24

	
0.05

	
0.32

	
0.10

	
1.77

	
3.68

	
0.20

	
6.16

	
2.08

	
0.68

	
73.60

	
8.93




	
Y19

	
O3w

	
0.23

	
0.04

	
0.30

	
0.07

	
1.49

	
3.10

	
0.22

	
5.23

	
2.08

	
0.68

	
77.50

	
8.05




	
Y20

	
O3w

	
0.12

	
0.04

	
0.17

	
0.08

	
0.91

	
1.90

	
0.18

	
3.22

	
2.09

	
0.68

	
47.50

	
8.52




	
average value

	
0.36

	
0.08

	
0.26

	
0.11

	
2.75

	
4.10

	
0.56

	
7.65

	
1.80

	
0.63

	
60.38

	
8.88




	
Mantle value

	
3.40

	
3.2

	
5.0

	
0.9

	
7.1

	
3.9

	
0.008

	
23.5

	

	

	

	




	
C1 Chondrite value

	
490

	
455

	
710

	
130

	
1010

	
550

	
0.20

	
3345

	

	

	

	








Mantle values and C1 chondrite values are from the [45].
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