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Abstract

:

The Datang Formation black rock series deposited in an inter-platform basin are considered to be one of the main source rocks in Southwest China. However, their depositional conditions and organic matter enrichment in such a setting are not well understood. In this study, geochemical characteristics of total organic carbon (TOC), major, trace and rare earth elements (REEs) of thirty black rock series samples from a newly-cut roadside outcrop (Zhenning section) in Southern Guizhou, Southwest China are systematically investigated to examine provenance, paleoredox conditions, paleoclimate, paleoproductivity and sedimentary rate, and further to explore their influence on organic matter enrichment. Results show that TOC contents of the investigated samples range from 0.90% to 2.83%, with an average of 1.45%, with TOC variations being in accord with the stratigraphic cyclicity. These data also indicate that the target black rock series were deposited in a combination of continental island arc and active continental margin tectonic setting that exhibited moderate weathering, oxic/dysoxic oxygen levels, hot and arid to semiarid climate, and a higher sedimentary rate. Multiple paleoredox indicators (e.g., Ni/Co, V/Cr, U/Th and V/(V + Ni) ratios), together with slightly negative Ce anomalies and EFU-EFMo covariation, totally suggest an oxic/dysoxic water environment, which is usually considered unfavorable for organic matter preservation. Average (La/Yb)N ratios (1.41) reflect a higher sedimentary rate, resulting in shortening the exposure time of organic matter in the degradation region of aerobic bacteria under oxic/dysoxic conditions. Of the three factors that could affect organic matter enrichment, including paleoproductivity, paleoredox conditions and sedimentary rate, the relatively high paleoproductivity indicated by the relatively high TOC contents appears to be the dominant factor. In contrast, the other two factors, i.e., paleoredox conditions and the rate of sedimentation play relatively less significant roles. Based on these factors, an enrichment model of organic matter for the black rock series in Southern Guizhou Depression is established. These findings also contribute to constraining the sedimentary environment in such a setting and further deepen our understanding of the potential shale gas resources of the Southern Guizhou Province.
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1. Introduction


In the past few decades, increasing numbers of scholars have demonstrated the applicability of understanding major elements, trace elements (TEs), and rare earth elements (REEs, from La to Lu) data as useful indicators to examine the depositional conditions (e.g., provenance, paleoredox conditions and paleoclimate) [1,2,3,4,5,6,7] and to determine the mechanisms controlling the organic matter enrichment in modern and ancient sediments [8,9,10,11]. Various studies have covered the sedimentary environments including marine shale in intra-shelf basins, continental shale in lacustrine rift basins and transitional shale in residual bays [5,6,12,13,14,15,16]. However, exceedingly few publications document the organic-rich sediments deposited in an inter-platform basin owing to their limited occurrence in the stratigraphic records [17,18,19]. Fortunately, the Datang Formation black rock series in Southern Guizhou, Southwest China, provides an invaluable opportunity to characterize the inorganic geochemical characteristics and further to explore their depositional conditions and organic matter enrichment in such a setting.



Previous studies suggested that organic-rich black rock series from the Lower Carboniferous Datang Formation are considered to be deposited in an inter-platform basin [18,20] and be the dominating hydrocarbon source rocks in Southwest China [21,22]. The sedimentary environment of the Datang Formation in Southern Guizhou Depression has been studied by means of lithologic description, petrographic and biostratigraphic approaches [18,20,23,24]. However, the above-mentioned methods for elucidating sedimentary environments are restricted by the number of well drillings. More importantly, few wells have been drilled in the studied region until now, so elemental geochemical characteristics of black rock series from outcrop can provide valuable information for systematically deciphering sedimentary environments. Additionally, elemental geochemical methods are employed for reconstructing the sedimentary environments more easily, reproducibly and efficiently [6,25]. The sediment provenance of the Lower Carboniferous is also investigated based on the detrital mineral composition analyses [26], but less attention is focused on the elemental geochemical approaches [27], despite the fact that elemental geochemical approaches can better characterize the provenance and paleoclimate fluctuations.



In this study, samples of black rock series collected from a newly-cut roadside outcrop in Zhenning county, Anshun city, Southwest China, were analyzed for total organic carbon (TOC), as well as major elements, TEs, and REEs concentrations. We aim to place a better understanding on: (1) the elemental geochemical characteristics of black rock series in an inter-platform basin; (2) the provenance, paleoredox conditions, paleoclimate, paleoproductivity and sedimentary rate at the time of the black rock series deposition; and (3) the roles of depositional conditions in organic matter enrichment in the Datang Formation.




2. Geological Setting


Located in the southern part of Guizhou Province, Southwest China (Figure 1a), the studied area tectonically belongs to Southern Guizhou Depression, southwestern edge of Upper Yangtze Plate [20,27] and has experienced multi-stage complex tectonic movements and resulted in forming a series of folds with axes trending NW and strike faults with the NW- or NE-trending [21,27]. The strata exposed at the surface in this region are mainly Devonian, Carboniferous and Permian. During the early Carboniferous period, the regionally extensive black rock series developed on the Upper Yangtze Plate as well as its periphery, representing a large-scale transgression process [20,21]. A relatively shallow-water inter-platform basin formed in the foregoing depression in southern Guizhou [20].



The Lower Carboniferous formations, unconformably overlying the Devonian strata, are composed of a basal carbonate succession (Yanguan Formation) and an overlying composite unit of siliciclastic rock and carbonate (Datang Formation) [22,23]. Above the regional unconformity, the Yanguan Formation (up to 440 m thick) is dominated by thick-layered dark-gray limestones and dolostones, locally intercalated with thin black shales/mudstones. The overlying Datang Formation consists of a thicker organic-rich lower part (maximum thickness up to 800 m) characterized by black shales/mudstones intercalated with dark-gray marlstones/limestones and a thicker organic-poor upper part (maximum thickness up to 500 m) dominated by dark-grey limestones and dolostones intercalated with black shales/marlstones [22,23]. This paper focuses on the lower part of the Datang Formation.



The investigated Zhenning section (N 25°53′25.31″, E 105°51′23.98″) (Figure 1b) in this work is located about 30 km southwest of Anshun city and lies paleogeographically in an inter-platform basin [18,20]. At Zhenning County, the Datang Formation comprises in ascending order: (1) basal beds including ~7 m of marlstone, <2 m of mudstone, and a 6.5-m-thick shale; (2) ~4 m of marlstone (Figure 2a), a 4.5-m-thick shale, ~7 m of mudstone (Figure 2b); (3) <1 m of marlstone, a 8-m-thick shale, ~4 m of limestone (not included in this study), and a 6-m-thick mudstone (Figure 2c); (4) ~4 m of marlstone, ~15 m of shale (Figure 2d), ~3 m of limestone, and a 6.5-m-thick mudstone.



The vertical lithological changes of the studied section show a well-developed stratigraphic cyclicity (Figure 3), which is generally considered to result from short-term orbitally-driven sea level variations [28,29]. The depositional cycle (C) is the basic stratigraphic unit and consists of one component (one kind of lithology of the black rock series). Two or three depositional cycles vertically merge into one cycle set (CS) and then two such cycle sets further stack into one composite cycle set (CCS) (Figure 3). The cycle set is constituted of two parts: the lower marlstone/limestone and the upper shale/mudstone, apparently reflecting a marine transgression process. From the base to the top, four composite cycle sets are discerned in the investigated interval, being consistent with the TOC variations (Figure 3).




3. Samples and Methods


3.1. Samples


Experimental samples for the analysis of TOC contents and elemental geochemistry in the Lower Carboniferous Datang Formation were collected systematically from a newly-cut roadside outcrop southwest of Anshun city named as Zhenning section (Figure 1b) in this study, and no published reports about it so far. Using sampling of vertical intervals of 2–3 m, based on variations in lithology, a total of 30 rock samples were collected. The samples included: sixteen shales (ZN5-ZN7, ZN10-ZN11, ZN14-ZN18, ZN22-ZN24 and ZN28-ZN30), eight mudstones (ZN9, ZN12-ZN13, ZN19-ZN20 and ZN25-ZN27) and six marlstones (ZN1-ZN4, ZN8 and ZN21). Samples were saved in sample sacks to prevent external contamination. Table 1 and Figure 3 display more detailed information of the studied samples, including Formation, sample number, height and lithology.




3.2. Methods


Prior to analysis, all the studied samples were firstly washed and dried, and then were crushed and ground to a grain size smaller than 200 mesh (75 μm) in an agate mortar for TOC, mineralogical compositions, major elements, TEs, and REEs analyses. All these analyses were performed on whole-rock powdered samples and conducted at the geochemistry laboratory of the Keyuan Engineering Testing Center of Sichuan Province, China.



An aliquot of 200 mg of powdered samples for TOC contents were first treated with 10% (volume) hydrochloric acid (HCl) at 60 °C to dissolve carbonate, and whereafter rinsed with distillated water to wash the HCl. Afterwards, the de-carbonated samples were dried for several hours at 50 °C and then analyzed using a LECO CS-400 analyzer. The analytical precision was better than 0.1%.



The mineral compositions were determined by a Bruker D8 Discover X-ray diffractometer (XRD) with Ni-filtered Cu-Kα radiation and a scintillation counter. Each XRD pattern was recorded over a 2θ interval of 5°–70°, with a step size of 0.02°. Computer analysis of diffract grams could provide identification of minerals and semi-quantitative results of the weight percentage of each mineral type.



For major elements analysis, powdered samples were heated to 105 °C to remove the adsorbed water before analysis and then heated to 920 °C to analyze the LOI (loss on ignition). Then, 700 mg of ashed samples and 7 g of Li2B4O7 and BLiO2 mixture were fused at 1150 °C into a glass disc using an Analymate V8C instrument. Major elements were measured on the glass disc using a wavelength dispersive X-ray fluorescence (XRF) spectrometer, following the procedures depicted by Goto and Tatsumi (1994) [30]. The reference material GSR5 was used simultaneously for monitoring the analytical accuracy and precision. The analytical precision for major elements was generally better than 5%, and the detection limits were commonly lower than 30 mg/kg.



For TEs and REEs analysis, the PE NexION 350X Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) was used. An aliquot of 75 mg of powdered samples were digested in a pressure-tight Teflon bomb. Each sample was weighed and dissolved using 3 mL of mixed acids (HF:HCl:HNO3 = 1:1:3). The resulting liquid was permitted to react for 12–24 h at a high temperature (180–190 °C). Further, after cooling, 1 mL HClO4 was added and was reheated till dry to remove HF. Finally, the solution was then added 1 mL diluted HNO3 again and further diluted with double distilled water to a final volume of 100 mL with addition of 1 mL Rh (500 ng/mL) solution as an internal standard. Two reference materials GSR3 and GSR5 were applied simultaneously to supervising the analytical accuracy and precision. The analytical precision was better than 8% for TEs and REEs.





4. Results


4.1. TOC


TOC contents for all the 30 samples are presented in Table 1 and Figure 3. TOC contents vary from 0.90% to 2.83%, with an average of 1.45%. Additionally, there are systematic variations in TOC which accord with stratigraphic cyclicity, with lower values (mean 1.0%) in the basal marlstone and higher values (mean 1.56%) in the upper shale or mudstone of each cycle set (Figure 3).




4.2. Major Elements


The concentrations of major element oxides in the black rock series samples from Zhenning section are presented in Table 1, including average values and LOI (loss on ignition). The major chemical compositions are SiO2 (56.20%), Al2O3 (14.41%), CaO (9.23%), Fe2O3 (4.42%), MgO (1.98%), K2O (2.36%), and Na2O (1.04%). The absolute abundances of other major element oxides are obviously less than 1% and include TiO2 (0.81%), P2O5 (0.04%), and MnO (0.02%). Compared to marlstones, shales and mudstones are enriched in SiO2 (59.96%) and Al2O3 (15.05%), which are strongly linked with the amount of terrestrial detrital inputs [31]. Contrary to shales and mudstones, marlstones are enriched in the absolute abundances of CaO (26.04%), Fe2O3 (5.70%) and K2O (3.10%). The whole major element oxide concentrations of the target samples vary slightly and show no distinct vertical variation rules, reflecting that the heterogeneity of black rock series samples is relatively weak (Figure 4). Particularly, subtle fluctuations of Al2O3 and TiO2 concentrations imply that terrestrial detrital input is relatively stable [3,32] (Figure 4).




4.3. Trace Elements


The selected TEs compositions of the black rock series samples are shown in terms of their average concentrations and standard deviation values in Table 2. On average, elemental content data show that the most abundant TEs in this black rock series are Sr (255.2 ppm), Ba (182.0 ppm), V (171.8 ppm), Cr (165.0 ppm), Rb (104.9 ppm), Zr (116.9 ppm) and Ni (57.2 ppm). The concentrations of other TEs are lower than 50 ppm (Table 2).



In order to further characterize the enrichment degree of TE in sediments, Enrichment Factor (EF) has been universally applied [3,33]. EFelement is determined by normalizing each element to aluminium (Al), which is supposed to stand for the detrital influx, and then comparing these ratios to their equivalent of a normal shale, such as average shale [3,33,34], namely:


EFelement = (element/Al)sample/(element/Al)average shale



(1)







Among the above equation, the ratio in the numerator is for the investigated samples, while that in the denominator is for an average shale (data from [35]). Generally, when EFelement > 1, the TE is enriched relative to average shale, whereas EFelement < 1 indicates depletion [36].



Based on the EFs averages (Table 3), Cr (2.12), Cs (1.71), Th (1.67), V (1.53), Sc (1.29) and Ga (1.20) are slightly enriched, which may be associated with the accumulation of organic matter and/or clay minerals [37,38]. In contrast, U (0.91), Mo (0.90), Rb (0.87), Zr (0.85), Co (0.75), Cu (0.51) and Ba (0.36) are relatively depleted, being likely owing to the weathering of black rock series [38,39]. With regard to rock type, the marlstone samples show the highest average EFs values for most of the selected TEs (Figure 5). The shale and mudstone samples have comparative EFs values, but show distinctly lower than those of the marlstone samples (Figure 5).




4.4. Rare Earth Elements


The REE concentrations and associated geochemical indicators for the analyzed samples are listed in Table 4. The total REE (∑REE) concentrations of the 30 black rock series varied from 120.74 to 206.49 ppm, with an average of 174.85 ppm (Table 4), being close to that of the North American Shale Composite (NASC) (173.21 ppm; [40]). The average value of REE concentrations for the black rock series is slightly lower than that of the Post-Archean Average Australian Shale (PAAS) (183.03 ppm; [32]) and slightly higher than that of the Upper Continental Crust (UCC) (146.4 ppm; [32]). In this work, the NASC was adopted to normalize the REEs.



Figure 6 displays the NASC-normalized REE distribution patterns for three different lithologies from Zhenning section. The REE distribution patterns of these three lithologies appear to have similar trends, being characterized by sloping light REE (LREE, from La to Eu) and relatively flat heavy REE (HREE, from Gd to Lu) with slightly negative Ce anomaly ((Ce/Ce*)N ranging from 0.83 to 1.01, with an average of 0.91) and relatively obvious negative Eu anomaly ((Eu/Eu*)N ranging from 0.60 to 1.10, with an average of 0.84). The NASC-normalized distribution patterns of these three lithologies reveal that black rock series in Southern Guizhou are characterized by LREE enrichment and relative HREE depletion. In other words, the total contents of LREE (∑LREE) are higher than those of HREE (∑HREE), being in accordance with the ∑LREE/∑HREE ratio values higher than 1 (4.47–15.25, on average of 10.68; Table 4). The extremely uniform REEs distribution patterns imply that the REEs in black rock series have originated from the same terrestrial detrital input and are also likely to be controlled by similar depositional environments.



Except for two samples (ZN-9 and ZN-28, (Ce/Ce*)N = 1.00 and 1.01, respectively), all the other samples from Datang Formation show slightly negative Ce anomaly (Table 4 and Figure 6). Compared among the three lithologies, they have comparative (Ce/Ce*)N values, mirroring the weak heterogeneity during the black rock series deposition. Since the Ce anomaly in marine sediments is susceptible to the anomalous concentrations of La, interpretation of Ce anomaly is difficult and intricate [6,41]. The vast majority of highly negative Ce anomalies are resulted from highly positive La anomalies in marine sediments [6,25,41], and most of the analyzed samples in this study exhibit slightly positive La anomalies ((La/La*)N = 1.05). In order to determine the aberrant (Ce/Ce*)N values resulting from a real Ce anomaly or representing an anomalous La concentration, the cross plot of (Pr/Pr*)N vs. (Ce/Ce*)N was widely used [6,41] (Figure 7). Except for three points, the rest of our data are clustered in the field IIIb (Figure 7), illustrating that the (Ce/Ce*)N ratios mainly result from the real Ce anomaly.



Except for four samples (ZN-14, ZN-15, ZN-28, and ZN-29) that have slightly positive Eu anomalies, the rest of the studied samples have evident negative Eu anomalies ((Eu/Eu*)N = 0.84; Table 4). The (La/Yb)N ratio values have been extensively employed for characterizing shale sedimentary rate [39,42,43]. The (La/Yb)N ratio values of the target samples range from 0.81 to 1.98 with an average of 1.41 (Table 4), indicating a high sedimentary rate during the black rock series deposition in Southern Guizhou Depression. The high sedimentary rate would lead to a weak REE fractionation, being consistent with the trends of the NASC-normalized REE distribution patterns for three different lithologies.




4.5. Mineralogical Compositions


The XRD analyses suggest that the black rock series samples are mainly composed of clay (kaolinite, illite, chlorite, mixed-layer illite-smectite (I/S)), quartz, carbonate (calcite and dolomite), feldspar (K-feldspar, plagioclase), pyrite and anhydrite. All of the computed results are listed in Table 5. Marlstone samples are primarily characterized by high contents of carbonate mineral and relatively low contents of clay mineral and quartz. Specifically, the contents of carbonate mineral vary from 43% to 52%, with an average of 48%, and these corresponding values of clay mineral and quartz are in the range of 20–32% and 21–28%, with an average of 26% and 24%, respectively. In contrast, shale and mudstone samples are clay rich ranging from 39% to 76% (average of 57%), and are relatively quartz poor ranging between 19% and 58% (average of 34%). Note that clay mineral contents take the absolute advantage and carbonate mineral contents are extremely low in shale and mudstone samples.



Additionally, clay minerals consist of illite (37–76%), I/S (7–47%), chlorite (9–38%) and kaolinite (0–10%). Actually, the variations of clay compositions represent the diagenetic transformation process of the clay minerals from kaolinite to illite (I/S is the intermediate product) during the continuous compaction, so the clay minerals assemblage patterns can be employed for mirroring the diagenetic stage to some extent. Specifically, the lower contents of I/S (average of 26%) and relatively higher illite contents (average of 55%) suggest that the black rock series are in the middle diagenetic stage A period [44].





5. Discussion


5.1. Weathering Degree


The chemical compositions in sediments generally stand for their essential mineralogy, a typical characteristic which is, in most cases, easily influenced by the chemical weathering degree [45]. Some elemental cations like Al, Mg, Cs, and Rb are usually reserved in weathering profiles while positive ions with smaller atomic radii, such as Ca, Na, and K are easily and rapidly washed away as dissolved states [46,47]. The lost proportion of elements is proportional to the weathering degree [48].



In order to quantify the weathering degree of lutites, which are mainly composed of silicate minerals of clay and silt size, Nesbitt and Young (1982) [46] and Harnois (1988) [49] put forward Chemical Index of Alteration (CIA) and Chemical Index of Weathering (CIW), repectively.



CIA and CIW are defined as follows:


CIA=[Al2O3CaO∗+Al2O3+Na2O+K2O]×100 



(2)






CIW=[Al2O3CaO∗+Al2O3+Na2O]×100 



(3)







The unit of oxides in the aforementioned equations is mol, and CaO* merely refers to the amount of CaO derived from silicate minerals [46]. Under such a circumstance, it is necessary to make a calibration to the measured CaO content for the existence of carbonate minerals. In this study, CaO was primarily calibrated for phosphate using the measured P2O5 content [50], namely:


CaO∗=CaO−P2O5×10/3 



(4)







If the “remaining number of moles” is less than that of Na2O, the mol of CaO was regarded as that of CaO*. Otherwise, the mol of CaO* was supposed to be equivalent to that of Na2O [50,51,52,53].



In this study, except for marlstone samples, the rest of samples consist mostly of clay minerals and quartz, so the CIA and CIW can be applied to characterizing the weathering degree of shale and mudstone other than marlstone. The calculated CIA and CIW values for shale and mudstone samples from Zhenning section are listed in Table 1. The shales and mudstones have roughly comparable CIA values ranging from 64.63 to 76.87, with an average of 73.05. The fact that shales and mudstones are characterized by slightly higher CIA values than PAAS (CIA = 69, referred from [47]) suggests that they were dominantly from a more weathered source than that for PAAS.



The cross plot of CIA versus Al/Na ratios reveals that all shale and mudstone samples, along with PAAS, plot in the middle-weathered field (Figure 8). Interestingly, although there is the concurrence of the shale and mudstone samples with variational Al/Na ratios, they display similar CIA values (Figure 8). This phenomenon can be resulted from the diagenetic depletion of sodium ions [46,47]. Additionally, similar to CIA, CIW values range between 75.40 and 89.38 with a mean 82.53 for the shale and mudstone samples from Zhenning section. Both CIA and CIW values reveal that the black rock series might be from a moderately weathered source.




5.2. Provenance


A comprehensive comparison of the immobile elemental content ratios, for instance La/Sc, La/Co, Th/Sc, Th/Co, and Cr/Th in our investigated samples and their corresponding values of the Upper Continental Crust (UCC), Lower Continental Crust (LCC), and Oceanic Crust (OC) deciphered that the provenance of black rock series in Southern Guizhou Depression is originated from the UCC (Table 6). Generally, (Gd/Yb)N value is less than 2 in Post-Archean strata while (Gd/Yb)N value is more than 2 in Archean strata [32]. In this study, the (Gd/Yb)N values of the analyzed samples vary between 0.79 and 1.43 with a mean of 1.05 (Table 4), indicating the provenance of the Datang Formation is from Post-Archean strata.



Furthermore, some non-migratory elements, such as La and Th (indicative of felsic sources) and Sc (representative of mafic sources) exhibit different chemical properties in felsic and mafic source rocks, so their ratios (e.g., La/Sc, La/Co, Th/Sc, Th/Co, and Cr/Th) are of value parameters to obtain information about source and composition of the fine-grained rocks [54,55] and are unaffected by the processes of sedimentation [32]. Numerous researchers (e.g., [47,56]) have used these indicators to distinguish between felsic and mafic source rocks. In the present work, these ratios are closer to the values of sediments from felsic rocks relative to those of mafic rocks, thus black rock series from Datang Formation are likely to be felsic (Table 6). The cross plots of some geochemical parameters in Figure 9 can help visualize the source and composition of the target samples. The plot of Th vs. Sc (Figure 9a) suggests that composition of black rock series was dominantly felsic source, implying the single source during the black rock series deposition in Southern Guizhou Depression. Similarly, data for all samples are plotted in the field of felsic volcanic rock and its periphery (Figure 9b). This observation strongly demonstrates that the black rock series were formed by felsic detritus.



In addition, the REEs concentrations can also be used to make inference on the sources of fine-grained rocks [47,50]. Previous studies showed that felsic rocks generally exhibit higher LREE/HREE ratios and negative Eu anomalies, while mafic rocks produce low LREE/HREE ratios and no distinct Eu anomalies (positive or negative) [32,47,57]. The Eu anomaly is normally considered as inherited from the parent rocks. Hence, the REEs distribution patterns in fine-grained rocks can help to trace the nature of parent rocks [32]. In view of this regard, constraints on the potential black rock series sources for Datang Formation can be obtained by using the REEs abundances and their distribution patterns. All the investigated samples are characterized by LREE enrichment, negative Eu anomalies and relatively flat HREE NASC-normalized patterns (Figure 6), further suggesting a felsic protolith.



Further, La–Th–Sc and Th–Co–Zr/10 ternary diagrams were performed to decipher the tectonic setting for the Datang Formation [6,58] (Figure 10). The data for the majority of the investigated samples fall within the field of continental island arc in La–Th–Sc ternary diagram (Figure 10a), whereas thay are in the field of active continental margin in Th–Co–Zr/10 ternary diagram (Figure 10b). Therefore, the geochemical characteristics of black rock series demonstrate that the tectonic setting of the Southern Guizhou Depression was continental island arc and active continental margin. This tectonic setting inferred for the provenance of the investigated samples is in accord with the conclusion reported by Yang et al. (1991) [59] based on sedimentological study.




5.3. Paleoredox Conditions


A number of trace elemens (e.g., V, U, Ni and Mo) are sensitive to the redox environments and their ratios (e.g., U/Th, V/Cr, Ni/Co and V/(V + Ni)) have been extensively employed as indicators for paleoredox conditions interpretation [3,34,60,61]. Besides, there is a common trend that these ratios reduce with upwelling oxidation degrees in water columns [34]. Previous studies have established the reference standards for U/Th, V/Cr, Ni/Co and V/(V + Ni) to distinguish anoxic, dysoxic and oxic grades [36,60,61]. In the present study, we can see a comparatively good consistence in the analysis of redox states applying these standards (Figure 11). These ratios do not show a good correlation with TOC contents (Figure 11), demonstrating oxic and/or dysoxic conditions are unfavorable for organic matter preservation. According to Table 2, all 30 samples from the studied section have the U/Th, V/Cr, Ni/Co and V/(V + Ni) ratio values of 0.15–0.71, 0.37–1.28, 1.60–16.45 (the values of ZN-3 and ZN-6 samples more than 10) and 0.60–0.88, with an average of 0.24, 1.06, 5.69 and 0.75, respectively. All these pieces of information indicate that the Lower Carboniferous black rock series were deposited in an oxic/dysoxic environment. This conclusion is also supported by the slightly negative Ce anomalies ((Ce/Ce*)N = 0.91;Table 4) [15,39,62] and the cross plot of EFU vs. EFMo (Figure 12), where all samples plot toward the zone between the oxic end and the dysoxic end of unrestricted marine trend of [63]. More importantly, samples from the relatively lower-TOC marlstones are closer to the oxic end relative to the high-TOC shales/mudstones. This difference of paleoredox conditions is likely to arise from the variations in depositional water depths. Generally, shallower water zones present more oxidizing environments [64]. Therefore, the trace element ratios, slightly negative Ce anomalies and EFU-EFMo covariation together indicate an oxic/dysoxic environment in Southern Guizhou Depression during the early Carboniferous period.




5.4. Paleoclimatic Conditions


Previous research has suggested that the relative contents and distribution of some major and TEs in fine-grained rocks could infer the paleoclimatic conditions [6,15,39,65]. A consensus has been achieved by previous studies [15,39,66] that Fe, Mn, V, Cr, Co, and Ni are relatively enriched under moist climatic conditions. On the contrary, the upwelling of water alkalinity owing to evaporation under arid climatic conditions facilitates saline minerals to precipitate, so elements like Ca, Mg, Na, K, Ba, and Sr are comparatively concentrated. In consideration of the diverse geochemical behaviors of these two groups, their ratios of Σ(Fe + Mn + Cr + Ni + V + Co)/Σ(Ca + Mg + Sr + Ba + K + Na) (named as C-value) are regarded as a climate proxy and have been widely applied to interpreting the paleoclimate [15,39]. Growing numbers of researchers (e.g., [18,67]) have concluded that C-values of 0–0.2, 0.2–0.4, 0.4–0.6, 0.6–0.8, 0.8–1.0 indicate arid, semiarid, semiarid to semihumid, semihumid, and humid climate respectively.



In this study, the C-values for the shale and mudstone samples vary from 0.23 to 0.53 with an average of 0.40 (Table 1), likely mirroring a semiarid climatic condition. However, the corresponding values for the marlstone samples vary between 0.14 and 0.23 with a mean of 0.18 and obviously lower than those of the shale and mudstone samples, indicating an arid climatic condition during the marlstone formation.



In addition, some trace element ratios, such as Sr/Cu and Ga/Rb ratios, can also be employed for characterizing the paleoclimate [6,65,66]. Ga is chiefly enriched in the clay minerals, especially in kaolinite, implying warm and humid climatic conditions [65,68]. Rb is closely related with illite, mirroring cold and arid climate [65]. The colder and drier the climate goes, the lower the Ga/Rb ratios in sediments become. In general, fine-grained sediments are characterized by low Sr/Cu ratios and high Ga/Rb ratios in warm and humid climatic conditions [6,15]. The value of Sr/Cu ratios between 1.3 and 5.0 can indicate warm-humid environments, whereas the value in excess of 5.0 represents hot-arid climatic conditions [15,66].



Figure 13 displays that the values of Ga/Rb and Sr/Cu ratios in shale and mudstone samples vary 0.14–0.28 and 3.38–54.17, on average of 0.19 and 16.5, respectively, while the corresponding values in marlstone samples are 0.16–0.19 and 10.39–31.91, on average of 0.18 and 16.33, respectively. On the whole, both indicators reflect that Southern Guizhou Depression was characterized by hot-arid climatic conditions during the early Carboniferous period (Figure 13). However, owing to lack of further division for the climatic condition, such as semiarid and semihumid climate, together with the conclusion inferred from C-values, we surmise that Southern Guizhou Depression was undergoing a hot and arid to semiarid climate during the early Carboniferous period. This is different from the warm paleoclimatic condition of deposition during the early Carboniferous period suggested by Luo et al. (1964) [69] based on sedimentological and paleontological studies.




5.5. Paleoproductivity


Although being decreased during burial process, TOC contents are commonly thought to be associated with the photosynthetic paleoproductivity [12,70]. Therefore, TOC contents can be regarded as a valid indicator for paleoproductivity when combined with other indicators, such as Ba. Based on Figure 3, we can see clearly that TOC variations had a good respond to the stratigraphic cyclicity (except for CCS4), obviously being higher in the middle part of each CCS. This phenomenon can be explained that organic matter is prone to be enriched when regional sea level rises and tends to be decomposed (or depleted) when regional sea level falls.



Biogenic barium (Babio) has been extensively used in analyzing the fluctuations of palaeoproductivity in marine sediments [71,72]. Determining Ba source is of great significance for applying Ba as a paleoproductivitiy indicator. Except for biogenic sources, there are many other sources probably contributing to Ba accumulation in marine sediments, namely: (1) hydrothermal precipitates; (2) detrital aluminosilicates; and (3) benthic organisms secretion [72]. In this study, no relevant evidence has suggested that Ba originated from hydrothermal precipitates and benthic organisms secretion by far. A quite popular practice for distinguishing between biogenic barium and detrital one is based on the following equation [72]:


Babio = Basample − (Al × Ba/Alalu) = Basample − (Al × 0.0075)



(5)







The above expression hypothesizes that all Al in sediments comes from aluminosilicates and that the Ba/Alalu ratio is calculated independently. In general, a Ba/Alalu ratio of 0.0075 is employed for calculating the Babio content [72]. As presented in Figure 11, the similar variation trend between un-normalized Ba and Babio contents confirms that total Ba contents dominantly comprise Babio. The Ba content is being relatively lower in the CCS1 and then shows an increase trend upwards in the overlying CCS2, CCS3 and CCS4 (Figure 11), being in agreement with the relative sea level rises, during which the high nutrient fluxes could have greatly boosted paleoproductivity. Furthermore, the vertical variations of Babio contents have a similar trend with TOC fluctuations (Figure 11), demonstrating that paleoproductivity has a significant effect on organic matter accumulation.




5.6. Organic Matter Enrichment


In the past few decades, the mechanisms controlling the organic matter accumulation in modern and ancient sediments have been extensively studied [8,9,10,11]. A concensus has been reached that organic matter accumulation calls for particularly favorable geological conditions which are generally thought to be connected with three aspects: including (1) non-oxidizing water environment (preservation) [8,9,73]; (2) high primary productivity (organic carbon fluxes) [74,75,76,77]; and (3) a proper sedimentary rate [31,39,43,78].



As mentioned above, the results of this study indicate that the black rock series in Southern Guizhou Depression was deposited in a profoundly unstable and complex paleoenvironmental condition and chiefly experienced moderate weathering, oxic/dysoxic, hot and arid to semiarid climatic conditions. Moreover, the black shale rocks exhibited a high sedimentary rate.



In view of these unstable and complex conditions, the relatively high TOC suggest a relatively moderate-high paleoproductivity [12,70], while oxic/dysoxic and arid to semiarid climatic conditions are usually considered unfavorable for organic matter accumulation and preservation. Additionally, the higher sedimentary rate has vital influence on organic matter preservation. On one hand, the higher sedimentary rate would result in dilution of organic matter [39,42]. On the other hand, under oxic/dysoxic conditions, the higher sedimentary rate can shorten the exposure time of organic matter in the degradation region of aerobic bacteria and thus decrease organic matter decomposition [31,79]. Under this circumstance, high paleoproductivity would inevitably play a decisive role in organic matter enrichment. This is strongly supported by the similar vertical variation trends between the paleoproductivity-mirrored Babio and TOC contents (Figure 11), further illustrating that organic matter enrichment in such a setting is dominantly controlled by the enhanced paleoproductivity.



From the diagram of Figure 3, we could see clearly that TOC variations shared consistent patterns with stratigraphic cyclicity, being in accordance with the relative sea level fluctuations. A consensus has been reached by previous studies [12,13] that sea level rise could have carried the nutritious bottom waters into surface waters, resulting in the photosynthetic phytoplankton blooms and so promoted organic matter generation. Both, enhanced oxygen consumption for microorganisms breathing and organic matter decomposition could have caused oxygen depletion in water column, particularly in bottom water. Furthermore, during the early Carboniferous period, the studied area was deposited in an inter-platform basin, which would remarkably decelerate the water mass ventilation and further favor organic matter preservation, especially under the storm wave base. All of these analyses illustrated that despite the oxygenated state of water column in Southern Guizhou Depression at the time of black rock series deposition, TOC contents are not necessarily lower as observed because paleoproductivity controlled organic matter accumulation.



On the basis of these findings, an enrichment model of organic matter in black rock series during the early Carboniferous period in the studied region was established (Figure 14).





6. Conclusions


This study has provided geochemical data to constrain the depositional conditions and organic matter enrichment in the lower Datang Formation in Southern Guizhou, Southwest China. Based on our data analyses, the following conclusions can be drawn:



(1) The black rock series in Southern Guizhou Depression was deposited in a combination of continental island arc and active continental margin tectonic setting that mainly exhibited moderate weathering, oxic/dysoxic oxygen levels, hot and arid to semiarid climate, and a higher sedimentary rate.



(2) Of the three factors that could affect organic matter enrichment of black rock series strata in an inter-platform basin, including paleoproductivity, redox conditions, and sedimentary rate, the paleoproductivity seems to be the main controlling factor, whereas paleoredox condition of water column and sedimentary rate play relatively less crucial roles.



(3) Despite the oxygenated state of water column in Southern Guizhou Depression at the time of black rock series deposition, TOC contents are not necessarily lower because organic matter accumulation was dominantly controlled by paleoproductivity, which increased due to enhanced nutrient fluxes at a time of regional sea level rise. This, together with the deeper and tranquiller water mass in such an inter-platform basin, would have further accelerated the oxygen depletion via microbial respiration, in turn facilitating organic matter preservation.
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Figure 1. The simplified geologic map of the study area showing the location of sampling outcrop (star), southwest of Anshun city in Southern Guizhou, Southwest China. Base map modified from [27]. 
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Figure 2. Outcrop view of sedimentary rocks from Zhenning section. (a) Dark-gray marlstone intercalated with thin limestone lamina; (b) Black mudstone intercalated with brown thin limestone laminae; (c) Black thick-layered mudstone with laminated bedding; (d) Black thick-layered shale with cross-layer fractures. 
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Figure 3. Stratigraphic column of the investigated section. Note the stratigraphic cyclicity and their superimposed patterns and inferred relative sea level fluctuations. Height represents the distance above the base of the Datang Formation. C, CS and CCS represent depositional cycle, cycle set and composite cycle set, respectively. YG stands for Yanguan Formation. 
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Figure 4. Vertical variation of major elements of the black rock series samples (unit: wt%). 
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Figure 5. EFs diagram of the selected trace elements in the Datang Formation black rock series. A horizontal line (EF = 1) highlighting an element enrichment or depletion. 
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Figure 6. NASC-normalized REE distribution patterns for three different lithologies. 
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Figure 7. Cross plots demonstrating the relationship between Pr/Pr∗ against Ce/Ce∗ for 30 black rock series samples from Zhenning section. Base map modified from [25]. Notes: (a) Field I: neither La anomaly nor Ce anomaly; (b) Field IIa: positive La anomaly, no Ce anomaly; (c) Field IIb: negative La anomaly, no Ce anomaly; (d) Field IIIa: positive Ce anomaly; (e) Field IIIb: negative Ce anomaly. 
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Figure 8. Cross plot of CIA values versus Al/Na ratios demonstrating the weathering degree (the plate after [47]). 
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Figure 9. Source and compositional discrimination diagrams of (a) Sc vs. Th and (b) La/Sc vs. Co/Th for the black rock series from Zhenning section. Base map modified from [50]. 
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Figure 10. Tectonic setting discrimination diagrams of (a) La–Th–Sc and (b) Th–Co–Zr/10 for the black rock series from Zhenning section (base map after [58]). A: Oceanic island arc; B: Continental island arc; C: Active continental margin; D: Passive continental margin. 
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Figure 11. Stratigraphic profiles of Zhenning section for TOC, U/Th, V/Cr, Ni/Co, V/(V + Ni), Ba, and Babio. Redox thresholds of U/Th (0.75, 1.25), V/Cr (2.0), and Ni/Co (5.0, 7.0) are from [61]; That thresholds of V/(V + Ni) (0.6, 0.85) are from [60]. 
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Figure 12. Cross plot of EFU vs. EFMo, showing that samples from the studied section plot toward the zone between the oxic end and the dysoxic one. Base figure modified from [63]. The diagonal dashed lines represent Mo/U molar ratios of the seawater (Sw). 
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Figure 13. Cross plot of Sr/Cu vs. Ga/Rb ratios showing paleoclimatic conditions. 
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Figure 14. Model illustrating the factors that may have affected organic matter enrichment during the black rock series deposition in Southern Guizhou Depression. UYG and LDT represent the upper part of Yanguan Formation and the lower part of Datang Formation, respectively. 
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Table 1. TOC, major element concentrations and their geochemical indicators of the target samples from Zhenning section (unit: wt%).






Table 1. TOC, major element concentrations and their geochemical indicators of the target samples from Zhenning section (unit: wt%).






















	Sample No.
	Lithology
	Height (m)
	TOC
	SiO2
	Al2O3
	Fe2O3
	MgO
	CaO
	Na2O
	K2O
	MnO
	TiO2
	P2O5
	LOI



	ZN-1
	Marlstone
	1.2
	0.97
	40.37
	12.24
	6.7
	1.83
	24.48
	1.55
	3.36
	0.047
	0.83
	0.051
	8.07



	ZN-2
	Marlstone
	3.0
	0.91
	41.03
	11.41
	4.62
	1.96
	27.11
	1.26
	3.39
	0.063
	0.838
	0.054
	7.69



	ZN-3
	Marlstone
	6.0
	0.90
	41.73
	10.87
	4.61
	1.97
	26.33
	1.07
	3.39
	0.066
	0.843
	0.054
	8.99



	ZN-4
	Marlstone
	8.5
	1.06
	40.23
	11.59
	6.52
	2.77
	27.85
	1.17
	3.07
	0.067
	0.313
	0.057
	7.25



	ZN-5
	Shale
	10.2
	1.36
	64.3
	16.37
	3.12
	1.2
	4.53
	0.78
	2.18
	0.015
	0.881
	0.03
	4.45



	ZN-6
	Shale
	12.9
	1.69
	65.17
	15.04
	2.9
	0.9
	5.14
	0.95
	1.98
	0.005
	0.792
	0.028
	4.91



	ZN-7
	Shale
	14.8
	1.51
	60.23
	16.02
	3.94
	1.32
	6.1
	0.74
	2.48
	0.009
	0.88
	0.024
	3.02



	ZN-8
	Marlstone
	17.2
	1.05
	42.22
	13.39
	6.79
	2.24
	23.29
	0.85
	2.54
	0.008
	0.844
	0.084
	7.53



	ZN-9
	Mudstone
	20.0
	1.64
	63.28
	15.42
	3.17
	1.21
	5.11
	0.83
	1.8
	0.01
	0.682
	0.029
	2.85



	ZN-10
	Shale
	24.5
	2.83
	63.11
	16.4
	3.59
	1.03
	5.09
	1.23
	1.35
	0.007
	0.584
	0.021
	3.78



	ZN-11
	Shale
	27.0
	2.29
	60.76
	15.69
	4.76
	1.78
	4.61
	0.84
	2.33
	0.012
	0.825
	0.041
	3.82



	ZN-12
	Mudstone
	29.5
	1.27
	60.53
	14.8
	3.86
	1.56
	4.09
	0.73
	2.62
	0.01
	0.909
	0.029
	3.81



	ZN-13
	Mudstone
	31.5
	1.42
	60.87
	14.39
	3.48
	1.34
	5.1
	0.97
	2.52
	0.012
	0.934
	0.026
	3.21



	ZN-14
	Shale
	33.5
	1.82
	55.49
	15.06
	4.38
	1.9
	5.09
	1.24
	3.13
	0.008
	1.087
	0.04
	4.82



	ZN-15
	Shale
	35.5
	1.72
	56.7
	13.91
	4.82
	1.98
	4.69
	1.38
	2.84
	0.007
	1.001
	0.046
	5.17



	ZN-16
	Shale
	37.0
	1.47
	59.2
	13.07
	4.41
	2.07
	4.37
	0.95
	2.71
	0.007
	0.881
	0.033
	3.43



	ZN-17
	Shale
	38.7
	1.93
	56.24
	13.84
	4.64
	1.55
	3.95
	0.85
	2.66
	0.003
	1.044
	0.03
	5.33



	ZN-18
	Shale
	40.2
	2.12
	56.77
	14.18
	4.13
	2.18
	4.09
	1.06
	2.58
	0.012
	1.045
	0.043
	4.57



	ZN-19
	Mudstone
	46.5
	1.19
	64.52
	15.27
	4.22
	1.74
	4.81
	1.13
	2.66
	0.003
	0.976
	0.028
	4.71



	ZN-20
	Mudstone
	49.8
	1.27
	60.51
	16.19
	3.39
	1.47
	5.39
	1.07
	2.75
	0.001
	0.934
	0.036
	3.52



	ZN-21
	Marlstone
	52.0
	1.08
	41.25
	13.21
	4.95
	2.2
	27.15
	0.6
	2.82
	0.002
	0.902
	0.035
	7.69



	ZN-22
	Shale
	54.5
	1.46
	59.3
	15.72
	3.81
	3.81
	4.05
	1.34
	1.83
	0.02
	1.173
	0.046
	5.30



	ZN-23
	Shale
	56.0
	1.42
	61.83
	15.01
	3.54
	3.78
	4.48
	0.94
	1.74
	0.021
	1.073
	0.044
	4.95



	ZN-24
	Shale
	58.0
	1.43
	55.6
	16.19
	5.88
	2.38
	5.36
	0.81
	2.53
	0.029
	1.032
	0.048
	5.02



	ZN-25
	Mudstone
	63.2
	1.14
	52.25
	18.56
	5.7
	2.55
	4.61
	1.12
	2.3
	0.043
	0.803
	0.043
	5.21



	ZN-26
	Mudstone
	65.5
	1.18
	57.92
	13.5
	4.48
	1.25
	6.5
	1.26
	1.08
	0.015
	0.576
	0.053
	5.99



	ZN-27
	Mudstone
	68.0
	1.38
	65.45
	13.83
	2.25
	1.4
	5.34
	1.21
	1.82
	0.003
	0.406
	0.015
	5.79



	ZN-28
	Shale
	72.8
	1.24
	57.58
	13.02
	4.49
	2.33
	6.45
	1.01
	1.17
	0.071
	0.407
	0.036
	5.69



	ZN-29
	Shale
	75.6
	1.29
	56.92
	14.38
	6.22
	4.14
	6.25
	1.08
	1.2
	0.097
	0.449
	0.025
	5.99



	ZN-30
	Shale
	78.4
	1.43
	64.77
	13.84
	3.26
	1.57
	5.39
	1.17
	1.92
	0.012
	0.453
	0.036
	3.26



	Average
	
	
	1.45
	56.20
	14.41
	4.42
	1.98
	9.23
	1.04
	2.36
	0.02
	0.81
	0.04
	5.19



	Sample No.
	CIA
	CIW
	C-Value
	Al/Na
	
	
	
	
	
	
	
	
	
	



	ZN-1
	/
	/
	0.21
	4.80
	
	
	
	
	
	
	
	
	
	



	ZN-2
	/
	/
	0.14
	5.51
	
	
	
	
	
	
	
	
	
	



	ZN-3
	/
	/
	0.14
	6.18
	
	
	
	
	
	
	
	
	
	



	ZN-4
	/
	/
	0.21
	6.02
	
	
	
	
	
	
	
	
	
	



	ZN-5
	76.87
	86.45
	0.35
	12.76
	
	
	
	
	
	
	
	
	
	



	ZN-6
	74.06
	82.80
	0.31
	9.63
	
	
	
	
	
	
	
	
	
	



	ZN-7
	75.79
	86.81
	0.36
	13.16
	
	
	
	
	
	
	
	
	
	



	ZN-8
	/
	/
	0.23
	9.58
	
	
	
	
	
	
	
	
	
	



	ZN-9
	76.72
	84.96
	0.35
	11.30
	
	
	
	
	
	
	
	
	
	



	ZN-10
	74.86
	80.21
	0.40
	8.11
	
	
	
	
	
	
	
	
	
	



	ZN-11
	74.80
	85.03
	0.49
	11.36
	
	
	
	
	
	
	
	
	
	



	ZN-12
	73.86
	86.04
	0.42
	12.33
	
	
	
	
	
	
	
	
	
	



	ZN-13
	70.86
	81.85
	0.34
	9.02
	
	
	
	
	
	
	
	
	
	



	ZN-14
	66.86
	78.69
	0.37
	7.39
	
	
	
	
	
	
	
	
	
	



	ZN-15
	64.63
	75.40
	0.43
	6.13
	
	
	
	
	
	
	
	
	
	



	ZN-16
	68.33
	80.71
	0.43
	8.37
	
	
	
	
	
	
	
	
	
	



	ZN-17
	70.92
	83.19
	0.50
	9.90
	
	
	
	
	
	
	
	
	
	



	ZN-18
	69.31
	80.27
	0.41
	8.13
	
	
	
	
	
	
	
	
	
	



	ZN-19
	75.63
	88.21
	0.40
	8.22
	
	
	
	
	
	
	
	
	
	



	ZN-20
	76.77
	89.38
	0.31
	9.20
	
	
	
	
	
	
	
	
	
	



	ZN-21
	/
	/
	0.15
	13.39
	
	
	
	
	
	
	
	
	
	



	ZN-22
	71.11
	78.10
	0.35
	7.13
	
	
	
	
	
	
	
	
	
	



	ZN-23
	75.11
	82.92
	0.33
	9.71
	
	
	
	
	
	
	
	
	
	



	ZN-24
	74.98
	85.87
	0.52
	12.15
	
	
	
	
	
	
	
	
	
	



	ZN-25
	75.04
	83.44
	0.53
	10.08
	
	
	
	
	
	
	
	
	
	



	ZN-26
	71.76
	76.51
	0.44
	6.52
	
	
	
	
	
	
	
	
	
	



	ZN-27
	69.92
	77.65
	0.23
	6.95
	
	
	
	
	
	
	
	
	
	



	ZN-28
	73.94
	79.67
	0.41
	7.84
	
	
	
	
	
	
	
	
	
	



	ZN-29
	74.78
	80.19
	0.50
	8.10
	
	
	
	
	
	
	
	
	
	



	ZN-30
	76.37
	86.26
	0.32
	7.19
	
	
	
	
	
	
	
	
	
	



	Average
	71.20
	81.50
	0.35
	8.87
	
	
	
	
	
	
	
	
	
	







Note: CIA: Chemical Index of Alteration; CIW: Chemical Index of Weathering; C-Value: the ratio of Σ(Fe + Mn + Cr + Ni + V + Co)/Σ(Ca + Mg + Sr + Ba + K + Na).
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