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Abstract

:

Research on the provenance of sedimentary systems is key to better understanding the sedimentary framework and improving exploration-associated decision-making and deployment. With regard to the provenance of sedimentary systems, there is still poor understanding in the initial rifting stage due to imbalanced and insufficient exploration and a common lack of seismic data, which have seriously hindered oil exploration in the Qintong Sag, Subei Basin. This study aimed at investigating the provenance in the direction of the fault-terrace zone in the southeast part of the Qintong Sag and aimed to examine whether large-scale sedimentary systems are formed by these sediment sources. Integrated analysis of heavy minerals, sandstone petrologic maturity, drilling cutting dates, 3D seismic data, and well logs was employed to identify the provenance. This study is the first time that large-scale provenance from the direction of the fault-terrace zone has been discovered in the third member of the Paleocene Funing Formation (referred to as the third Mbr of the Funing Fm in this paper) in the Subei Basin, east China. The documentation shows that sediments from the northwest Wubao Low Uplift and the southeast Taizhou Uplift can be distinguished in the Qintong Sag, with the large-scale delta system in the central and eastern part of the Qintong Sag comprising sediments from the Taizhou Uplift, improving upon previous understanding of the sedimentary framework. The deposition formed by the Taizhou Uplift provenance system was characterized by gradual weakening of the hydrodynamic forces, a decreasing sediment supply, and shrinking of the retrogradational delta depositional systems with good reservoir qualities, which are characterized by high-quality source–reservoir–cap combinations and are likely to develop into a hydrocarbon-rich belt. The discovery of the Taizhou Uplift provenance proves that there may be major provenance and large-scale sedimentary systems from the fault-terrace zone of the rift basins in the initial rifting stage. The experience of rapid retrogradation showed that these large-scale delta systems are likely to only flourish in the initial rifting stage. This study is helpful for improving the understanding of sediment provenance and the sedimentary framework of lacustrine rift basins in the initial rifting stage.
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1. Introduction


Lacustrine rift basins are characterized by small-scale and complicated tectonic evolution, thin-bedded reservoirs, rich hydrocarbon potential, and deep burial depths [1,2,3,4,5]. They have become popular locations for hydrocarbon exploration and development owing to their complex geological conditions and potential economic benefits. Recently, research on lacustrine rift basins with respect to their tectonic evolution and sedimentary facies has received increased attention [6,7,8,9], and most studies have focused on the gentle slope zone [10,11]. However, studies on the provenance of lacustrine rift basins in different evolution stages have rarely been reported, particularly in the initial rifting stage of such basins [12,13,14]. The tectonic evolution of lacustrine rift basins is a dynamic process involving the gradual changing of the provenance and sedimentary system [15]. Previous provenance studies have rarely been conducted according to the evolution stages of the basin, resulting in contradictory conclusions, such as the provenance from the direction of the gentle slope zone and fault-terrace zone serving as the major and minor sediment sources, respectively; fault-terrace zones with minor sediment sources only deposit small-scale and short-axis turbidite fans, alluvial fans, and fan deltas, which hardly provide favorable reservoirs [16,17], and the provenance from the direction of both gentle slope zones and fault-terrace zones serves as a major sediment source and forms large-scale sedimentary systems with potential reservoirs [18,19]. Provenance analysis results substantially affect the classification of sedimentary systems and the reconstruction of the sedimentary history, further facilitating petroleum exploration.



The different source rocks and transport processes are of considerable importance with respect to the particle size, sorting, grain roundness, properties, and geometrical morphology of reservoirs. Conventional geochemistry-, geochronology-, and thermochronology-based provenance analysis methods majorly rely on core samples and are therefore limited by the scarcity of drilled cores [20,21,22]; nevertheless, combining these methods with seismic investigation and sedimentology can mitigate these shortcomings, allowing for the accurate reconstruction of provenance systems.



The Qintong Sag is one of the most hydrocarbon-rich regions in China, contributing approximately 30% of the oil and gas reserves in the Subei Basin [23,24]. The common lack of potential provenance and sedimentary facies analysis has seriously hindered oil exploration. Exploration is sporadic in this region [25,26], and the current study is focused on the western slope region of this sag; investigations on the central and eastern parts of this sag have rarely been conducted because of limited seismic and well data [27,28]. A previous study indicated that the Wubao Low Uplift, located to the northwest of the gentle slope zone, serves as the only major sediment source, and investigations into any possible major provenance from the Taizhou Uplift, located to the southeast of the fault-terrace zone, and the large-scale sedimentary systems formed by this provenance have yet to be put into effort.



The newly acquired seismic and well data from the eastern and central parts of the Qintong Sag provide an opportunity to investigate the potential provenance of the central and eastern sag. The purpose of this study was to investigate whether any sediments were provided by other potential provenances and whether large-scale sedimentary systems were formed via those provenances in the central and eastern parts of the Qintong Sag. Information regarding the heavy mineral composition, the ZTR index, and sandstone compositional maturity was combined with sedimentology and seismic sedimentology methods to trace the sedimentary transport directions and pathways, distinguish the provenance, and reconstruct the sedimentary model in the study area. The results of this study are expected to enhance our understanding of provenance systems in lacustrine rift basins.




2. Geological Setting


The Subei Basin, which evolved from a highly complex basement [29], is the largest Cenozoic offshore extensional petroliferous rift basin in East China (Figure 1a) [30]. The formation and evolution of the Subei Basin occurred over four stages: thrust and nappe during the Early and Middle Triassic, back-arc expansion in the Early Cretaceous, regional extension and strong rifting in the Late Cretaceous, and overall subsidence and sedimentation since the Neogene [31,32,33,34]. The Subei Basin comprises the Yanfu Depression in the north and the Dongtai Depression in the south, which are separated by the Jinhu Uplift. The Dongtai Depression, which is the most important hydrocarbon-bearing area in the basin, can be divided into five sags from west to east: the Jinhu Sag, Gaoyou Sag, Qintong Sag, Haian Sag, and Baiju Sag [35].



The Qintong Sag, located on the south edge of the Dongtai Depression, is a southwest-to-northeast-extending rift lacustrine sag that encompasses an area of approximately 1200 km2 (Figure 1b). The sag is bounded by the Wubao Low Uplift to the northwest and the Taizhou Uplift to the southeast (Figure 1c) and comprises several secondary structural units from north to south: the outer gentle slope zone, the oblique horst zone, the inner gentle slope zone, the deep depression zone, and the fault-terrace zone (Figure 1e). The strata in the Qintong Sag comprise five formations (formation referred to as Fm in this paper) in the following ascending order: the Paleogene Taizhou Fm, Funing Fm, Dainan Fm, Sanduo Fm, Neogene Yancheng Fm, and Quaternary Dongtai Fm (Figure 2). Tectonic activities such as strike-slip and extension during the Funing Fm deposition changed the basin from a depression basin to a rift basin, with the deposition reaching a thickness of approximately 1850 m. The Funing Fm, the most important hydrocarbon-bearing strata in the depression, can be further subdivided into four strata. The third Mbr of the Funing Fm, which was deposited during the early stages of the Qintong rift basin formation [36,37,38,39], is the most important target layer. The deposits of the second, third, and fourth members of the Funing Fm include the most important source rocks, reservoirs, and caprocks, respectively, which reserve more than 67.9% of the total hydrocarbon traps in Subei Basin [40,41].



Previous studies have focused on the reservoir characteristics and sedimentary facies of this layer [43,44,45]. Moreover, basin-scale provenance analysis has been frequently conducted in the Subei Basin; however, sag-scale analysis has been rarely conducted, particularly in the Qintong Sag [46,47]. Previous studies investigating the sedimentary facies and sand body thickness distribution on the western slope of the Qintong Sag have suggested that sediments are only from the Wubao Low Uplift in the west, and the possibility that some sediments comprising large-scale sedimentary systems are derived from the Taizhou Uplift located to the southeast of the sag remains unknown [28,42,48].




3. Data Collection and Analytical Methods


Sedimentary transport is often accompanied by changes in mineral abundance, sandstone composition, erosion, landscape, and evolution of sedimentary facies, which constitute extremely powerful tools that can be used to decipher and predict complicated provenance characteristics [49,50,51]. In this integrated study, several approaches were employed to comprehensively identify the source; these approaches involved the use of the ZTR, Gzi, and Ruzi indices (ratios of tourmaline to rutile zircon, garnet to zircon, and TiO2 minerals (rutile and leucoxene) to zircon, respectively), sandstone compositional maturity, seismic reflection characteristics, and seismic and sedimentary facies.



3.1. Data


The provenance of the third Mbr of the Funing Fm in the Qintong Sag was analyzed based on the datasets, including heavy minerals, sandstone petrographic maturity, framework grain (quartz, feldspar, and lithic fragments), drilling cutting dates, well logs, and lithologic and three-dimensional (3D) seismic data. Furthermore, drilling cutting dates, sandstone petrographic maturity data, and framework grain data related to the Qintong Sag were obtained from the East China Oil and Gas Company, SINOPEC (Nanjing, China). Well logs and lithologic and 3D seismic data were provided by Taizhou Oilfield, SINOPEC.



Heavy mineral assemblages in sandstones from the Qintong Sag were analyzed based on samples collected from 13 wells, with one sandstone sample being collected from each well, including zircon, tourmaline, garnet, mica, epidote, sphene, rutile, leucite, magnetite, limonite, barite, and pyrite. Sandstone petrographic maturity data and framework grain data (quartz, feldspar, and lithic fragments) were obtained from 17 and 10 wells, respectively. The well locations of the petrographic composition samples are shown in Figure 1c. Well logs (gamma ray (GR) and resistivity (RT) logs were employed in this paper) and lithologic data were collected from 49 wells, and the locations of the wells are shown in Figure 1d, and the data were collected by drilling teams of the Jiangsu Oilfield in cooperation with the Geological Research Institute of the East China Oil and Gas Company and Taizhou Oilfield, SINOPEC, from 2016 to 2022. The sampling interval of the logging curves was 0.125 m, and the third Mbr of the Funing Fm was generally drilled completely. Full-coverage 3D post-stack seismic data indicate an effective frequency range of 0–59.5 Hz with a dominant frequency of approximately 29.5 Hz covering an area of 150 km2 and with an imaging depth of 4.7–5 s, and the maximum time depth of the Funing Fm was approximately 2.2 s, all within the available imaging range, with clear seismic reflections and good data quality. Three-dimensional post-stack seismic data were collected by the Geological Research Institute of the East China Oil and Gas Company, SINOPEC, from 2019 to 2020.




3.2. Analytical Methods


Sediments formed by different sediment routing systems and sediment sources display distinct characteristic petrographic compositions and textural features, and although the mechanism of sediment formation is not yet completely clear, these distinct characteristics can still be useful in provenance analysis [51].



Provenance analysis includes the identification and classification of sediment sources and sediment transport directions and pathways. The identification and classification of provenances are dependent on the compositions and relative abundances of heavy minerals, which can be assessed by using the ZTR, Gzi, and Ruzi indices together with magnetite, limonite, and garnet, whose contents are sensitive to spatial location; moreover, cluster analyses are employed for validating the identification and classification of provenances [13,52]. Sediment transport directions are determined by using ZTR indices, sandstone petrologic maturity, the directions of seismic progradational reflections, and the distribution characteristics of lithofacies, seismic, and sedimentary facies. ZTR indices are employed to assess the comprehensive effects of mechanical and chemical weathering and to further infer a rough direction and distance for the transport of sediment from the source area to the sag and identify sources of provenance [53,54]; additionally, sandstone compositional maturity provides important constraints regarding the direction and distance of sediment transport and potential sedimentary provenance [55,56,57].



Sediments, from their formation to final deposition, are affected by erosion and modification, resulting in different depositional textures and seismic reflection characteristics [58,59]. Therefore, 3D seismic data processing was employed to investigate the seismic reflection characteristics, facilitating the accurate identification of the sediment transport directions and migration pathways in the study area. The spatial distribution of seismic facies, seismic attributes, and sedimentary facies can provide important information that can lead to a better understanding of the distribution and dynamics of sediment provenance, verifying the results obtained from heavy mineral and petrographic maturity data and allowing provenance analysis to be performed from the perspectives of hydrodynamic force, lithological distribution, and transfer deposition. Progradational seismic reflections can be used to directly show palaeo-flow directions and infer provenance directions [60]; additionally, sediment transport pathways are interpreted to represent palaeo-flow channels, which can be depicted according to the connections of concave seismic reflections. Lithofacies, seismic, and sedimentary facies from orogens and uplifts to basins show a certain sequence of distribution, where delta facies gradually evolve into lacustrine facies and lithofacies change from sand-rich to mud-rich toward basins. The mean instantaneous amplitude was extracted based on the good relationship between the seismic attributes and lithologies, thus providing a method for predicting the lithology [60,61]. The classification of seismic facies was conducted based on the seismic reflection of the amplitude, frequency, external form, internal configuration, continuity, smoothness, and sandstone content. Despite being the oldest analytical method, the comprehensive analysis of drilling cuttings, well log signatures, and seismic facies remains the most valuable tool to identify sedimentary facies [62,63,64]. Combining the seismic attributes with the distribution of seismic facies allowed us to extend the sedimentary facies study to the entire block based on sedimentology and seismic sedimentology.





4. Provenance Analysis


4.1. Provenance Identification


4.1.1. Features of Heavy Mineral Assemblages


The heavy minerals employed in the third Mbr of the Funing Fm samples included zircon, tourmaline, garnet, mica, epidote, titanite, rutile, leucoxene, magnetite, limonite, pyrite, ilmenite, barite, and pyrite (Table 1). Based on the compositions and relative abundances of heavy minerals in the Qintong Depression, the samples were divided into three categories, namely, main heavy minerals, minor heavy minerals, and possible heavy minerals. The main heavy minerals included zircon, garnet, leucoxene, and magnetite and accounted for approximately 83.4% of the average total heavy mineral content, with zircon content ranging from 1.7% to 80% (average = 20.0%), garnet ranging from 29.8% to 66.5% (average = 45.2%), leucoxene ranging from 7.4% to 14.1% (average = 11.1%), and magnetite ranging from 1.3% to 25.3% (average = 11.1%). The minor heavy minerals included tourmaline, rutile, limonite, barite, and pyrite, which were characterized by a relatively lower content with average percentages of less than 5%. Possible heavy minerals such as mica, epidote, and titanite were observed only in some wells. The collected samples indicated significant differences in the heavy mineral content in the different samples, and such differences were used to analyze the features of the heavy mineral suites and to subsequently identify provenances.




4.1.2. Provenance Identification Based on Heavy Mineral Compositions


Heavy mineral compositions of sandstone are majorly influenced by the inheritance of the source area and processes that occur during transport, deposition, and diagenesis, rendering the composition a satisfactory reflection of the source rock characteristics.



The investigation of the heavy mineral assemblages in this study suggested that the provenance locations could be categorized into two compositional types (A and B), which reflect compositionally distinct source regions (Figure 3a) with marked differences in their heavy mineral suites and contents. In terms of the relative mineral content, type A deposits were characterized by lower magnetite and garnet contents, averaging 4.6% and 41.2%, respectively, and higher limonite, pyrite, and leucoxene contents, averaging 3.6%, 5.8%, and 12.2%, respectively. In terms of mineral components, type A deposits contained epidote and sphene and did not contain mica, whereas type B deposits were characterized by higher magnetite and garnet contents, averaging 14.0% and 48.6%, respectively, with lower limonite, pyrite, and leucoxene contents, averaging 0.65%, 0.85%, and 10.2%, respectively. In terms of mineral components, type B deposits contained mica; however, no epidote or sphene was observed in these samples. Marginal differences were observed between type A and type B deposits with respect to their zircon and tourmaline contents. Additionally, cluster analysis, a statistical analysis technique that allows for the grouping of samples with similar properties, is often used in the analysis of the composition of mineral assemblages. In this study, the cluster analysis technique was used to analyze the heavy mineral assemblages of the samples. The cluster analysis indicated that the compositions of the heavy-mineral assemblages in the inferred two provenances of heavy minerals were statistically significant (Figure 3b). Sediment is mainly provided by the surrounding uplift or orogenic belt. The type A deposits were close in composition to the Taizhou Uplift in the eastern part of the Qintong Sag, thus suggesting that they originated from the Taizhou Uplift. Similarly, the type B deposits may have originated from the Wubao Low Uplift, as they were found adjacent to this uplift.




4.1.3. Provenance Identification Based on Relative Abundances of Heavy Minerals


The relative abundances of certain minerals, such as Gzi and Ruzi, are not considerably affected by processes occurring during transport, deposition, and diagenesis and are thus relatively immune to modification during the sedimentary cycle [54]. Therefore, these ratios are considered a reliable guide to sediment provenance. In this study, the Gzi, Ruzi, and ZTR indices and heavy minerals with marked abundance differences suggested that the heavy mineral samples from the Qintong Sag could be classified into three compositional types, i.e., C, D, and E (Figure 4a–g).



The type C samples were characterized by relatively medium Gzi, Ruzi, and ZTR indices, with average values of 2.71, 0.75, and 23.3, respectively. The type D samples were characterized by lower Gzi and Ruzi indices and higher ZTR indices, with average values of 1.76, 0.46, and 31.7, respectively. The type E samples were characterized by higher Gzi and Ruzi indices and lower ZTR indices, with average values of 3.94, 0.92, and 16.7, respectively. The relative heavy mineral abundances also differed (Figure 4d–f), with the type C samples being characterized by higher abundances of garnet and limonite and lower abundances of magnetite; the type D samples being characterized by medium abundances of garnet, limonite, and magnetite; and the type E samples being characterized by lower abundances of garnet and limonite and higher abundances of magnetite. These results suggest that the type D samples were characteristic of the integrated features of the type C and type E samples; this conclusion can also be confirmed by the spatial distribution of the different types of samples. The different sample types varied based on their location (Figure 5), with the type D samples observed in the central part of the Qintong Sag, showing a zonal distribution, the type C samples observed in the southeastern Qintong Sag, and the type E samples in the western and northern parts of the sag, showing a sheet distribution. The relative abundances and spatial distributions of the heavy minerals indicated that the type C and type E deposits may be from the Taizhou Uplift and Wubao Low Uplift, respectively, while the type D deposits were probably accumulated as part of a system of converging sediment derived from both east and west source regions.





4.2. Provenance Analysis Based on Sediment Transport Directions and Pathways


Sediment dispersal pathways are generally used to infer the journey from the source to the sink, with transferred sediments showing mineralogical and sedimentary structural differences that provide information from which the transfer direction and source regions can be identified. The ZTR index and sandstone petrologic maturity gradually increase with increasing sediment transport distance, indicating that the variation tendency in the ZTR index and sandstone petrologic maturity can be used to indicate the sediment transfer directions and provenance of the sediment. Furthermore, the response in relation to the sedimentary record that forms during sediment transport has indicative structural features on the seismic section. Progradational seismic reflections are parallel to the sediment transport direction, thus providing a distinct and direct method to elucidate sediment sources.



4.2.1. Sediment Transport Directions Based on ZTR Index


The spatial distribution of the ZTR index is presented in Figure 6. The trends show a gradual increase in the ZTR values of the third Mbr of the Funing Fm sandstone samples, from 18.0% to 45.8% for the Taizhou Uplift to the central and northeastern parts of the Qintong Sag and from 14.7% to 36.8% for the Wubao Low Uplift to the southern and southwestern parts of the Qintong Sag. Analysis of these trends suggests that the west sediments were transported from the Wubao Low Uplift to the southwestern part of the Qintong Sag and that the east sediments were transported from the Taizhou Uplift to the central and northeastern parts of the sag.




4.2.2. Sediment Transport Directions Based on Sandstone Petrologic Maturity


The different areas of the Qintong Sag showed different sandstone petrologic maturity levels, which ranged from 1.6% to 4% with an average of 2.7% (Figure 7); this difference in sandstone petrologic maturity can also be used to determine the sediment transport direction.



The sandstone petrologic maturity gradually increased from 2.33% in the Taizhou Uplift to 4% in the central part of the Qintong Sag; additionally, the sandstone petrologic maturity of the material increased from 1.63% to 3.55% for the Wubao Low Uplift to the southern and southwestern parts of the sag (Table 2). The trends of the sandstone petrologic maturity indicate that the sediments in the eastern, central, and northeastern parts of the sag originated in the Taizhou Uplift and were transported from the Taizhou Uplift to those regions, whereas the sediments in other regions originated in the Wubao Low Uplift.




4.2.3. Sediment Transport Directions Based on Seismic Progradational Reflections


As an important indicator of the paleo-current direction, progradational seismic reflections provide evidence from which the sediment transport direction, sediment transport pathways, provenance locations, sedimentary geometry, spatial distribution of sedimentary facies, and reverse inference of the details of sedimentary evolution can be determined, which is particularly useful when there is a poor availability or lack of cores [64,65]. The structure and distribution of seismic reflections are dominantly controlled by the direction of sediment transport and hydrodynamic forces during sediment deposition and are less affected by diagenesis or sampling strategy.



The seismic interpretation in this study revealed identifiable progradational seismic reflections that developed mainly in the southeast, northeast, and east of the study area (Figure 8a and Figure 9a) and vertically in the middle and lower third member (Figure 8d and Figure 9d). Furthermore, the progradational seismic reflections show that the sediment was transported from the east to northwest, east to northeast, and east to west, and they directly reveal that large-scale sedimentary systems covered the east and central Qintong Sag. The sediment transport directions and pathways based on the progradational seismic reflections suggest that the sediment of the central sag was provided by the Taizhou Uplift.




4.2.4. Provenance Analysis Based on Sediment Transport Pathways


Sediment transport pathways are of great significance for the quantitative determination of sediment provenance. In the lacustrine depositional environment, sediment sources are mainly transported from the orogenic belt or around the uplifts to the lake by channel systems or alluvial fans, and sediments are mainly transported by (underwater) distributary channels in the Qintong Sag. The seismic facies of the (underwater) distributary channel was characterized by a concave external reflection form and an obvious boundary with the surrounding seismic reflections caused by a strong change in the hydrodynamic force between channels and interchannel regions. In the central part of the Qintong Sag, the obvious concave reflections were widely distributed in the middle and lower of the third Mbr of the Funing Fm, while the upper was mainly dominated by parallel reflections, and obvious concave reflections could not be observed. Based on the spatial distribution of the concave reflections and a set of seismic sections from east to west (Figure 10), we supposed that there were only east-flowing systems in the study area, as geometrically inferred based on the seismic interpretation, and the channel of east-flowing systems gradually bifurcated from southeast to northwest and disappeared in the central and western parts of the study area. These phenomena indicated that only the east-flowing systems deposited in the study area, and the sediments in the central part of the sag were controlled by the east Taizhou Uplift provenance.






5. Distribution Characteristics of Sedimentary Facies Controlled by Provenance


5.1. Interpretation of Seismic Facies and Lithofacies


Seismic attributes and seismic facies provide information about the hydrodynamic history, sedimentary structure, and rock type combinations, enabling researchers to infer provenance and reconstruct sedimentary systems [65]. In this study, the seismic facies were accurately divided into nine types based on eight parameters, namely, external reflection form, internal structure, dip direction, amplitude, frequency, continuity, external reflection smoothness and lithology (Figure 11), and these nine seismic facies types could well correspond to different sedimentary facies.



The seismic reflection amplitude is one of the most used attributes for interpreting lithology because it reflects the acoustic impedance at the interface, which depends on lithological differences [66,67,68]. The diabase seismic facies in this study were characterized by sheets, a very strong amplitude, a low frequency, were discontinuous, and had smooth reflections and they were discordant with the surrounding events (Figure 11a). The intrusion of the diabase can cause abnormal seismic amplitude attributes; therefore, the well samples that included a diabase were removed from the relationship study of the amplitude and sand thickness. The average instantaneous amplitude attribute exhibited a negative correlation with the sand body thickness in the study area (Figure 12a–c), with an weak average instantaneous amplitude being associated with relatively sand-rich areas and a strong average instantaneous amplitude corresponding to relatively mud-rich zones. Thus, the average instantaneous amplitude can effectively indicate the distribution of the sand body.




5.2. Sedimentary Facies Analysis Using Well Logs and Seismic Facies


The comprehensive analysis of logging cuttings, RT curve values, GR log curve signatures, and seismic facies showed that delta front and littoral-shallow lacustrine subfacies were deposited in the central part of the Qintong Sag (Figure 13) [24,69].



5.2.1. Delta Front Subfacies


Delta front deposits are characterized by dark gray and gray medium sandstone, fine sandstone, and siltstone and comprise underwater distributary channels, underwater distributary interchannels, the mouth bars of underwater distributary channels, sand sheets, and distal bar deposits.



The underwater distributary channels in this study were dominated by fine and medium sandstones, and the seismic facies of the underwater distributary channels were characterized by being concave with a variable amplitude and continuity and high-frequency and smooth reflections that exhibited strong erosion and channel filling under high-energy hydrodynamic conditions along the channel direction (Figure 11b). Moreover, the seismic facies display S-shaped or obliquely progradational, variable-amplitude and -continuity, high-frequency, low- and medium-amplitude, medium-continuous, and unsmooth reflections along the transverse channel direction (Figure 11c,d). The GR curve pattern showed a bell shape, a serrated-box shape, and a bell-box shape, suggesting multistage overlapping sand bodies with distributary channels, and the RT log signatures showed medium and high peak values and were similar to the GR log (Figure 13). The underwater distributary interchannel deposits mainly comprised thin-bedding siltstone and mudstone; furthermore, the seismic facies of the underwater distributary interchannels was characterized by parallel, low-frequency, large amplitude, continuous, and smooth reflections (Figure 11e). The GR curve exhibited a microserrated finger and irregular shape, and the RT curve showed low values (Figure 13). The mouth bars of the underwater distributary channels were dominated by siltstone, fine sandstone, and thin-bedding mudstone, and the seismic facies of the mouth bars was characterized by either mound-shaped, high-frequency, low- and medium-amplitude, continuous, and smooth (MHLCS) reflections (Figure 11f) or sheet and parallel, low-frequency, medium-amplitude, continuous, and smooth reflections in a small range (Figure 11g). Additionally, the GR curve pattern showed a funnel shape, and the RT curve showed relatively high values (Figure 13). The sand sheet deposits mainly comprised siltstone, fine sandstone, and interbedded mudstone, and the GR curve displayed a microserrated finger and funnel shape. Additionally, the seismic facies was characterized by blank or cotton-like reflections with a clean appearance (Figure 11h), that were subparallel, had a variable amplitude and continuity, a medium frequency, relatively smooth reflections (Figure 11i), and S-shaped and obliquely progradational reflections, and the RT values show relatively high values. The distal bar deposits mainly comprised siltstone, fine sandstone, and thin-bedding mudstone with sheet and parallel seismic facies. The GR curve displayed a mircroserrated funnel shape and finger shape, and the RT values showed relatively low responses.




5.2.2. Littoral-Shallow Lacustrine Subfacies


The littoral-shallow lacustrine deposits mainly comprised mudstone and siltstone with parallel seismic facies (Figure 11e). Additionally, the GR curve exhibited a flat and serrated shape, and the RT values showed low responses (Figure 13).





5.3. Provenance Analysis Based on Seismic Facies and Lithofacies


5.3.1. Distribution Characteristics of Seismic Facies and Lithofacies Controlled by Provenance in the Lower Third Member


The average seismic instantaneous amplitude of the lower third member indicated relatively sand-rich characteristics with a fan-shaped zonal distribution covering most of the study area in the southeast, south, and east and a mud-rich zone covering a small area in the shape of point or dam embedded in the sand-rich zone (Figure 14a). Additionally, the lithofacies distribution showed opposite characteristics in the north and northwest, with a relatively developed mud-rich zone that was zonal in distribution and covered most of the area and a sand-rich zone covering a small area in a series of kidney-shaped formations, indicating a lack of sediments. The lithologic distribution indicated that the scale and thickness of the sand bodies gradually decreased and that the sand-rich zone evolved into a mud-rich zone from east to west.



Regarding the seismic facies, obliquely progradational and several trending nearly west bands of concave seismic facies indicated sediment transport pathways in the southeast, south, and east of the study area (Figure 14b), while the reflection characteristics and distribution of these seismic facies suggested that the sediments were transported from east to west with the erosion and construction of the palaeogeomorphology and the formation of sedimentary structures by strong hydrodynamic forces. Parallel and sheet-parallel seismic facies with parallel seismic sedimentary structures, which are formed via weak hydrodynamic forces, developed only in the west, southwest, and north of the study area. The spatial distribution of the seismic facies showed that the hydrodynamic forces gradually decreased from east to west in the study area. The analysis of the hydrodynamic forces, sediment transport direction, and tracks indicated that the sediment source rocks in the study area came from the southern part of the Qintong Sag.




5.3.2. Distribution Characteristics of Seismic Facies and Lithofacies Controlled by Provenance in the Middle Third Member


The distribution of the seismic instantaneous amplitude attributes obtained for the middle third member showed characteristics that were roughly similar to those observed during the early deposition (Figure 15a); however, the scale and thickness of the sand bodies were relatively decreased, and the mud-rich zone was relatively increased. The mud-rich zone in the east of the study area changed from point-shaped or dam-shaped to a zonal distribution. In terms of the seismic facies, the reflection characteristics of the S-shaped progradational seismic facies and the distribution of the concave seismic facies indicated that the source rocks in study area came from the southern part of the Qintong Sag (Figure 15b). According to the potential location of provenance areas, we speculate that the sediments in the depression are controlled by the Taizhou Uplift. Additionally, compared with the seismic facies in the lower third member, the width and length of the identifiable concave seismic facies and the range of the S-shaped progradational seismic facies decreased by a noticeable extent, with the shrinking trend of the sedimentary systems suggesting that the hydrodynamic forces gradually decreased and that the lake of sediment supply formed large-scale retrogradational sedimentary systems.




5.3.3. Distribution Characteristics of Seismic Facies and Lithofacies Controlled by Provenance in the Upper Third Member


The sand-rich zone in the study area further decreased, and the early sand-rich zone in the eastern part of the study area was divided into several secondary sand-rich belts by a mud-rich zone during the deposition of the upper third member (Figure 16a). Furthermore, the scale and thickness of the sand bodies were generally further reduced. Regarding the seismic facies, any identifiable concave, S-shaped, and oblique progradational seismic facies disappeared, and subparallel and variable-amplitude, sheet-parallel, and parallel seismic facies with parallel seismic reflections developed (Figure 16b), indicating a lower sediment supply, decreased hydrodynamic forces, and a sedimentary system that was further retrograded to the east of the Qintong Sag.





5.4. Provenance Analysis Based on Sedimentary Facies


Sedimentological principles and a comprehensive analysis of the sedimentary facies, seismic facies, and seismic instantaneous attributes were applied to ascertain the details of the distribution of the sedimentary facies. The distribution characteristics of the sedimentary facies during the deposition of the third Mbr of the Funing Fm were evidently controlled by Taizhou Uplift provenance, which is located in the eastern part of the Qintong Sag. According to the locations and sedimentary facies, the sedimentary systems in the study area could be divided into a short-axis delta in the east and littoral-shallow lacustrine in the west. Although the scale of the sedimentary facies differed for each depositional stage, the distribution law was similar, with underwater distributary channels, a mouth bar, and a sand sheet mainly located in the east and a littoral-shallow lacustrine and a distal bar located in the west (Figure 17a–c). Sediments migrated from the southeast to the west, northwest, and northeast of the study area via underwater distributary channels; then, the sediments unloaded and formed thick-bedded delta sand bodies in the east and littoral-shallow lacustrine mudstone and thin distal bar sand bodies in the west. Underwater distributary channels facies extensively developed in the eastern study area and gradually disappeared in central study area with the decrease in the sand body thickness and due to a lack of sediment supply.



The seismic reflections changed from progradational to parallel (Figure 18a), while the sedimentary facies changed from an underwater distributary channel, sand sheet, and mouth bar to a distal bar and lacustrine from east to west (Figure 18b), showing the transition between delta and lacustrine and suggesting decreased hydrodynamic forces. Collectively, these results indicate that the sedimentary systems in the study area are controlled by the Taizhou Uplift provenance.



The depositional history of the third Mbr of the Funing Fm showed the process of delta retrogradation and decrease in the sedimentary transport rate followed by a gradual shrinking of the delta systems. Thick-bedded sand bodies and lacustrine mudstones formed via strong hydrodynamic forces and retrogradation are good reservoirs and direct caprocks, respectively, which are crucial for the storage and sealing of oil.





6. Double Main Provenance Depositional Model


The aforementioned discussion confirmed that the Qintong Sag deposits were supplied by both the southeastern Taizhou Uplift and the northwestern Wubao Low Uplift. According to the analysis of the provenance, sedimentary facies, and previous studies [27,69], the sedimentary systems could be divided into southeastern and northwestern short-axis deltas, which are controlled by the Taizhou Uplift and Wubao Low Uplift provenance, respectively. The southeastern short-axis delta sedimentary systems developed on the inner gentle slope zone, deep depression zone, and fault-terrace zone in the central and eastern Qintong Sag, while the northwestern delta sedimentary systems developed on the outer gentle slope zone, slope barrier zone, and inner gentle slope zone in the southwestern and western Qintong Sag. (Figure 19).



During the depositional period of the third Mbr of the Funing Fm, the hydrodynamic forces weakened continually. The delta front sand bodies formed in the early and middle depositional period and located in the east part of the study area with thick and good continuous characteristics could be high-quality reservoirs (Figure 18b). In addition, the mudstones that formed via delta retrogradation in the late depositional stage serve as direct caprocks for underlying reservoirs; therefore, they are crucial for hydrocarbon accumulation. With the excellent and direct-contact source rock in the second member of the Funing Fm, the delta sand bodies in the central and eastern part of the Qintong Sag are likely to become important targets for future oil exploration.




7. Conclusions


According to the analysis of heavy mineral compositions, sandstone petrologic maturity, lithofacies, and seismic and sedimentary facies, the Qintong Sag was served by the Taizhou Uplift provenance in the east of the sag, and large delta sedimentary systems formed via this provenance were found in the central part of the sag. Additionally, this study has documented that sediments of a large delta could also be derived from sediment sources in the direction of the fault-terrace zone during the initial rifting stage of lacustrine rift basins.



The thick-bedded retrogradational delta sand bodies formed by the Taizhou Uplift in the initial rifting stage and the lacustrine mudstones could be high-quality reservoirs and direct caprocks, respectively, which are crucial for the accumulation and sealing of oil. Additionally, the sedimentary systems formed by the provenance from the fault-terrace zone experienced robust retrogradation; this process showed that these large-scale delta systems formed by the fault-terrace zone are likely to only flourish in the initial rifting stage.



Our findings are helpful for investigations into sedimentary frameworks in the lacustrine initial rifting stage and the exploration of rift basins; therefore, except for gentle slope zones, deep lake and fault-terrace zones may serve as important hydrocarbon exploration targets in the future.
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Figure 1. Regional geological survey of the Qintong Sag. (a) Location and structure of the Subei Basin, China; (b) location of the Qintong Sag in the Subei Basin; (c) map showing details of the study area, including well location (wells with red dots were used for the analysis of heavy minerals and sandstone petrologic maturity), faults, profile lines (line A-A’ represents geological lines used in Figure 1d, lines B-B’, C-C’, and D-D’ represent seismic section lines used in Figure 8, Figure 9, and Figure 18a, respectively, and line E-E’ represents sedimentary facies profile lines used in Figure 18b), and location of 3D seismic survey shown in Figures 9 and 14–17; (d) the magnification of the 3D seismic survey (wells with black dots were used for the analysis of lithofacies and sedimentary facies); (e) geological profile A-A’ across the Qintong Sag [27] (see profile line location in Figure 1c). 
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Figure 2. Stratigraphic column of the Qintong Sag, including chronostratigraphic ages, tectonic events, petroleum system elements, sedimentary facies, and stages of Subei Basin evolution [42]. 
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Figure 3. (a) Map of heavy mineral composition in the Qintong Sag showing inferred type A and type B provenances; (b) cluster analysis of heavy mineral compositions of the third Mbr of the Funing Fm samples, showing that the inferred two provenances of heavy minerals were statistically significant. 
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Figure 4. Scatter plots of (a) ZTR versus Gzi; (b) Ruzi versus Ruzi; (c) ZTR versus Ruzi; (d) limonite versus magnetite; (e) magnetite versus garnet; (f) magnetite versus zircon. (g) Samples of type C, type D, and type E. 
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Figure 5. Map of samples of type C, type D, and type E based on the classification of samples in Figure 4. 
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Figure 6. Map of ZTR index values of the third Mbr of the Funing Fm samples in the Qintong Sag, showing inferred sediment transport directions and based on heavy minerals in Table 1. 
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Figure 7. Map of sandstone petrologic maturity values of the third Mbr of the Funing Fm samples in the Qintong Sag, showing inferred sediment transport directions and, based on quartz, feldspar, and lithic fragment contents shown in Table 2 and other sandstone petrologic maturity values. 
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Figure 8. The progradational seismic reflections showing sediment transport directions in the middle third member, (a) the spatial distribution of directions of the typical progradational seismic reflections; (b) possible provenance directions based on progradational seismic reflections; (c) the uninterpreted typical progradational seismic sections; (d) the local amplification and detailed interpretation of Figure 8c, where blue arrows show progradational seismic reflections; see Figure 1c for the location of the seismic section B-B’. 
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Figure 9. The progradational seismic reflections showing sediment transport directions in the lower third member, (a) the spatial distribution of directions of the typical progradational seismic reflections; (b) possible provenance directions based on progradational seismic reflections; (c) the uninterpreted typical progradational seismic section; (d) the local amplification and detailed interpretation of Figure 9c, were blue arrows show progradational seismic reflections; see Figure 1c for the location of the seismic section D-D’. 






Figure 9. The progradational seismic reflections showing sediment transport directions in the lower third member, (a) the spatial distribution of directions of the typical progradational seismic reflections; (b) possible provenance directions based on progradational seismic reflections; (c) the uninterpreted typical progradational seismic section; (d) the local amplification and detailed interpretation of Figure 9c, were blue arrows show progradational seismic reflections; see Figure 1c for the location of the seismic section D-D’.
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Figure 10. Sediment transport paths in the Qintong Sag, where the gray arrows show sediment transport paths and red arrows show the location of L1980, L1840, L1790, L1740, L1690, and L1640 seismic sections that have the same direction and scale; sediment transport pathways and seismic sections from east to west show that channels gradually bifurcate and disappear towards northwest. 
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Figure 11. Seismic facies in the central part of the Qintong Sag, including typical seismic sections (except for Figure 11a, the seismic section scales are consistent with Figure 11i), seismic reflection features (namely, external reflection form, internal structure, dip direction, amplitude, frequency, continuity, and external reflection smoothness), and seismic lithofacies. 
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Figure 12. Scatter plot of sand body thickness and mean instantaneous amplitude attribute (a) in the lower third member; (b) in the middle third member; and (c) in the upper third member. The location of the well is shown in 3D seismic survey (Figure 1c); scatter plot does not include well locations with diabase. 
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Figure 13. Division marks of the depositional environment based on the lithological characteristics, well log patterns, and seismic facies. 
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Figure 14. Map of (a) average seismic instantaneous amplitude attribute and (b) seismic facies of the lower third member. 
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Figure 15. Map of (a) average seismic instantaneous amplitude attribute and (b) seismic facies of the middle third member. 
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Figure 16. Map of (a) average seismic instantaneous amplitude attribute and (b) seismic facies of the upper third member. 
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Figure 17. Map of sedimentary facies of (a) the lower, (b) middle, and (c) upper third member. 
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Figure 18. Seismic and sedimentary facies profiles of the study area displaying the change in sedimentary facies characteristics from east to west. (a) seismic sections across the study area displayed the change in seismic reflections; (b) the comparison profile of the sedimentary facies the connected wells in study area displayed the change in sedimentary facies, see Figure 1c for the location of seismic and sedimentary facies profiles. 
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Figure 19. Depositional model of the third Mbr of the Funing Fm of the Qintong Sag. 
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Table 1. Heavy mineral content (%, by volume) of the third Mbr of the Funing Fm sample; locations of samples are shown in Figure 1c.
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	Sample
	Zircon
	Tourmaline
	Garnet
	Mica
	Epidote
	Titanite
	Rutile
	Leucite
	Magnetite
	Limonite
	Barite
	Pyrite
	ZTR
	Ruzi
	Gzi





	C2
	9.3
	5.4
	48.2
	0.1
	0
	0
	0
	11.6
	23.5
	0.6
	0
	1.3
	14.7
	1.2
	5.2



	C1-1
	12.2
	2.5
	52.2
	0.1
	0
	0
	1.6
	11.7
	17.2
	0.7
	0.9
	0.9
	14.7
	1.1
	4.3



	ZS1
	16.6
	1.5
	39.2
	0.5
	0
	0
	1
	6.1
	25.3
	1.5
	6.8
	1.5
	18.1
	0.4
	2.4



	H2
	32.3
	3
	38.8
	0.1
	0
	0
	1.5
	11.2
	5.5
	0.4
	7.2
	0
	35.3
	0.4
	1.2



	H4
	21.6
	6.1
	58.5
	0
	0
	0
	0
	8
	4.3
	0.5
	0
	0.8
	27.7
	0.4
	2.7



	G1
	19.4
	2.4
	44.1
	0
	0
	0.2
	1.7
	9
	21.1
	0.2
	1.9
	0
	21.8
	0.6
	2.3



	Z2
	17.5
	2.1
	59.3
	0
	1.3
	0.2
	0.5
	13.8
	1.3
	2.1
	2.1
	0
	19.6
	0.8
	3.4



	Y6
	17.8
	5.9
	33.6
	0
	0
	0
	0
	10.5
	6.3
	2.5
	0
	23.3
	23.7
	0.6
	1.9



	Y302
	39.8
	3.8
	29.8
	0
	0
	0
	3.2
	13.1
	6.8
	2.6
	0.8
	0
	43.6
	0.4
	0.7



	MS1
	14.6
	2.3
	38.6
	0
	0
	0
	1.1
	13.9
	5.2
	7.5
	14.3
	0.5
	16.9
	1
	2.6



	CZ1-4
	17.9
	2.4
	66.5
	0
	0.4
	0
	0.4
	7.4
	2.2
	0.5
	1.4
	0.9
	20.3
	0.4
	3.7



	HO2
	20.5
	1.6
	35.2
	0
	3.1
	0.1
	1.3
	14.1
	3.1
	6.3
	5.4
	9.4
	22.1
	0.8
	1.7



	S161
	20.7
	12.6
	43.2
	0
	2.8
	1.3
	1.1
	14.1
	3.7
	2.5
	0
	0.5
	33.3
	0.7
	2.1










 





Table 2. Framework grain content (%, by volume) of the third Mbr of the Funing Fm samples; locations of samples are shown in Figure 1c.
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	Well
	Quartz
	Feldspar
	Lithic Fragments
	Sandstone Petrologic Maturity





	NH201
	78.5
	20.1
	1.4
	3.55



	H4
	70.9
	24.8
	4.2
	2.57



	H2
	72.3
	20.9
	6.8
	2.7



	C4
	69.3
	25.5
	5.2
	2.33



	Y2
	72.8
	24.8
	1.8
	2.85



	Z2
	71.9
	24.2
	2.4
	2.7



	C1
	61.5
	18.3
	21.2
	1.63



	Y6
	70
	27.2
	2.8
	2.33



	C4
	65
	14.5
	20.5
	1.84
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