
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk

Universities of Leeds, Sheffield and York

Deposited via The University of Leeds.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/194732/

Version: Accepted Version

Article:

Wang, Y, Xu, S, Hao, F et al. (2020) Multiscale petrographic heterogeneity and their 
implications for the nanoporous system of the Wufeng-Longmaxi shales in Jiaoshiba area, 
Southeast China: Response to depositional-diagenetic process. GSA Bulletin, 132 (7-8). 
pp. 1704-1721. ISSN: 0016-7606 

https://doi.org/10.1130/b35324.1

This is an author produced version of an article published in the GSA Bulletin. Uploaded in 
accordance with the publisher's self-archiving policy.

Reuse 

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://doi.org/10.1130/b35324.1
https://eprints.whiterose.ac.uk/id/eprint/194732/
https://eprints.whiterose.ac.uk/


1 
 

Multiscale heterogeneity and their implications for the 

nanoporous system of the Wufeng-Longmaxi shales in Jiaoshiba 

Area, Southeast China: Response to depositional-diagenetic 

process 

Yuxuan Wang a, Shang Xu a**, Fang Hao b, *, Baiqiao Zhang c, 

Zhiguo Shu c, Qiyang Gou a, Yangbo Lu a 

a. Key Laboratory of Tectonics and Petroleum Resources, Ministry of Education, 

China University of Geosciences, Wuhan 430074, China 

b. School of Geosciences, China University of Petroleum, Qingdao 266580, China 

c. Research Institute of Petroleum Exploration and Developm ent, Sinopec Jianghan 

Oilfield Company, Wuhan 430223, China 

 

 

*Corresponding author: Fang Hao 

E-mail address: haofang@cug.edu.cn 

Address: School of Geosciences, China University of Petroleum, Changjiangxi Road 

No.66, Qingdao 266580, China 

**Corresponding author: Shang Xu 

E-mail address: xushang0222@163.com (S. Xu) 

Address: Key Laboratory of Tectonics and Petroleum Resources, Ministry of Education, 

China University of Geosciences, Lumo Road No.388, Wuhan 430074, China  



2 
 

Abstract 

The organic matter-rich shales in Wufeng-Longmaxi Formation are showing a notable 

heterogeneity characteristic, which significantly controls the mineral composition and organic 

matter component in the adjacent sections of the shale reservoir. This study combines the multiple 

scale observation and detailed mineralogical and geochemical analysis to investigate the 

manifestation, origin, and affection of shale heterogeneity within the equivalent-time stratigraphic 

framework. The results indicate that polytropic deposition-environment lead to different sediment 

supplies in the depositional process. After that, these differences among shale sections are magnified 

through different diagenetic pathways and result in current shale heterogeneity. Section TST is 

controlled by global glacialism and regional volcanism, leaving an abundance of fine-grained 

intrabasinal silica and enrichment of organic matter. At diagenesis stage, authigenic quartz 

aggregates derive from siliceous organisms are spawned. They filled in primary interparticle pores, 

forming a rigid particle-bracing structure that effectively resisted later compaction and provided 

enough space for organic matter migrating and occluding. Finally, the production of pores in this 

migrated organic matter make an essential contribution to the total porosity of shale reservoir. 

Section EHST is strongly influenced by contour current, which brings about more extrabasinal index 

and impoverishes organic matter. In diagenesis stage, less siliceous supply could not produce 

enough authigenic quartz. Therefore, the rigid particle-bracing structure could only preserve in 

partial place. Primary interparticle pores significantly reduce owing to compaction, leaving less 

space for later organic matter migrating and occluding. As a result, the total porosity of shale 

reservoir decline in this section. In a rapid tectonic-uplifting background, section LHST is 

dominated by a rapid expansion of terrigenous clay minerals and further dilute organic matter. 
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Ductile clay experiences strong compaction during diagenesis and then occupy most of the primary 

interparticle space. Rigid particles are wrapped by overwhelmed clays, leading non-existent of the 

particle-bracing structure. As a result, nanoporous system in shale could not be well preserved. 

Keywords 

Heterogeneity; Fine-grained Sedimentation; Diagenesis; Nanoporous system; Reservoir quality; 

Wufeng and Longmaxi shale 

1. Introduction 

Shale gas is a kind of natural gas that usually contained in shales at the free, absorbing and 

dissolving state. And it is also one of critical unconventional-gas resources, which is characterized 

by typical “self-generation and self-storage” pattern (Curtis, 2002; Loucks and Ruppel, 2007; Jarvie 

et al., 2007; Hao et al., 2013). Although shale reservoir is usually stable and fine-grained compared 

with sandstone, it still exhibits a strong heterogeneity characteristic (Abouelresh and Slatt, 2012; 

Hulsey, 2011; Slatt and Rodriguez, 2012). Due to this character, the shale gas production among 

adjacent sections varies considerably. For example, the characteristic of shale has an extreme 

difference in the Wufeng-Longmaxi shales of Jiaoshiba gas field (Guo and Zhang, 2014; Guo et al., 

2016). Vertically, almost every well shows the section of Wufeng Formation and the adjacent part 

of Longmaxi Formation have notable higher production than other section. Indeed, shale 

heterogeneity is one of the key topics of reservoir characterization, which controls the distribution 

of shale gas accumulation (Li and Jin, 2003; Hammes and Frébourg, 2012; Jiang et al., 2015). 

Therefore, it is of great significance to figure out the heterogeneity of shales for shale-gas resource 

evaluation, “sweet spot” prediction and fracturing deployment. 
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At present, shale heterogeneity has been wildly concerned in shale gas exploration and 

development. Studies on shale heterogeneity consists of three vital parts: (1) stress anisotropy of 

shale; (2) pore and fracture system development; (3) heterogeneity modeling (Waleed et al., 2011; 

Bustin et al.,2012; Loucks et al., 2012; Shebl et al.,2013; Jiang et al., 2015; Zhang et al., 2018). 

Stress anisotropy analysis could help to predict mud weight and calculate drilling trajectory. Pore 

and fracture system is the primary storage space of shale gas. They are significantly controlled 

fracturing parameters and production capacity. Based on the geophysical, geochemical and mineral 

analysis, heterogeneity modeling combines the shale lithofacies variation, organic matter 

distribution, rock brittleness, water-bearing, and other vital geological factors to evaluate shale-gas 

resource potential. However, these studies are mainly focused on the present manifestation of 

heterogeneity. The origin of heterogeneity, especially its differential evolution process during the 

depositional and diagenetic stage remains unclear. Furthermore, the inner link of heterogeneity 

evolution with shale nanoporous system is also not well understood.  

Based on observations of the core, thin section, FE-SEM, and nano-CT, this study demonstrates 

the multiscale heterogeneity of Wufeng-longmaxi shale within the equivalent-time stratigraphic 

framework. Trough comprehensive study of different depositional environment, diagenetic 

evolution and hydrocarbon generation process, we analyzed the multiscale heterogeneity in shales 

of Jiaoshiba Area and discussed how this heterogeneity influenced the nanoporous system of shale 

reservoir. 

2. Geological setting 

Since the Yangtze platform developed, it has experienced multiple sedimentary stages and 
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extensively enriched oil and gas resources (Chen et al., 2011; Liu et al., 2013; Fig, 1A). Form the 

Late Ordovician to Early Silurian, a series of paleo-uplifts and sedimentary centers have formed due 

to ongoing tectonic uplift around the basin (Fig. 1A). Because of the Guangxian Orogeny 

intensifying (Chen 2012; Chen et al., 2014), the southeast Cathaysia Block continues advanced, 

forming the Xuefeng-Qiangzhong foreland uplifts (Li et al., 2010; Chen et al., 2014). The west 

Chuanzhong uplift is expanding, and the southwest Kangdian oldland is connecting with Qianzhong 

uplift, forming Dianqiangui Oldland. The Yangtze platform gradually evolved into a siliciclastic-

controlled deep shelf basin (Charvet et al., 2010) and Wufeng-Longmaxi black shales widely 

deposited. Generally, the thickness of Wufeng Formation is 3~5m and it may be thicker in 

somewhere but no more than 10m (Chen et al., 2015). The Longmaxi Formation is thicker, but the 

real black shale part only distributed in the bottom side (Fig 1B). It is organic-matter rich and 

considered to be the main source rocks and major gas reservoir (Hao et al., 2013; Zou et al., 2016). 

Sichuan basin is located in the west margin of the Yangtze Platform, which forms a composite 

basin-range system with orogenic belts around it (Fig. 1A). The Jiaoshiba gas field is located in the 

east margin of Sichuan Basin, with the total area of approximately 800 km2. This area has 

experienced multiple stages of tectonic events, and it is mainly controlled by two groups of faults 

trending in a NE and NNE direction (Gou, 2013). The major gas-bearing strata is an organic-matter 

rich shale in the Wufeng Formation (Ordovician) and the Longmaxi Formation (Silurian). It is 

continuously developed, with an average thickness of about 90 m and moderate burial depth. The 

underlaying stratum is a nodular limestone bedding of the Jiancaogou Formation and the overlaying 

part is a grey medium-fine turbidite sandstone. The Guanyinqiao bedding is considered to be an 

identification of the Ordovician-Silurian boundary (Su et al., 2007). In the study area, it is a dark 
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gray micritic limestone with the thickness of 15~20cm and it does not obviously developed in some 

wells. 

3. Samples and methods 

Samples were collected from the three typical drilling cores (JY-A, JY-B, and JY-C) in 

Jiaoshiba area. All rock samples were analyzed for total organic carbon (TOC) contents, total sulfur 

(TS) contents, mineral composition, and total porosity. Another samples were selected from them 

and collected for thin section analysis, field emission-scanning electron microscopy (FE-SEM) and 

nano-CT analysis. Also, Samples of well JY-A were analyzed for major and trace element 

concentrations by X-ray fluorescence (XRF) and inductively coupled plasma-mass spectrometer 

(ICP-MS). Detailed geochemical information was presented by Wang et al., 2019. 

Both bulk and clay mineralogical were analyzed using a D/max-2600 X-ray diffractometer 

(XRD) at Petroleum Geologic Test Center (PGTC) of the Petroleum Exploration and Development 

Research Institute of Jianghan Oilfield Company, SINOPEC. Powdered samples were placed in 

copper holders and scanned from 5~90° for whole-rock composition and 3~30° for clay-fraction 

composition. We used CuKα radiation and a graphite monochromator at 2° min-1 with a step width 

of 0.02°, and its analytical precision was better than 0.02°.  

The TOC and TS contents were measured using a CS844-3250 carbon and sulfur analyzer in 

PGTC. First, each sample was powered into a powder that was finer than the 200-mesh size. Then, 

we weighed approximately 200 mg of powder and treated it with 10% hydrochloric acid (HCl) at 

60°C to remove carbonate. After that, we washed the samples with distilled water to remove the 

remaining HCl. The samples were then dried and analyzed. 
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The porosity of 254 samples was measured by helium pycnometry. First samples were dried at 

105 °C in a vacuum oven overnight. Then the bulk density of cylindrical plug samples was measured 

by caliper, and the skeletal density was calculated from the multiple helium expansions. Finally, the 

porosity can be determined by the differences between the bulk density and skeletal density. 

Computerized tomography (CT) scanning is an effective way to characterize the spatial 

distribution and connectivity of macropores and fractures in shale reservoir (Sun et al., 2016; Ma et 

al., 2016). Nano-CT analysis experiment was finished at Research Institute of Petroleum 

Exploration and Development, CNPC, Beijing, using a Nano-CT Xradia scanning device 

(UltraXRM-L200) produced by Carl Zeiss Company, USA. First, the cylindrical shale sample with 

a diameter of 1 mm and a length of 0.5 cm was drilled along the vertical bedding direction. Then 

placed the shale samples horizontally in the A-532-DW Oxford Microscopic Sampling System. 

After that, samples were cut into miniature cylinders with a diameter of about 65 μm and the length 

of about 300 μm using a laser beam for Nano-CT scanning. The Nano-CT scanning experiment was 

at the voltage of 8 kV, the temperature of 20 °C, and the exposure time of 90 s. It supports the 

maximum resolution of 65 nm.  

4. Stratigraphic framework 

There has been some stratigraphic study on Wufeng-Longmaxi shale (Hammes and Frébourg, 

2012; Chen et al., 2015; Wang et al., 2019). Based on the previous biostratigraphy and sequence 

stratigraphy study, we reorganized a comprehensive stratigraphic framework of Jiaoshiba area, 

southeastern Sichuan Basin (Fig. 2). The graptolite biozones, logging data, sequences, and 

lithofacies are all showing significant variations upward, and they are strongly coupled with each 
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other (Fig. 2). The study interval is divided into 2 third-order sequences. The Wufeng Formation is 

interpreted as a third order sequence (Sq1), composed of transgressive systems tract (TST 1) and a 

short highstand systems tract (HST). The Longmaxi Formation is interpreted as another third order 

sequence (Sq2), which consist of transgressive systems tract (TST 2), early highstand systems tract 

(EHST) and late highstand systems tract (LHST). Notably, the Guanyinqiao bedding is the main 

part of HST in Wufeng formation. Because it is very short (~20-50cm) and not easy to identify in 

many other cores of Jiaoshiba Area. We treat TST 1, HST, and TST 2 for a complete section (TST) 

at the following discussion (Fig. 2). 

Within the sequence stratigraphic framework, the average mineral composition and TOC 

content of each systems tract differ. The main mineral composition of the shale is quartz, feldspars 

(K-feldspar and plagioclase), carbonate minerals (calcite and dolomite), clay minerals (illite, 

chlorite and I/S) and pyrite (Fig. 2). TOC, quartz, and pyrite contents are high in TST and continuous 

decrease in EHST and LHST whereas clay mineral (illite, chlorite and I/S) contents are opposite 

(Fig. 3). Feldspar contents (K-feldspar and plagioclase) are relatively high in EHST and very low 

in TST and LHST (Fig. 3). Carbonate contents in most samples are low, except for some individual 

peaks (Fig. 3).  

5. Results and discussion 

5.1 Multiscale heterogeneity in the equivalent-time stratigraphic framework  

5.1.1 Centimeter-millimeter scale heterogeneity 

The transgressive systems tract (TST) is the major gas-bearing and fracturing section. Six 

lithofacies has been subdivided (Ma et al., 2016; Wang et al., 2019) based on sedimentary structure, 
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mineralogy, TOC content, and geochemical proxies. Siliceous-rich lithofacies are dominated in this 

section, including siliceous mudstone (S) and clay-rich siliceous mudstone (CS) (Fig. 3). It also 

contains some thin carbonate interlayers such as dolomitic-siliceous mudstone (DS) and siliceous-

dolomitic mudstone (SD). K-bentonite layers and late pyrite-calcite veins are commonly observed 

(Fig. 4A). Also, there are abundant graptolite fossils randomly distributed along the bedding plane. 

It contains a high content of quartz (47.5%) and low content of clay minerals (29.3%). Both feldspar 

and carbonate mineral are less. The organic matter content is very high, averaging 3.4%. 

Radiolarians and other siliceous skeletal grains are commonly observed (Fig. 5B, C). Their siliceous 

outer walls are dissolved, leaving the residue filled with migrated organic matter or calcite (Fig. 5B, 

C). Besides, the calcareous prominently composed lithofacies is less, which is mainly distributed in 

other lithofacies in the form of thin interlayers (Fig 3). The carbonate mineral is mainly dolomite 

and calcite. The granular dolomicrite and quartz are uniformly distributed (Fig. 5D), while the 

granular dolomite and calcite is mosaically distributed in the clay mineral debris. 

The early highstand systems tract (EHST) section is mainly composed of silty stripe shale (Fig. 

4B). Silty stripe is densely distributed in the rock core, which is characterized by continuous 

lenticular or ribbon silty-argillaceous stripe (Fig. 5E). Some abruptly non-invasion top contact 

between the silty and mud part (Fig. 5F) could also be observed under a microscope. The lenticular 

intraclasts start to appear, which are mainly composed of clay mineral, fine-grain carbonate mineral 

and particulate organic matter (Fig. 5F). The number of bentonite beds significantly reduces and is 

only occasionally 1 to 2 layers. The graptolite is still widely distributed with obvious directionality 

(Fig. 4B). The average content of quartz is 38.3%. The content of clay mineral, especially chlorite 

remarkably increases (Fig 3), which is 39.4% on average. The content of organic matter sharply 
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decreases to averagely by 1.9%. 

Thick-bedded clay mudstone is dominated in the late highstand systems tract (LHST). Sandy 

lens could be always observed on the core, and they become bigger upward section. Finally, turbidite 

sand-stone bedding formed above Longmaxi Formation (Fig. 4C). There are large amounts of 

relatively coarse grain quartz with crystal shape dispersedly distributed. In some area, there is 

current bedding formed through scouring (Fig. 5G). The lenticular intraclast appears in quantity in 

the clay mudstone, which is partly connected and compacted into undulate shape (Fig. 5H). The 

lenticular intraclast is the aggregation of clay mineral, fine-grain carbonate mineral, and organic 

matters. The content of clay minerals is quite high, which is 52.0% on average. The average content 

of the quartz is 32.7%. And the total content of organic matters significantly decreases to 1.2% on 

average. 

5.1.2 Microscale heterogeneity 

In section TST, rigid particles like quartz, feldspar, and pyrite are abundant, and most of them 

are shape-completed. The quartz has two typical shapes. One is relatively bigger with complete 

crystal shape and smooth edge, which is uniformly distributed (Fig. 6B). Another is smaller with an 

irregular harbor-shaped edge and radial tips (Fig. 6B). Large amounts of radial quartz are distributed 

in interparticle space of granular quartz, feldspar and pyrite assemblage (Fig. 6A, B). They form a 

rigid particle-bracing structure in this section. The organic matter with high content appears in bulk 

assemblage. It usually fills in the voids of rigid particle skeleton and fossil bodies. The organic-

matter pores (OM pores) are also wildly merging (Fig. 6D). In this section, clay minerals are less 

and distributed inside rigid mineral skeleton or organic matter assemblage (Fig. 6C, D). They are 
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filiform or scaly and have complete intercrystalline pores.  

In section EHST, the main rigid particles especially feldspars are significantly increased (Fig. 

3), and they also form a particle-bracing structure in some areas (Fig 7A). However, compared with 

TST, the content of radial quartz remarkably decreases whereas clay minerals notably increase (Fig. 

7A, B). In other words, it could not form a complete particle support system without abundant radial 

quartz. Pyrite framboid assemblages also decrease. The grain size of clay mineral increases to long 

stripe and scaly shape (Fig 7B). Though the content of it grows, it is not enough to completely warp 

up the rigid particles (Fig 7B). The content of organic matter decreases, and the organic matter is 

distributed in the interval between rigid minerals and clay minerals (Fig 7C). The organic pore is 

well developed (Fig 7C, D). The content of carbonate mineral increases a little bit. The calcite is in 

irregular shape and cemented distributed (Fig 7D). The dolomite is in particle shape with good 

crystal shape ankerite along the margin (Fig 7D). Part of carbonate mineral particle has obvious 

dissolved edge crevice with dissolved pore inside (Fig 7D). 

In section LHST, the content of clay minerals significantly increases (Fig 8A). Compared with 

EHST, the crystal shape rigid minerals such as particle quartz and feldspar are completely wrapped 

by clay mineral (Fig 8B). The content of quartz, feldspar and other rigid mineral decreases, and even 

could not contact with each other. It is hard to find large area organic matter assemblage, which is 

sporadically distributed around the mineral edge supported by single rigid mineral and inside the 

framboids pyrite particle (Fig 8C, D).  

5.1.3 Nanoscale heterogeneity 

The three-dimensional Nano-CT technology could describe the spatial distribution and 
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connectivity of macro-pores and micro-fractures in the shale reservoir (Ma et al., 2016; Sun et al., 

2016). By Nano-CT analysis, organic matter and pore distribution in different systems tracts are 

intuitively displayed (Fig. 9A, B). Also, it could further portray the pore connectivity by simulating 

the information of nanopore and throat system (Fig. 9C). The total volume of each shale three-

dimensional data body is 16662.26μm3. Other detailed pore data obtained by Nano-CT analysis are 

presented in table 2.  

In section TST, the organic matter with high content is evenly distributed. It is well preserved 

as large plump grains, which connect each other and form irregular columnar assemblages spatially 

(Fig. 9A1). The shape of pores are irregular, most of them are plump ellipsoid (Fig. 9A2). Almost 

all of pores distribution correspond well with the organic matter distribution, which may indicate 

that these pores are OM pores or they are closely related to the evolution of organic matter. Shown 

as the stick model, pores in this section also has a good conectivity. A large number of pores are 

interconnected by big throat and a part of them are also linked by additional middlle or small throat 

(Fig. 9A3). It forms a network structure of the pore-throat system tridimensionally with a wide range 

of connectivity. As a result, thousands of little pores are recognized as several big pore aggregations, 

which provide major pore voleum of the sample (Fig. 10A1, A2). Obtained by Nano-CT analysis, 

the pore volume is 472.68 μm3 and the porosity is 2.84 %.  

In section EHST, compared with TST, the content of organic matter decreases, which has a 

very uneven distribution (Fig. 9B1). The grain size of organic matter particles remarkably decreases, 

and their shapes become more angular (Fig. 9B1). Most of the pore distribute correspond well with 

organic matter (Fig. 9B2). Pore-throat system is also well developed in some partial space. However, 

these interconnected pore-throat system is much smaller than section TST. They are dispersedly 
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distributed and do not connect with each other (Fig. 9B3). The separate pore number is obviously 

increased than section TST in every pore diameter interval (Fig. 10B1), whereas total pore volume 

is decreased into 444.03 μm3 and the porosity is 2.66 %. (Fig. 10B2). 

In section LHST, the OM particles are re-evenly distributed. Most of them are isolating 

distribution and preserved as small flattened flakes (Fig. 9C1). Pore development is similar to 

organic matter, and they usually show an oblate shape (Fig. 9C2). Lots of pores are isolated, they 

are not conneted to any other pores. Other pore-throat systems are small scale. They only connected 

by a small throat with two adjacent pores (Fig. 9C3). Notably, pore number experiences a significant 

improvement (Fig. 10C1). The pore size distribution is mainly between 0.1~0.5 μm. Total pore 

volume decrease to 377.47 μm3 and the porosity is 2.26 %. (Fig. 10C2). 

5.2 Sedimentation controls the primary composition of minerals and organic 

matter  

The organic-rich shale in Wufeng and Longmaxi formation has experienced a turbulent 

depositional period. The interactions of the global and regional scale geological events control the 

depositional process of this set of shales (Algeo et al., 2016; Wang et al., 2019), leading a variation 

of minerals and organic matter composition in the shales of different systems tracts. From the global 

scale, the Wufeng and Longmaxi formations contains the Ordovician-Silurian global mass 

extinction boundary (Rong 2006; Fan et al., 2011), worldwide sharply eustatic sea level (Haq and 

Schutter, 2008) and the grand Hirnantian ice stage (Algeo et al., 2016; Liu et al., 2017). From the 

regional scale, the continuously tectonic uplifting resulted from the Guangxian Orogeny (Chen et 

al., 2014), multi-stage and high-intensity volcanism (Su et al., 2007), contour current (Schieber, 

1994, 2010; Lu et al., 2017), and the limited-area turbidity currents are also wildly influenced the 
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depositional process of shales in different systems tract.  

5.2.1 TST 

As the geochemical redox proxies (C-S-Fe relationship, Mo-U convariation, and Corg/P-Th/U 

diagram) displayed in f igures 11, benthic redox condition has experienced a tremendous change 

from the bottom TST to the top LHST. It reveals that the environment of section TST is anoxic in 

most of the time (Tribovillard et al., 2006; Algeo and Rowe, 2012). Also, high-content of Sixs 

indicate that the marine primary productivity keeps a high level (Turgeon and Brumsack, 2006; Ross 

and Bustin, 2009, Fig. 13B). Meanwhile low Al2O3 content represents a low terrigeneous input 

(Fishman et al., 2015, Fig. 13C). At this period, the Jiaoshiba area was located in the middle part of 

the sags near the Sichuan Basin (Fig. 1A). It is far from the terrestrial sources with a low sedimentary 

rate, causing the limitation of extrabasinal minerals like quartz, feldspars and clay minerals. 

Conversely, the intrabasinal radiolarian, sponge spicules and other siliceous skeleton creatures are 

commonly observed (Fig. 4B, C). Near the Ordovician-Silurian boundary, the global climate was 

gradually warming up (Algeo et al., 2016). The rapidly melting of the Hirnantian ice sheet causes 

the worldwide sea level rise and results in the extensive transgression of South China (Haq and 

Schutter, 2008). The glacier melting water brings large amounts of nutrients which promotes the 

growth of primary productivity. In the meantime, the organic matter is well preserved due to the 

severe hypoxia in the transgression systems tract, especially in the condensed section near the 

maximum flooding surface (Yan et al., 2015; Wang et al., 2019). There are densely distributed 

bentonite layers (Fig 4A) in this section, which represent a relatively high frequency and intensity 

volcanism during the depositional period (Su et al., 2009; Liu et al., 2016). On the one hand, the 
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nutrients from falling volcanic ash contribute to the explosive growth of marine surface primary 

productivity (Duggen et al., 2007; Langmann et al., 2010). On the other hand, the volcanic ash fallen 

into the ocean bottom forms a dense seal layer. It isolates the lower organic-rich sediments and 

upper oxygen-rich water, which also accelerates the preservation of organic matter. 

5.2.2 EHST 

This section is characterized by intensively developed silty stripes (Fig 4B). Many typical 

traction structures and geochemical indexes consistently reveal that the ocean floor contour current 

may have strongly influenced the depositional process of the section EHST. The apparent orientation 

of graptolite (Fig 4B) indicates the fossils maybe long distance transported. A series of traction 

structures, for example, minor low-angle cross-bedding (Ma et al., 2016), dwelling burrow and 

bioturbated (Liu et al., 2017) and silt-mud sharp contact (Fig 5F) are widely developed. The content 

of feldspar and clay mineral (especially chlorite) significantly enhances (Fig. 3). These sedimentary 

phenomena indicate that sediments have been transformed just after deposition. Although in the past 

long time, people believed fine-grain sediments could only deposits in quite water trough 

suspending transportation (Tyson et al., 1979; Demaison and Moore, 1980). With the deepening of 

research, more and more scientists consider the laminated mud shale is formed through contour and 

turbidity current transportation in most conditions (Bohacs 1990; Schieber 1994, 1999; Schieber et 

al., 2007; Macquaker et al., 2010a, 2010b; Schieber et al., 2011).  

The Sixs proxy reveals the primary productivity of this stage reduce to medium level (Fig. 12B). 

According to the occasional occurrence of thin-layered bentonite (Fig. 4A), the volcanism during 

this stage has decreased not only in intensity but also in frequency. Due to the lack of nutrients 
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provided by volcanic ash, the primary productivity gradually decreases to a normal level (Wang et 

al., 2019). The terrigeneous input has a significant improvement (Fig. 12C). During this period, the 

influences of the ice stage to the global environment is fading out (Brenchley et al., 2003). And the 

old lands around the Sichuan Basin are continuous uplifting, which is progressed by the Guangxian 

Movement (Chen et al., 2014). Therefore, a large-scale transgression occurred in the Yangtze area 

and terrigeneous input enhanced. Geochemical indexes also indicate the environments of bottom 

marine gradually changes from relatively anoxidation into oxidation (Fig. 11). At the same time, the 

contour current brings more extrabasinal quartz, feldspar, and clay to the deeper ocean. Because of 

the sea-level dropping and contour current transformation, the sediment-water contact surface are 

oxygenated, which accelerates the consumption of organic matter. 

5.2.3 LHST 

This section is characterized by thick layers of clay-rich mudstone (Fig.3). Wildly distributed 

turbidite sandstone (Fig. 4C) indicates that the gravity flow usually happens in this section (Plink-

Bjorklund et al., 2001; Carvajal and Steel, 2006). In the meantime, current bedding (Fig. 5G) and 

undulate shaped clays (Fig. 5H) are also indicated further strengthened hydrodynamic condition. 

The geochemical evidence shows an entirely oxidized benthic environment (Fig 11). With the 

progressing of the Guangxian Orogeny, the oldlands of the Sichuan Basin margin rapidly uplift, 

which results in the sharply decreasing of the sea level (Chen et al., 2014; Liu et al., 2017) and 

copious terrigeneous input. The chemical index of alteration (CIA) is an indicator used to reflect the 

weathering conditions and paleoclimate in the provenance area (Nesbitt and Young, 1982; Cullers 

and Podkovyrov, 2002). With the increase of CIA, clay mineral content increase whereas Sixs, and 
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TOC content decrease (Fig. 13A, B, C). As the CIA proxy shows, the climate suddenly converted 

from cold and dry to warm and moist, which enhanced the chemical weathering intensity. Combined 

with the lack of widely covering of lower plants during O-S time, extensively exposed rock also 

objectively accelerates the terrestrial weathering. As a result, large amounts of terrigenous minerals 

pours into the ocean, which leads to the significant dilution of organic matter.  

5.3 Digenesis lead to further heterogeneity of minerals and organic matter 

The minerals and organic matter are furtherly transformed after diagenesis on the base of 

sedimentation (Schieber, 2010; Loucks et al., 2012), thus intensifying the heterogeneity of the shales 

in different systems tracts. According to the burial history of the shale in Wufeng-Longmaxi 

Formation (Guo et al., 2016, Fig. 14A), shales has gone through a relatively complete diagenesis 

transformation. The Ro of this shale are 2.02%-3.06% (Guo and Zhang, 2014), which is over mature 

source rock. The organic matter has also undergone a series thermal evolution stage, including 

kerogen cracking, oil secondary cracking, and other variations (Tissot et al., 1974). Due to the 

disparity of primary mineral and organic matter composition, the main diagenesis pathway varies 

in different diagenetic stages of different systems tracts (Fig. 14B).  

5.3.1 TST  

The formation of organic-rich shale is usually accompanied by a large amount of authentic 

quartz (Chalmers and Bustin, 2008; Tian et al., 2013; Dong et al., 2017). And section TST also has 

a high content of quartz, which plays a key role in middle diagenesis of this section (Fig. 14B2). 

Quartz content correlates well with the organic content (Fig. 13E) and the Si-Zr ratio is similar to 

the biogenic source trendline (Fig. 13F), which indicate that the source of silica is likely to be 
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derived from organisms (Yan et al., 2015; Zhao et al., 2017; Wang et al., 2018). Firstly, siliceous 

ooze (opal-A) derived from bioclasts such as radiolarian and sponge spicule would transform into 

irregular chalcedony grains (opal-CT). Later on, opal-CT grains would recrystallize to 

microcrystalline quartz aggregates (Fig. 6B; Schieber 2000; Loucks and Ruppel, 2007; Milliken et 

al., 2012). During this silica dissolution-recrystallization process, the organic matter is gradually 

released then filled in those complicated cavities formed by biological dissepiments (Schieber 2000), 

which isolates the chemical corrosion and biolysis, making the organic matters better preserved. As 

a result, the authigenic quartz fills in the primary pore space of rigid particles. They form a rigid 

particle-bracing structure (Fig. 6), which significantly resists the following compaction and 

effectively preserve the remaining pore space. 

The early diagenesis is mainly composed of mechanical compaction and chemical cementation, 

which significantly reduces the space of primary mineral intergranular pores (Loucks et al., 2012; 

Chalmers and Bustin, 2015). At the same time, large amounts of authigenic pyrite, calcite, dolomite, 

and silica were formed. First of all, because of the anoxia condition in this section, the organic matter 

is consumed through sulfate reduction  

SO4
2-+2CH2O=H2S+2HCO3- (1) 

and produce H2S, which would be preserved as framboids pyrite (Berner, 1980; Wilkin and 

Barnes, 1997) as well as calcite cement (Scotchman et al., 1989; McAllister et al., 2015). There are 

also some fine-grain clay mineral, carbonate, and pyrite are cemented in this process. Large 

quantities of fine-grain rhombohedral dolomite (Fig 5D) are yield in dolomitic-siliceous mudstone, 

which are considered to be formed in the interstitial fluid of sediments (Hendry et al., 2000; 

Bernoulli et al., 2004; Bojanowski, 2014). Recent studies have also shown that this kind of 
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authigenic dolomite is formed in organic-rich deep-water sediments near the sulfate and methane 

bacteria reduction zones (Hinrichs and Boetius, 2002; Alperin and Hoehler, 2009; Zhao et al., 2017). 

Secondary cracking of oil and kerogen (Pommer and Milliken, 2015; Ko et al., 2016) dominate 

in the middle-late diagenesis stage in section TST (Fig. 14B3). Based on FIB-SEM and nano-CT 

observation, solid bitumen with abundant pores is the most common form of organic matter (Fig. 6, 

Fig 9A). With the increase of temperature and pressure, transportable oil and gas produced from 

kerogen fill in the remaining pore space. They form migrated organic matter and finally evolve into 

solid bitumen or pyrobitumen. Later, the solid bitumen itself has developed a large number of 

organic pores (Fig. 6D), which is regarded as the key factor controlling the formation of shale gas 

(Javial et al., 2007; Lucks et al., 2012).  

5.3.2 EHST 

Compared with section TST, extrabasinal component such as plagioclase, K-feldspar, chlorite 

contents highly increase in shales of the section EHST (Fig. 3). While the quartz content in the 

EHST is not correlated to TOC content (Fig. 13E), and the Si-Zr ratio distributed between the detrital 

and biogenic source trendlines, which reveals the possible quartz source of those sections are the 

mixture of terrigenous quartz and biological quartz (Yang et al., 2018). Detrital quartz, feldspar and 

other rigid minerals do have a certain inhibition on mechanical compaction at the early diagenesis. 

However, due to the insufficient supply of silica, the content of authigenic quartz decline. As a result, 

it only forms a particle-bracing structure in partial place (Fig 14B5). Compared with section TST, 

most part of shales still experiences strong compaction, which causes more primary pose space loss. 

What worse, framboids pyrite also decrease because of oxidizing environment. The clay mineral 
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content increase and they are compacted into slots of rigid minerals, which greatly diminish residual 

space for later oil-filing (Fig. 14B6).  

5.3.3 LHST 

Shales in this section are dominated by a large number of clay minerals, including illite, chlorite 

and I-S mixed layer (Fig. 2). Ductile clay minerals experienced strong mechanical compaction. 

Rigid mineral content such as quartz, feldspar, and pyrite are reduced (Fig.3).They even could not 

directly contact because most of them are wrapped by overwhelmed clay minerals (Fig 7B). In the 

middle-late stage of diagenesis, large amounts of original clay minerals are corroded and 

transformed. Smectite has complicated spatial structure and it is chemically unstable. As the rise of 

temperature and pressure, smectite will gradually transform into illite and other mixed layer clays 

(Boles and Franks, 1979), the formula is as follows (Van et al., 2008). 

1.308[(Al3.15Mg0.85)(Si8.00)O20(OH)4(Na0.85)2H2O[smectite] 

+(0.06Fe2O3+0.56K2O+0.02CaO)] 

=[(Al4.12Fe0.1Mg0.56)(Si7.17)O20(OH)4(K1.47Na0.01Ca0.03)][illite] 

+3.29SiO2+0.56Na2O+0.55MgO+3.23H2O (2) 

According to the X-ray diffraction data, the content of K-feldspar decreases upward (Fig. 3), 

and is almost zero in clay-rich lithofacies. This indicates that the vastly consumed K-feldspar during 

the illite transformation processes may come from K-feldspar, and produces original 

microcrystalline quartz in the layers of the original clay mineral. Moreover，this reaction leads to 

dehydration and collapse of the smectite structure, resulting in clay mineral alignment. 

5.4 Implications for nanoporous system of shale reservoirs 

The nanoporous system is regarded as a significant factor in shale reservoir evaluation (Loucks 

et al., 2012; Clarkson et al., 2013; Macquaker et al., 2014; Milliken et al., 2015; Zhao et al., 2017; 
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Zhang et al., 2018). Different depositional and diagenetic process lead to different nanoporous 

characteristics of shale reservoir in each systems tracts.  

5.4.1 TST 

Section TST is considered as the highest quality reservoir with high porosity (Fig. 15), which 

is the major gas-bearing segment in Jiaoshiba area (Guo, 2013). Based on SEM and nano-CT 

analysis, the rigid particle-bracing structure is the most significant requirement for the formation 

and preservation of shale nanoporous system. During the depositional process, high marine 

productivity leads to siliceous organism booming. Later, their siliceous skeleton is well-preserved 

in anoxic benthic condition, which provides an abundant source of biogenic silica. On the one hand, 

the biogenic silica comes from their skeletons is a significant part of the particle support system. On 

the other hand, the large content of the buried organism is the material basis of the hydrocarbon 

generation. At the same time, the content of extrabasinal minerals is restricted of low terrigeneous 

input, resulting in a combination primary pore system of fine-grained rigid minerals matrix pores 

and organism skeleton voids (Fig. 15B1). 

In the diagenesis process, a large number of pyrite framboids preferentially produced in the 

sulfide reduction zone at the anoxic benthic conditions. Many intercrystalline spaces are preserved 

inside these fine-grained pyrite aggregates. These spaces are very stable and difficult to be filled or 

reformed by mechanical compaction. With the increase of buried depth, primary pores are rapidly 

compressed by increasing mechanical compaction. More than 90% of the primary pores would 

finally disappear with the evolution of diagenesis (Bridge and Demicco, 2008). However, in this 

section, plenty of biologically derived microcrystalline quartz wildly formed. This authigenic quartz 
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has harbor-shaped edges and complex spatial structure, which could provide additional pore spaces 

(Schieber 2000). Moreover, the authigenic quartz together with some large particles (such as 

terrestrial quartz and feldspar) and pyrite framboids forms a rigid particle-bracing structure (Fig. 

14B2). It effectively resists mechanical compaction and avoids further encroaching on primary 

pores. Therefore, a lot of pores are well preserved as the shape of the plump ellipsoid (Fig. 9A2). 

Also, some clay mineral intraplatelet pores could be retained at the void of particle-bracing structure 

(Fig. 6C). Interestingly, pore number obtained by Nano-CT analysis is lowest among the three 

systems tracts whereas total pore volume is highest (Fig. 10; Table. 1). Owing to rigid particle-

bracing structure, most of the pores in section TST is not isolated. Conversely, thousands of pores 

are connected by throat, forming a complete spatial pore-throat system with large internal space. 

Later, migrated organic matter wildly filled in the particle-bracing structure and then experience a 

further thermal evolution. A large number of OM pores are produced, which have a significant 

contribution to total porosity.  

Carbonate minerals such as dolomite and calcite produced in early diagenesis stage would 

occupy some primary pore space. They may play a certain of supporting role. Due to the instability 

of carbonate mineral, acidic interstitial fluid (like organic acid formed during hydrocarbon 

generation process) usually corrodes it in every stage of diagenesis, and create the dissolution pores 

inside the carbonate grain and dissolved margins (Fig. 7D).  

5.4.2 EHST 

Compared with section TST, the porosity of shales in section EHST has a notable decline (Fig. 

15). Because of the influence of contour current, slit sized quartz and feldspar are wildly occurrence 
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(Fig. 7A). They are stacked and form primary pores at the depositional process (Fig 15B1). Clay 

mineral contents, especially chlorite are also greatly increased. In this section, marine productivity 

decrease and redox condition gradually changed to oxic, leaving siliceous organisms such as 

radiolarians and sponge spicules dissolved during the settling process from the ocean surface 

(Schieber, 2000). At the same time, the change of the sedimentary environment also makes the 

organic matter content significantly decrease in this section.  

In diagenesis process, pores in pyrite framboids reduce because the burial environment in 

EHST become more oxic, which produce fewer framboid aggregates. Terrigenous silty particles 

such as quartz and feldspar from a rigid mineral skeleton, which has a certain inhibitory effect on 

mechanical compaction (Fig 15B2). Some primary pores could be preserved. However, due to the 

lack of supporting from enough secondary siliceous minerals, the rigid particle-bracing structure 

could only produce in the partial area (Fig. A). This incomplete mineral skeleton structure is easy 

to be destroyed, and primary pores could be rapidly compressed when mechanical compaction 

enhanced. Thus bulky connected pore-throat system is broken down to separate part (Fig. 9B). The 

isolated pore number increase but the total pore volume declined (Fig 10B). Meanwhile, more 

ductile clay minerals also fill in and occupy much primary pore space. Therefore, during middle-

late diagenesis, the remaining pore space for OM migrating and occluding is not enough, leaving 

OM pores decreased. To sum up, less origin organic matter and relative unstable supporting structure 

make total porosity decline in this section.  

5.4.3 LHST 

The porosity of section LHST is significantly reduced except for the short-term transgression 
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segment (Fig. 15). In this section, tectonic uplifting together with warmer and moister climate 

caused terrigenous input significantly increase (Algeo et al., 2016; Wang et al., 2019), leading 

extrabasinal clay minerals dominated in sediments (Fig. 15C1). Rapid increasing sedimentary rate 

leads to greatly dilution of organic matter. Accompanied by oxidized water bodies and continuously 

reduced productivity, siliceous organism skeleton could not well settle down and preserve in 

sediments. As a result, there is hardly any source of biogenic silica preserved for rigid particle-

bracing structure during the depositional process. 

In diagenesis process, a large number of plastic clay minerals experienced strong mechanical 

compaction. They are compacted and formed a denser plastic aggregate wrapped around and Single 

rigid particles, such as pyrite, feldspar, and quartz (Fig 8B). Thus, rigid particles even could not 

contact with each other, let alone forming particle-bracing structure. Clay minerals almost 

completely occupy primary pores, expect in some edges of rigid grains and inner space of pyrite 

framboids (Fig. 8). In particular, there are more total pore number but less total pore volume 

obtained of Nano-CT analysis (Fig. 10C). Due to the lack of enough rigid mineral support, pores 

are strongly compressed into oblate shape. Most of them have fair sized diameter but their volumes 

are tiny. Moreover, the pore-throat system is almost entirely destroyed (Fig. 9), leaving an isolating 

nanoporous system. In further diagenesis stage, the S-I transition leads to smectite dehydration and 

collapse of its structure, which makes the increase of clay mineral alignment and produces 

microcrystalline quartz (Worden et al., 2005; Christer et al., 2009). Thus, intraplatelet pores within 

clay aggregates are further shrunk, reduced or even not developed. The microcrystalline quartz is 

produced inside clay mineral layers, which may play a supporting role for pores (Christer et al., 

2009). Because of the reduction of buried organic matter in deposition and the remaining pore space 
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in early diagenesis, migrated organic matter is only preserved as finely blocks around rigid particles 

or framboid assemblages. As a result, the OM pores are greatly declined. 

6. Conclusions 

1. Based on the multiscale of the core, thin section, FE-SEM, and nano-CT analysis, shale in 

different sequence tracts of Wufeng-Longmaxi Formation has a strong heterogeneity in sedimentary 

structure, lithofacies, mineral assemblages, and organic matter. 

2. Global and regional geological events lead to a strong variation in the sedimentary 

environment, resulting in a large initial mineral composition difference of shales in different 

sequence tracts. These events also make a substantial change, which causes organic matter 

accumulation or depletion. 

3. Diagenesis further transforms the minerals and organic matter, which aggravates the shale 

heterogeneity in different sequence tracts. In section TST, biological opal recrystallization produces 

authigenic quartz filled in primary interparticle pores. It forms a rigid particle-bracing structure, 

which effectively resisted compaction and controlled OM migrating. In section EHST, less siliceous 

supply could not produce enough authigenic quartz, which leads to a partial particle-bracing 

structure. Clay transformation is dominated in section LHST, leading non-existent of the particle-

bracing structure. 

4. After the differential depositional and diagenetic process, minerals and organic matter in 

each systems tract differ, which further contributed to the different nanoporous system. Rigid 

particle-bracing structure leads to a well-preserved bulk pore-throat system in section TST. Partial 

particle-bracing structure leads to a separated pore-throat system in section EHST. Overwhelmed 
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clay filled in most primary pores, leaving an isolated and compacted nanoporous system in section 

LHST. 
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Figure captions 

Figure 1. (A) Thickness distribution of organic-rich shales of the Wufeng-Longmaxi Formation in 

the upper Yangtze area. (B) Stratigraphic column of the Wufeng and Longmaxi formation. 

Figure 2. Stratigraphic framework construction of the Wufeng and Longmaxi formation in Jiaoshiba 
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Area of well A through a comprehensive interpretation over well logging, lithology and 

graptolite zonation. GR = Natural gammy ray logging; AC = Acoustic logging; CNL=Neutron 

logging; MFS = maximum flooding surface; SFS = sub flooding surface. 

Figure 3. Mineral and organic matter contents variation within the stratigraphic framework. 

Figure 4. Heterogeneity characteristics in core scale observation. (A) Core photograph shows 

distinctive bentonite layers (arrows) in TST. Guangyinqiao bedding is marked by a dotted line, 

which is considered to be the lithology key bed of Ordovician-Silurian Boundary. (B) Core 

photograph shows abundant laminas and oriented graptolites fossils. (C) Core photograph 

shows turbidite sandstone interbedded in shale and disorganizing stacked graptolites fossils.  

Figure 5. Heterogeneity characteristics in thin section scale observation. (A) Fine-grained and 

evenly distributed mineral and organic-matter particles (Siliceous mudstone). (B) Organic 

matter and calcite occupied cavities (arrows), which come from radiolarians. (C) Organic 

matter filled sponge spicules (arrows). (D) Fine sized dolomite grains (arrows). (E) Silt stripes. 

(F) Abruptly non-invasion top contact (dotted line) and lenticular intraclast (arrows). (G) 

current bedding (H) abundant distributed clay lenticulars (arrows). Picture C and D are cited 

from Ma et al., 2016. 

Figure 6. Heterogeneity characteristics of TST shales in FIB-SEM scale observation. (A) Rigid 

particle-bracing structure in TST (overall view). (B) Rigid particle-bracing structure in TST 

(partial view). (C) Microfractures preserved in clay minerals. (D) Migrated organic matter and 

organic matter pores. 

Figure 7. Heterogeneity characteristics of EHST shales in FIB-SEM scale observation. (A) Partial 

particle-bracing structure (overall view). (B) Particle-bracing-structure in TST (partial view). 

(C) Primary pore space preserved around the pyrite. (D) Carbonate cementation: authigenic 

dolomite overgrown by rhomb Fe-dolomite and dissolution pores in calcite. 

Figure 8. Heterogeneity characteristics of LHST shales in FIB-SEM scale observation. (A) No 

particle-bracing structure (overall view). (B) No particle-bracing structure (partial view). 

Quartz, Feldspar, and calcite are completely wrapped by clay mineral. (C) Pore space preserved 

around the pyrite in LHST. (D) Pore space preserved inside framboid assemblage. 

Figure 9. Reconstructed 3D Organic matter (blue) and pore (red) and pore connectivity (stick model) 

distribution in section TST, EHST, and LHST. The pores are represented by blue dotes. The 

big throat is a bright white line, the middle throat is an orange line, and the small throat is an 

orange-red line. 

Figure 10. Pore number and pore volume distribution of shales obtained by Nano-CT in each 

systems tract. (A) Pore number and pore volume distribution in section TST. (B) Pore number 

and pore volume distribution in section EHST. (C) Pore number and pore volume distribution 
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in section LHST. 

Figure 11. Geochemical proxies for marine redox condition variation from TST to LHST. (A) Corg-

S-Fe relationships, where Corg refer to total organic carbon (TOC) content. (B) Enrichment 

factors (EFs) of Mo versus U. The lines exhibit Mo/U ratios equal to seawater (SW). The 

patterns of U-EF and Mo-EF are compared to the model of Algeo and Tribovillard (2009). (C) 

Crossplot of Corg/P and Th/U ratios used as paleoredox proxies for the samples from Wufeng-

Longmaxi Formation in Jiaoshiba area. 

Figure 12. Climate change form Wufeng Formation to Longmaxi Formation triggers minerals and 

organic matter in differential input at different systems tracts. 

Figure 13. The relationships of TOC content to Th/U, Sixs and Al2O3 in different systems tracts of 

Wufeng-Longmaxi formation in Jiaoshiba area. 

Figure 14. (A) Burial history of Wufeng-Longmaxi shale (modified from Guo et al., 2016). (B) A 

conceptual model of the depositional and diagenetic process of shales in different systems 

tracts. 

Figure 15. Porosity variation and its relationship of TOC, clay mineral and quartz content of samples 

in Well A.  

Table captions 

Table 1. Pore characteristics of samples in Wufeng-Longmaxi Formation obtained by Nano-CT 

analysis. 

 



35 
 

 

Figure 1. (A) Thickness distribution of organic-rich shales of the Wufeng-Longmaxi Formation in the upper 

Yangtze area. (B) Stratigraphic column of the Wufeng and Longmaxi formation. 
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Figure 2. Stratigraphic framework construction of the Wufeng and Longmaxi formation in Jiaoshiba Area of well A through a comprehensive interpretation over well logging, lithology and 

graptolite zonation. GR = Natural gammy ray logging; AC = Acoustic logging; CNL=Neutron logging; MFS = maximum flooding surface; SFS = sub flooding surface.
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Figure 3. Mineral and organic matter contents variation within the stratigraphic framework.
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Figure 4. Heterogeneity characteristics in core scale observation. (A) Core photograph shows distinctive bentonite 

layers (arrows) in TST. Guangyinqiao bedding is marked by a dotted line, which is considered to be the lithology 

key bed of Ordovician-Silurian Boundary. (B) Core photograph shows abundant laminas and oriented graptolites 

fossils. (C) Core photograph shows turbidite sandstone interbedded in shale and disorganizing stacked graptolites 

fossils.  
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Figure 5. Heterogeneity characteristics in thin section scale observation. (A) Fine-grained and evenly distributed 

mineral and organic-matter particles (Siliceous mudstone). (B) Organic matter and calcite occupied cavities (arrows), 

which come from radiolarians. (C) Organic matter filled sponge spicules (arrows). (D) Fine sized dolomite grains 

(arrows). (E) Silt stripes. (F) Abruptly non-invasion top contact (dotted line) and lenticular intraclast (arrows). (G) 

current bedding (H) abundant distributed clay lenticulars (arrows). Picture C and D are cited from Ma et al., 2016. 
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Figure 6. Heterogeneity characteristics of TST shales in FIB-SEM scale observation. (A) Rigid particle-bracing 

structure in TST (overall view). (B) Rigid particle-bracing structure in TST (partial view). (C) Microfractures 

preserved in clay minerals. (D) Migrated organic matter and organic matter pores. 
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Figure 7. Heterogeneity characteristics of EHST shales in FIB-SEM scale observation. (A) Partial particle-bracing 

structure (overall view). (B) Particle-bracing-structure in TST (partial view). (C) Primary pore space preserved 

around the pyrite. (D) Carbonate cementation: authigenic dolomite overgrown by rhomb Fe-dolomite and dissolution 

pores in calcite. 
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Figure 8. Heterogeneity characteristics of LHST shales in FIB-SEM scale observation. (A) No particle-bracing 

structure (overall view). (B) No particle-bracing structure (partial view). Quartz, Feldspar, and calcite are completely 

wrapped by clay mineral. (C) Pore space preserved around the pyrite in LHST. (D) Pore space preserved inside 

framboid assemblage. 
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Figure 9. Reconstructed 3D Organic matter (blue) and pore (red) and pore connectivity (stick model) distribution in 

section TST, EHST, and LHST. The pores are represented by blue dotes. The big throat is a bright white line, the 

middle throat is an orange line, and the small throat is an orange-red line. 
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Figure 10. Pore number and pore volume distribution of shales obtained by Nano-CT in each systems tract. (A) Pore 

number and pore volume distribution in section TST. (B) Pore number and pore volume distribution in section EHST. 

(C) Pore number and pore volume distribution in section LHST. 
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Figure 11. Geochemical proxies for marine redox condition variation from TST to LHST. (A) Corg-S-Fe relationships, 

where Corg refer to total organic carbon (TOC) content. (B) Enrichment factors (EFs) of Mo versus U. The lines 

exhibit Mo/U ratios equal to seawater (SW). The patterns of U-EF and Mo-EF are compared to the model of Algeo 

and Tribovillard (2009). (C) Crossplot of Corg/P and Th/U ratios used as paleoredox proxies for the samples from 

Wufeng-Longmaxi Formation in Jiaoshiba area. 
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Figure 12. Climate change form Wufeng Formation to Longmaxi Formation triggers minerals and organic matter in 

differential input at different systems tracts. 
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Figure 13. The relationships of TOC content to Th/U, Sixs and Al2O3 in different systems tracts of Wufeng-Longmaxi 

formation in Jiaoshiba area. 
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Figure 14. (A) Burial history of Wufeng-Longmaxi shale (modified from Guo et al., 2016). (B) A conceptual model 

of the depositional and diagenetic process of shales in different systems tracts. 
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Figure 15. Porosity variation and its relationship of TOC, clay mineral and quartz content of samples in Well A.  



50 
 

 

Table 1. Pore characteristics of samples in Wufeng-Longmaxi Formation obtained by Nano-CT analysis. 

Sample Sequence Data-Body volume Total OM Volume Total Pore Volume Pore Number Porosity TOC 

    μm3 μm3 μm3   (wt.%) (wt.%) 

X1 TST 16662.26 1097.68 472.68 101 2.84 6.59 

X2 EHST 16662.26 666.08 444.03 1411 2.66 4 

X3 LHST 16662.26 688.02 377.47 2251 2.26 4.13 

 


