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Abstract: This paper documents depositional structures and their reservoir characteristics in the
Wufeng–Longmaxi shale from outcrops and cores using thin sections, X-ray powder diffraction
(XRD) analysis, carbon–sulfur analyzer, helium porosimeter, decay permeameter, and focused ion
beam scanning electron microscope (FIB-SEM). In the study area, clayey and silty laminae abound
in the shale. Clayey laminae are rich in bedding parallel fractures, microfractures, and organic
pore networks. Silty laminae are rich in isolated inorganic pores and limited amounts of bedding
non-parallel fractures. Various inter-lamination of clayey and silty laminae form five depositional
structure types which are closely related to the ancient hydrodynamics, paleoredox condition, and
sedimentation rate and have significant impacts on shale fractures, microfractures, pore types, pore-
size distribution, and porosity. For the paper lamination (PL) and grading lamination composed
of siltstone and claystone (GL-SC), organic pores account for 71.6% and 61.4% of the total, and
dense bedding parallel and non-parallel fractures intersect to form connective networks. In the
interlaminated lamination composed of siltstone and claystone (IL), grading lamination composed of
claystone (GL-C) and structureless beds (SB), organic pores merely account for 20% to 51.8% of the
total and minor isolated bedding parallel fractures occur. Among five depositional structure types,
the PL and GL-SC have the highest porosity, permeability, TOC content, siliceous content, organic
pore proportions, and ratios of horizontal to vertical permeability, which help them become shale gas
exploration and development targets.

Keywords: depositional structures; shale; Sichuan basin; reservoir characteristics

1. Introduction

Depositional structures have an important influence on pore types, pore-size distribu-
tion, porosity, and permeability of shales [1,2]. During the past decades, numerous studies
have focused on the nomenclature of shale [3,4], depositional structures [5–9], depositional
environments [10,11], hydrodynamic conditions [12,13], and their implications for shale
gas exploration and development [14].

Depositional structures of shale are the key characters of sedimentary rocks for reser-
voir characteristics and involve bedding and lamination. Lamination differs from bedding
with respect to bed thickness. In general, sedimentary rocks with lamination have a bed
thickness below 1 cm, while those with bedding have a bed thickness above 1 cm [15].
Lamination and bedding consist of laminae, laminasets, and beds. Campbell and Lazar
proposed descriptions of lamination and bedding using two essential attributes [3,4]: (i) ge-
ometry and shape of bed boundaries and (ii) continuity, shape, and geometry of laminae
between the boundaries. Laminae in shale can be subdivided into several types, such as
organic-rich lamina, organic-bearing lamina, clay-rich lamina, tuff-rich lamina, and silty
lamina based on mineral content [16,17], silty lamina, and clayey lamina based on grain
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size [14,18,19]. Many black shale units show lenticular lamination consisting of lenses
of variable composition that are arranged in wavy layers [20]. Several factors control
lamination formation, including transport processes [7], depositional environment energy,
biologic activity [21], algal blooms [7], and seasonal terrestrial input [22].

Depositional structures are commonly related to grain size, texture, porosity, perme-
ability, and pore type of shale reservoirs. These properties play an important role in the
generation, distribution, migration, and development of shale gas [23–25]. Clay minerals
and organic matter (OM, [26]) are abundant in darker laminae, whereas quartz and calcite
are commonly abundant in brighter laminae. Therefore, darker laminae often display
greater total porosity and organic porosity, permeability, producing higher hydrocarbon
storage potential than brighter laminae [26]. In contrast, Rokosh and Liu found that brighter
laminae are dominated by discrete grain edge dissolved pores of plagioclase with relatively
good connectivity while darker laminae are dominated by dense interlayer pores of clay
minerals with relatively weak connectivity [2,27]. Lei found that mesopores and macro-
pores are common in silty lamina while micropores are common in clayey lamina [14].
Wang found that the clayey lamina abounds in organic pores and the silty lamina abounds
in inorganic pores and the excessive development of silty lamina is not conducive to or-
ganic matter accumulation, resulting in an adverse impact on the formation of complex
artificial fractures during hydraulic fracturing [28]. Shi found that the clayey laminae
have abundant bedding parallel fractures and organic pores which can connect with each
other to form an effective network because of the high content of organic matter [19]. In
contrast, the silty laminae have less bedding parallel fracture and organic pores which can
not connect with each other because of the lower content of organic matter. Depositional
structures control the ratio of horizontal to vertical permeability. For the Longmaxi shale of
Fuling area, the horizontal permeability is generally higher than 0.01 × 10−3 µm2 (average
1.33 × 10−3 µm2), which is much higher than the vertical permeability at the same depth
(generally lower than 0.001 × 10−3 µm2, 0.0032 × 10−3 µm2 on average), with a gap of
three orders of magnitude [29]. The lower vertical permeability of gas-bearing shale is
conducive to gas preservation while the higher horizontal permeability of shale is good for
the improvement of lateral percolation capacity [30].

Recently, shale gas exploration of the Wufeng–Longmaxi Formation intervals has
spurred the publication of numerous studies, which mainly focused on sedimentary en-
vironments [30], organic content and maturity [31], pore type and porosity [32], fracture
characteristics and origin [31], mineral composition [33], shale facies [34–37], and especially,
natural gas enrichment mechanisms and resource evaluations [32,38,39]. Further systematic
observations indicate the common occurrence of lamination, which suggests its important
role in shale gas accumulation and production [19]. However, there are few published
detailed analyses and discussions on the structures and lamination and their roles in shale
gas accumulation. Hence, a study on structures and lamination and their mineralogy,
porosity, permeability, and pore types of the Wufeng–Longmaxi shale will provide insights
into the generation, migration, and accumulation of shale gas.

The goal of this study is to examine the depositional structures as they relate to the
shale reservoir character of the Wufeng–Longmaxi shale in the southern Sichuan Basin,
SW China. Specific objectives include: (i) identification of depositional structure types
on the basis of the observation of lamina, laminasets, beds, and their stacking patterns;
(ii) analysis of the mineral compositions and total organic carbon (TOC) contents of various
depositional structures; (iii) comparison of pore types and their distribution patterns among
different depositional structures; and (iv) comparison of porosity and permeability among
different depositional structures. The results provide the basis for an in-depth discussion
on the role of depositional structures in shale gas migration and accumulation.

2. Geological Setting

The Sichuan Basin, with an area of approximately 180,000 km2, is located in the
southwestern part of China [40]. As shown in Figure 1, the Daba Mountains bound the
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basin to the northeast, the Daloushan mountain, the Daliang mountain to the southwest, the
Qionglai and Longmen mountains to the west, and the Micang mountain to the north [41].

The Sichuan Basin is a large superimposed basin developed on the pre-Sinian metamor-
phic basement (before 850 Ma). The basin’s formation and evolution can be subdivided into
four tectonic stages [42]. The Chuanzhong paleo-uplift in the southwest and Qianzhong–
Xuefeng uplift in the south formed from the Wufeng period in the Late Ordovician to
the Longmaxi period in the Early Silurian, due to structural compression in the southeast
(Figure 1, [40,43]). During this period, the Sichuan Basin was a silled marine basin, with the
basement high in the southeast and low in the north and water depths gradually deepening
from the southeast to the north [44].

Figure 1. Map of the Sichuan Basin showing the distribution of the Wufeng–Longmaxi shale and
locations of cored boreholes and outcrops. The base map is generated on Mou [43], and the locations
of Chuanzhong paleo-uplift and Qianzhong–Xuefeng paleo-uplift are made based on Dong et al. [28].

The Wufeng–Longmaxi Formation intervals were formed in the Katian stage in the
Upper Ordovician to the Telychian stage in the Lower Silurian and had a total thickness
ranging from 240 to 410 m (Figure 2). Currently, the intervals constitute the most important
shale gas exploration and development targets in China [30]. The Wufeng Formation, which
underlies the Baota Formation at a parallel unconformity and has a thickness ranging from
0.5 to 10 m, is in conformable contact with the overlying Longmaxi Formation, which is
successively overlain by the Shiniulang Formation [45]. Within the Wufeng Formation,
thick black shales intercalated with multiple thin volcanic ash layers dominate the middle-
to-lower regions [46]; limestones/marls with abundant Hirantian fauna fossils dominate
the uppermost part of the formation [47]. Within the Longmaxi Formation, black, grayish
thin-layered shales or massive shales dominate the lower regions, and grayish-green, to
yellow-green shales occasionally intercalated with siltstone and argillaceous limestones
comprise the upper regions of the formation [48].
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On the basis of graptolite correlations, eustatic cycles, and electrical logging character-
istics of the outcrops and drills from the study area, Zhao classified the Wufeng Formation
as Members W1 and W2 and the Longmaxi Formation as Members L1 and L2: Member L1
can be divided into sub-Members L1-1 and L1-2, where sub-Member L1-1 consists of layers
L1-1

1, L1-1
2, L1-1

3, and L1-1
4 [49]. Fan showed that the Wufeng and Longmaxi formations

have developed four and nine graptolite zones, respectively [50]. Within the Longmaxi
Formation, graptolite zones LM1, LM2-3, LM4, and LM5 correspond to layers L1-1

1, L1-1
2,

L1-1
3, and L1-1

4, respectively. The Wufeng Formation and layers L1-1
1-4 of the Longmaxi

Formation are the main producers of shale gas in this study area. Layer L1-1
1 of the Long-

maxi Formation is the most important target shale for the current shale gas exploration and
development in China [30,51–53].

Figure 2. Chart showing the chrono- and litho-stratigraphy, lithology, and shale occurrences in the
Wufeng–Longmaxi shale in the Sichuan Basin of southwestern China (compiled from [16,26,51]).

3. Samples and Methods
3.1. Sampling and Imaging

Samples were mainly collected from the Wufeng Formation and the Member L1 of
the Longmaxi Formation from the Shuanghe outcrop in Changning County, with a minor
amount of sample from cores of boreholes Ning 211, Ning 212, and YS 103. In order to
make sure that the studied samples are representative and effective, we chose samples from
each graptolite zones from the base to the top. The samples were taken from the position at
which the large thin sections were cut to perform XRD, porosity, permeability, FIB-SEM,
and TOC analyses. Analytical testing was conducted at the National Energy Shale Gas R &
D (Experimental) Center in China.

For the Shuanghe outcrop, all samples were continuously collected and spaced equiv-
alently from the base to the top, which provided up to 203 large polished thin sections and
203 standard thin sections.
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Samples were recovered from deeper than 5 cm into exposures to avoid collection
from the weathered, fissile veneer that covers most outcrops. Three series of large cores
with a width of 7 cm and thickness of 5 cm were prepared cut perpendicular to the shale
lamination surface from the base to the top. The first series was used for a macroscopic
description of lamination after cutting, polishing, and imaging. The second series was used
for the preparation of large thin sections, standard thin sections, and related tests. The
third series was used for porosity and permeability sampling and testing. Rock samples for
macroscopic lamination description were prepared with standard dimensions of 7 cm width
and 5 cm thickness, while large thin sections were prepared with standard dimensions
of 5 cm length and 7 cm width. Standard thin sections were developed with standard
dimensions of 2 cm width and 2 cm length. The thickness of the large and standard thin
sections was about 15–20 microns, and the maximum thickness was less than 30 microns.
The actual thickness should meet the following requirements: (i) black minerals have
good light transmission under orthogonal polarized light, (ii) shale lamination is clear,
and (iii) interference color of the transparent mineral feldspar or quartz reaches first-order
gray-white.

Depositional structures were mainly described with full-size large thin-section imaging
and polarized light microscopy.

3.2. Organic Geochemistry

We performed a TOC test and an XRD analysis on 110 samples, porosity and perme-
ability analyses on 78 samples, and main and trace element analyses on 18 samples; eight
samples were tested using field-emission scanning electron microscopy (FE-SEM, Figure 3).

Figure 3. Sampling positions from the Wufeng–Longmaxi shale in the Shuanghe outcrop in Changn-
ing County in the Sichuan Basin of southwestern China. The large thin sections (LTS) with a width of
7 cm and length of 5 cm were prepared cut perpendicular to the shale lamination surface from the base
to the top continuously. The standard thin sections (STS) with a width of 2 cm and length of 2 cm were
prepared cut perpendicular to the shale lamination surface from the base to the top with sampling
intervals ranging from 5 to 10 cm. GZ: graptolite zone; PS: parasequence; LTS: large thin section; STS:
standard thin section; MTEA: main and trace element analysis; PP: porosity and permeability.
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The TOC tests were performed using a LECO CS-200 carbon and sulfur analyzer, with
an accuracy within 0.5%. Crushed samples were immersed in a 5% HCl solution for two
days to eliminate all carbonate minerals. The samples were then dried in a stoving oven at
65 ◦C for two days.

3.3. Sedimentary Petrography
3.3.1. Thin Sections and X-ray Diffraction Analysis

For borehole Ning 211, 11 large polished thin sections were prepared and analyzed
for rock fabric, texture, biotic content, and mineralogy, as well as 11 samples for X-ray
diffraction whole rock component analysis and X-ray diffraction clay mineral analysis. For
borehole Ning 212, only 2 large polished thin sections were prepared and analyzed for rock
fabric, texture, biotic content, and mineralogy, as well as 2 samples for X-ray diffraction
whole rock component analysis and X-ray diffraction clay mineral analysis.

The XRD tests were carried out using an RINT-TTR3 X-ray spectrometer (Japan,
Tokyo, Rigaku). The mineral composition was quantitatively analyzed on the basis of the
Chinese standard (SY/T 5163-2010) “X-ray diffraction analysis method for clay minerals
and common non-clay minerals in sedimentary rocks”. Samples were crushed and sieved
to 200 mesh size (74 µm) and dried at 50 ◦C for 5 h. Scanning range was 3–85◦; aperture
1 mm, and speed 4◦/min.

3.3.2. Scanning Electron Microscopy and Pore Analysis

The pore types and pore-size distribution were observed using Ar ion-polished chips
and a field-emission scanning electron microscope (FE-SEM). The samples were cut into
8 mm × 6 mm × 2 mm chips and polished to a thickness of 0.1 mm using helium ion
beams. The polished area had a semi-elliptical shape of 1500 µm × 500 µm with Pt
coating at a thickness of 20 nm. Twenty-five scanning areas were randomly selected on the
polished chips, each having a size of 6.88 µm × 12.3 µm, and observed in the backscattering
magnification mode of 30 K. For each area, imaging software grains (Pores) and Cracks
Analysis System (PCAS) was used to automatically identify all pores. Then, their pore types
were identified artificially based on the classification of organic pores, inorganic pores,
and microfractures and we did not differentiate the organic pores further. The number of
different pore types, pore size, and porosity of a single pore were counted to obtain the
cumulative area and porosity.

3.3.3. Helium Porosity and Permeability

Helium porosity and permeability sampling and analysis were carried out after the
depositional structures determination of each sample. Core plugs with a diameter of 2.54 cm
and length of 2.5–5 cm were drilled for the porosity and permeability analysis. The porosity
was measured using a helium porosimeter (Coreval 700) (Vinci Technologies, Nanterre,
France) at a pore and confining pressure of 200 psi and 1000 psi (89 MPa). Permeability
was analyzed using a pulse decay permeameter (PDP-200) (Porous Materials Inc., Ithaca,
NY, USA) at a pore and confining pressure of 600 psi and 1000 psi (89 MPa) using nitrogen.

3.3.4. Major and Trace Element Analysis and Sedimentation Rate

For borehole YS 103, 22 samples were prepared for main and trace element anal-
ysis. Major elements were determined by XRF spectrometer on fused glass discs. The
precision of the major element analysis is ≤3%. The sample splits (100 mg) for trace ele-
ment analysis were digested in a tightly sealed Teflon screw-cap beaker with ultrapure
0.5 mL HNO3 + 2.5 mL HF + 0.5 mL HClO4, digested again with 1 mL HNO3 + 3 mL H2O.
The solution was diluted to 1:1000 by mass and analyzed on a VG PQ2 turbo inductively
coupled plasma source mass spectrometer (ICP—MS). Precision for trace elements is better
than 5%.

The indices of CIA, U/Th, Ni/Co, and V/Cr are calculated based on major and trace
element data. CIA is expressed as: CIA = 100 × Al2O3/[(Al2O3 + CaO* + Na2O + K2O)].
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Among them, the values are all expressed by mole fraction. CIA was proposed to express
chemical weathering intensity and associated climate conditions [54]. Sediments deposited
in a hot and humid tropic climate generally have CIA values in the range 85 to 100, those in
a warm and humid climate in the range 65 to 85, and those in a cold and arid climate in the
range 50 to 65. The ratios of U/Th, Ni/Co, and V/Cr are utilized to indicate palaeoredox
conditions in this study. Commonly, the ratios of U/Th, Ni/Co, and V/Cr are below 0.75,
5, and 2 in the oxic water column, 0.75–1.25, 5–7, and 2–4.25 in the dysoxic water column,
and above 1.25, 7, and 4.25 in the suboxic or anoxic water column, respectively [55].

4. Results
4.1. Layering

Clayey laminae and silty laminae are observed in the Wufeng–Longmaxi shale (Table 1,
Figure 4A). Clayey laminae, consisting mainly of claystone, is dominantly composed of
quartz (70~90%), OM (10~20%), clay minerals (3~5%), dolomite (2~3%), calcite (1~2%), and
other minerals (1~2%) based on SEM calculation (Figure 5A–C). For clayey laminae, quartz
is dominantly clay-sized with grain size less than 3.9 µm (Figure 5A–C). Silty laminae,
consisting mainly of siltstone, are dominantly composed of dolomite (25~35%), calcite
(25~35%), quartz (10~20%), pyrite (3~5%), and OM (5~10%) based on SEM calculation
(Figure 5D–F). For the silty laminae, quartz is dominantly silt-sized with grain size in the
range 4 ϕ to 8 ϕ. Clayey laminae have a grayer color under polarized light and are often
termed gray laminae, whereas silty laminae have a brighter color under polarized light and
are often termed bright laminae [16].

Table 1. Sampling cores and outcrop from the Wufeng–Longmaxi shale in the Sichuan Basin of
southwestern China. In the Table, LTS is for large thin section, STS is for standard thin section,
TOC is for total organic carbon, XRD is for X-ray diffraction whole rock, PP is for porosity and
permeability, MTEA is for main and trace element analysis, and FE-SEM is for field-emission scanning
electron microscopy.

Layering and Depositional Structures Description

Layering

Laminae
Clayey laminae A layer constructed mainly by claystone dominated by quartz, OM, clay

minerals, dolomite, calcite, pyrite, and others

Silty laminae A layer constructed mainly by siltstone dominated by dolomite, calcite,
quartz, pyrite, and OM

Laminaset
Clayey laminaset A genetically related succession of clayey lamina bearing lenticular or

discontinuous silty lamina

Silty laminaset A genetically related succession of silty lamina bearing lenticular or
discontinuous clayey lamina

Bed

NGB-C: Normally graded bed composed of claystone A genetically related succession of normally graded clayey lamina

IGB-C: Inversely graded bed composed of claystone A genetically related succession of inversely graded clayey lamina

NGB-SC: Normally graded bed composed of siltstone
grading into claystone

A genetically related succession of silty laminaset normally grading into
clayey laminaset

IGB-SC: Inversely graded bed composed of claystone grading
into siltstone

A genetically related succession of clayey laminaset inversely grading
into silty laminaset

Depositional structures

Parallel lamination

PL: Paper lamination Shale constructed by clayey laminaset intercalated with linear
silty lamina

GL-C: Grading lamination
composed of claystone Shale constructed by NGB-C and/or IGB-C

GL-SC: Grading lamination
composed of siltstone

and claystone
Shale constructed by NGB-SC and/or IGB-SC with minor clayey lamina

IL: Interlaminated lamination
composed of siltstone

and claystone

Shale constructed by silty lamina with clayey laminaset or silty
laminaset with clayey laminaset

SB: Structureless beds Shale constructed by siltstone and showing no obvious lamination
or bedding
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Figure 4. Standard thin section photos showing typical characteristics of laminae, laminasets, and
beds. (A) Clayey and silty laminae. Red arrows point to silty laminae, which are mainly composed
of siltstone and have brighter color. White arrows point to clayey laminae, which consist mainly
of claystone and have dark gray color. Samples were collected in the Longmaxi Formation of the
Shuanghe outcrop (sample number: 9-15-1); (B) NGB-C, with a continuous, planar base boundary
and an abrupt contact with underlying units, is mainly composed of clayey laminae. From the base to
the top, the grain size gradually becomes finer and the color becomes grayer. Samples were collected
from the Wufeng Formation at the Shuanghe outcrop (sample number: 4-20-1); (C) IGB-C, with a
continuous, planar top boundary and an abrupt contact with overlying units, are mainly composed
of clayey laminae as well. From the base to the top, the grain size gradually becomes coarser and
the color becomes brighter. Samples were collected from the Wufeng Formation at the Shuanghe
outcrop (sample number: 4-37-1); (D,E) NGB-SC and IGB-SC. NGB-SC, with sharp, continuous, and
plana base, has silty laminasets at the base that grade into clayey laminasets at the top. IGB-SC, with
sharp, continuous, and wavy top, has clayey laminasets at the base that grade into silty laminasets
at the top. Samples were collected from the Longmaxi Formation of the Shuanghe outcrop (sample
numbers are 9-2-1 and 9-3-1, respectively); (F) Silty and clayey laminasets. Silty laminaset consists of
silty laminae intercalated with thin lenticular and discontinuous clayey laminae. Clayey laminaset
consists of clayey laminae intercalated with lenticular and discontinuous silty laminae. Samples
were collected from the Longmaxi Formation of the Shuanghe outcrop (sample number: 9-15-2);
(G) NGB-C, with a continuous, planar base boundary and an abrupt contact with underlying units, is
mainly composed of clayey laminae. From the base to the top, the grain size gradually becomes finer
and the color becomes grayer. Samples were collected from the Wufeng Formation at the Shuanghe
outcrop (sample number: 4-8-1); and (H) NGB-C, with a continuous, wavy base boundary and an
abrupt contact with underlying units, is mainly composed of clayey laminae. From the base to the
top, the grain size gradually becomes finer and the color becomes grayer. Samples were collected
from the Wufeng Formation at the Shuanghe outcrop (sample number: 4-14-1). Abbreviations are
shown in Table 1.
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Figure 5. Backscattered electron images showing minerals and grain size of clayey and silty laminae.
(A–C) clayey laminae, consisting mainly of claystone, are dominantly composed of quartz (70~90%),
OM (15~25%), clay minerals (6~15%), and other minerals. For the clayey laminae, quartz is domi-
nantly clay-sized with grain size less than 8 ϕ; (D–F) Silty laminae, consisting mainly of siltstone, are
dominantly composed of carbonate minerals, quartz, pyrite, and OM. For the silty laminae, quartz is
dominantly silt-sized with grain size in the range 4 ϕ to 8 ϕ. Qtz: quartz; Cal: calcite; Dol: dolomite;
Chl: chlorite; Py: pyrite. Sample number is 8-2-1.

Quartz is dominantly clay- to silt-sized crystalline quartz. The shale that is rich in total
quartz is often accompanied by a significant quantity of siliceous sponges (Figure 6A,B)
and radiolaria [16]. Carbonate minerals mainly consist of calcite (average 22.3%) (Table A1)
and dolomite (average 15.5%), and shales rich in carbonate minerals abound in dispersed
or concentrated calcareous bioclasts (Figure 6C,D). Pyrite, which is rich in OM and pores,
mostly occurs as framboids with diameters ranging from 3.5 to 8 µm (average 5.2 µm, [56]).
Clay minerals are mainly illite (average 61.3%), illite-smectite layer-mixed minerals (average
26.9%), and chlorite (average 11.4%), with minor kaolinite (average 1%). The TOC content
ranges from 1.5% to 12%, with an average of 5.6%. OM is dominantly dispersed among
quartz, carbonate minerals, and pyrite grains, with minor OM combined with clay minerals
forming organomineralic aggregates.

Figure 6. Standard thin section photos taken under orthogonal polarized light showing typical
shale components from the Wufeng–Longmaxi shale in the Sichuan Basin of southwestern China.
(A) Shale with abundant siliceous sponge fossils (Shuanghe outcrop in Changning County); (B) Shale
with abundant sponge spicule (orthogonal polarization, Shuanghe outcrop in Changning County);
(C) Shale with trilobite fossil fragments (Shuanghe outcrop in Changning County); (D) Shale with
dense fossil fragments (Shuanghe outcrop in Changning County).
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The vertical inter-lamination of clayey and silty laminae form two types of laminasets
and four types of beds, i.e., clayey laminaset, silty laminaset, normally graded bed com-
posed of claystone (NGB-C), inversely graded bed composed of claystone (IGB-C), normally
graded bed composed of siltstone grading into claystone (NGB-SC), and inversely graded
bed composed of siltstone grading into claystone (IGB-SC) (Table 1).

Silty laminasets, which are usually in discontinuous or lenticular shapes (Figure 4F),
consist mainly of silty laminae interlaminated with tiny clayey laminae. Clayey laminasets,
which usually have a discontinuous or lenticular shape (Figure 4F), consist mainly of clayey
laminae interlaminated with tiny silty laminae. NGB-C, with a continuous, wavy, or planar
base and an abrupt contact with the underlying unit, is mainly composed of clayey laminae.
The lower part of the bed has a relatively higher content of silt. From the base to the top,
silt content gradually decreases and the color becomes grayer (Figure 4B,G,H). IGB-C, with
continuous, wavy or planar top and an abrupt contact with the overlying unit, is mainly
composed of clayey laminae. The upper part of the bed has a relatively higher content of
silt. From the top to the base, silt content gradually decreases and the color becomes grayer
(Figure 4C). NGB-SC is composed of silty laminae and clayey laminae. Within a single
bed, silty laminae that form a silty laminaset grade into clayey laminae that form a clayey
laminaset from the base to the top (Figure 4D–E). In some cases, the silty laminasets that
are interlaminated with clayey laminasets become thinner from the base to the top within a
single bed. Beds are usually continuous, wavy or planar, parallel, and have a sharp base
contact with the underlying units. IGB-SC is composed of silty laminae and clayey laminae.
Within a single bed, clayey laminae that form a clayey laminaset grade into silty laminae
that form silty laminaset from the base to the top. The bed is usually continuous, wavy or
planar, parallel, and has a sharp top contact with the overlying units.

4.2. Depositional Structures

The vertical inter-lamination of lamina, laminasets, and beds forms two types of
depositional structure, namely, parallel lamination and structureless beds (Table 1). The
lamination can be subdivided into four sub-types, i.e., paper lamination composed of
claystone (PL), grading lamination composed of claystone (GL-C), grading lamination
composed of siltstone and claystone (GL-SC), and interlaminated lamination composed of
siltstone and claystone (IL). In the Wufeng–Longmaxi shale, these structures are intergrada-
tional and are usually of small scale in vertical distribution.

4.2.1. Paper Lamination (PL)

The PL is constituted mainly of quartz, clay minerals, dolomite, calcite, and OM,
and the average content of each component is 69.68%, 16.18%, 7.62%. 1.95% and 9.77%,
respectively, based on the XRD test of 13 samples (Table A1). Traces of silt of biogenic and
biochemical origin are common in the PL because of the blooming of siliceous organisms
resulting from warm weather and limited clastic influx. The shale can split down to layers
of a particular thickness on weathered outcrops and cores. In addition, the individual
sequences of the PL shale range from 33 to 83 cm in thickness, and across adjacent sequence
boundaries, siltstone changes into claystone abruptly. On freshly cut surfaces perpendicular
to the lamination, linear lighter color banding reflecting grain-size differences commonly
occurs alternated with darker layers (Figure 7A).
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Figure 7. Core and outcrop photos showing general characteristics under the naked eye of shale with
various depositional structures in the Wufeng–Longmaxi shale in the Sichuan Basin of southwestern
China. (A) PL, with weakly linear lighter color banding occurring alternated with darker layers
(sample number 8-31, Longmaxi Formation); (B) GL-C, the colors of the adjacent beds often show
a slight differences (sample number 4-2, Wufeng Formation); (C) GL-SC (sample number: 9-19-1,
Longmaxi Formation) and (D) GL-SC (sample number 10-12, Longmaxi Formation), and the shale
has a distinct “striped” appearance of alternating lighter and darker layers as well as intermittent
bright calcite beds; (E) IL (sample number 2018-12, Longmaxi Formation) from borehole Ning 212,
and paler beds alternate with darker beds; (F) SB (sample number 5-29, Wufeng Formation) from
Shuanghe outcrop in Changning County, and the shale is massive and shows no obvious lamination,
bedding or fissility.

The PL consists of clayey laminasets intercalated with linear silty laminae (Figure 8A).
The thickness ratio of clayey laminaset to silty laminae is generally greater than 3. Silty
laminae range from 0.05 to 0.75 mm with an average of 0.26 mm in thickness, whereas
clayey laminasets are approximately 0.1 to 6.6 mm with an average of 1.1 mm in thickness.
Silty laminae usually have linear, diffuse, or discontinuous shapes and are locally lentic-
ular. The interfaces between clayey laminasets and silty laminae are abrupt and mostly
exhibit discontinuous, planar, and parallel shapes with occasional continuous, planar, and
parallel shapes.

4.2.2. Grading Lamination Composed of Claystone (GL-C)

The GL-C is constituted mainly of quartz, calcite, dolomite, clay minerals, and OM.
The average content of each component is 41.23%, 24.05%, 15.20%, 14.88%, and 4.59%,
respectively, based on XRD and TOC tests of 65 samples (Table A1). On outcrops and cores,
the colors of the adjacent beds often show slight differences (Figure 7B), which leads to
great difficulty in distinguishing them from each other. The individual sequences of the
GL-C shale, which are often separated from others by a bentonite seam (0.3–4 cm thick),
usually range from 26 to 129 cm in thickness with an average of 52 cm. Across adjacent
sequence boundaries, siltstone abruptly changes into claystone.

The GL-C consists of beds NGB-C and/or IGB-C (Figure 8B,C), which are characterized
by abrupt changes in grain size and color across the bed surface. Within the shale with
GL-C, the bed thickness of NGB-C ranges from 0.8 to 12 mm with an average of 5 mm,
whereas that of IGB-C ranges from 2 to 9.7 mm with an average of 5.3 mm. Bed surfaces
are mostly continuous, planar, and parallel, with minor interfaces that have continuous,
wavy, and parallel shapes.
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Figure 8. Large thin section images taken under orthogonal polarized light showing typical char-
acteristics and fractures of the various depositional structures. Samples were collected from the
Wufeng–Longmaxi shale of the Shuanghe outcrop in the Sichuan Basin of southwestern China.
(A) PL, in which the silty laminae are linear, diffuse, discontinuous, or lenticular shaped and have
sharp base and top contacts. Bedding parallel fractures commonly propagate from within clayey
laminae (sample number 8-31); (B) GL-C, which consists of a series of bed IGB-C and has continuous,
planar, and parallel bed boundaries. Bedding parallel fractures commonly propagate from along
clayey–silty laminae interfaces (sample number 4-2-1); (C) GL-C, which consists of a series of bed
NGB-C and has continuous, planar, and parallel bed boundaries. Bedding parallel fractures com-
monly propagate from within clayey laminae (sample number 5-29); (D) GL-SC, with continuous,
planar, and parallel bed boundary. Bedding parallel fractures commonly propagate from within
clayey laminae (sample number 9-15-1); (E) IL, with continuous, planar, and parallel geometry
and sharp contact boundaries, is composed of the interbedded silty laminae and clayey laminasets
(sample number 9-5-1); and (F) SB, which contains numerous bioclasts of various species (sample
number 6-19-1).

4.2.3. Grading Lamination Composed of Siltstone and Claystone (GL-SC)

The GL-SC is constituted mainly of quartz, calcite, dolomite, clay minerals, and OM.
High intensities of illite show that illite is relatively enriched in the GL-SC. The average
content of each component is 51.94%, 11.84%, 12.06%, 19.2%, and 7.74%, respectively, based
on XRD and TOC tests of 5 samples (Table A1). On outcrops and cores, the individual
sequences of the shale range from 24 to 53 cm with an average of 42 cm in thickness, and
across adjacent sequences, siltstone abruptly changes into claystone. The shale has a distinct
“striped” appearance of alternating lighter and darker layers as well as intermittent bright
calcite beds (Figure 7C,D).

The GL-SC consists of beds NGB-SC and/or IGB-SC with a tiny amount of clayey
lamina (Figure 8D). The bed NGB-SC, with a sharp base and gradational top, ranges from
1 to 2.85 mm with an average of 1.87 mm in thickness. The clayey laminae are approximately
0.45 to 0.75 mm thick with an average of 0.56 mm. The bed IGB-SC is approximately 1.8 to
2.1 mm in thickness with an average of 1.95 mm. Within an individual layer of the GL-SC,
beds are predominantly continuous, planar, parallel or continuous, wavy, and parallel
in shape.

4.2.4. Interlaminated Lamination Composed of Siltstone and Claystone (IL)

The IL consists mainly of quartz, calcite, dolomite, clay minerals, and OM, and the
average content of each component is 43.67%, 21.48%, 15.53%, 13.77%, and 4.93%, respec-
tively, based on XRD and TOC tests of 9 samples (Table A1). XRD pattern exhibits that the
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intensity of the dolomite crystal plane (104) is high, demonstrating high content of dolomite
developed in the IL due to a Ca-rich depositional environment. On outcrops and cores, the
individual sequences of the IL have thicknesses ranging from 22 to 97 cm with an average
of 34.7 cm, and across adjacent sequences, siltstone changes into claystone abruptly. Within
an individual sequence of the IL, paler beds alternate with darker beds and the paler beds
become thicker relative to the GL-SC (Figure 7E).

The IL has stacking patterns of silty laminae interbedded with clayey laminasets
(Figure 8E) and silty laminasets interbedded with clayey laminasets (Figure 4F). For the
first stacking pattern, silty laminae have a predominantly linear shape and thickness
ranging from 0.05 to 2.4 mm with an average of 0.35 mm, and clayey laminasets have
a thickness ranging from 0.1 to 1.7 mm with an average of 0.58 mm. Except for a few
discontinuous, planar, and parallel laminae, silty laminae have an abrupt contact with
the clayey laminasets and have mainly continuous, planar, and parallel shapes. For the
second stacking pattern, the thickness of silty laminasets ranges from 0.35 to 4.5 mm with
an average of 1.57 mm, whereas that of clayey laminasets ranges from 0.6 to 3.1 mm with
an average of 1.35 mm. The top and base of all beds have an abrupt contact and are
predominantly continuous, planar, and parallel or discontinuous, wavy and parallel.

4.2.5. Structureless Beds (SB)

The SB is constituted mainly of quartz, calcite, dolomite, clay minerals, and OM.
The intensity of the calcite crystal plane (104) is obviously higher than other depositional
structures. The average content of each component is 35.12%, 29.30%, 16.28%, 15.38%, and
5.99%, respectively, based on XRD and TOC tests of 18 samples (Table A1).

The SB consists of massive siltstone (Figure 8F) embedded with dispersed bioclasts
(Figure 6). On outcrops and cores, the shale shows no obvious lamination, bedding, or
fissility, irrespective of their weathering state (Figure 7F). Previous studies have shown
that the bioclasts originate from the biotic community of the Hirantian stage [57]. The
individual sequences of the SB, with a thickness ranging from 28 to 156 cm (average of
77 cm), usually have an erosive base with noticeable depositional termination.

In the Wufeng–Longmaxi shale, the GL-C occurs during the graptolite zone WF1-3 of
the Wufeng Formation, the SB during the graptolite zone WF4 of the Wufeng Formation
(the so-called Guanyingqiao Bed), the PL during the graptolite zone LM1, the GL-SC during
the graptolite zone LM2-3 and the IL during the graptolite zone LM4-9 of the Longmaxi
Formation (Figure 9).

4.3. Geochemical Parameters and Sedimentation Rate
4.3.1. Geochemical Parameters

The CIA values fluctuate from the Late Ordovician to Early Silurian (Table A2). The
CIA values of the GL-C (graptolite zone WF1-3) range from 74.72 to 67.54 with a mean value
of 71.07. The CIA value of the SB sample (graptolite zone WF4) is only 45.51. Upwards, the
CIA values of the PL (graptolite zone LM1) return to be higher (67.09–75.08), then fluctuat-
ing between 61.79 and 70.59 for the GL-SC and IL with a very slight downward trend.

The U/Th values of the GL-C (graptolite zone WF1-3) range from 0.36 to 1.76 with
an average of 1.22 (Table A2). The value of the SB (graptolite zone WF4) is 0.46. Upwards,
the U/Th values of PL (graptolite zone LM1) elevate significantly and reach the peak of
4.39 (average = 2.40), then returning to the average value of 2.40 for the GL-SC (graptolite
zone LM2-3) and 0.63 for the IL (graptolite zone LM4-9).
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Figure 9. Vertical distribution of geochemical characters and sedimentation rate of different deposi-
tional structures in the Sichuan Basin of southwestern China.

The Ni/Co values of the GL-C (graptolite zone WF1-3) range from 13.14 to 49.7 with
an average of 33.7 (Table A2). The value of the SB (graptolite zone WF4) is 8.93. Upwards,
the Ni/Co values of the PL (graptolite zone LM1) are increased to the range between
5.91 and 18.45 (average = 13.38), then decreasing gradually to the average of 9.57 for the
GL-SC (graptolite zone LM2-3) and 4.74 for the IL (graptolite zone LM4-9).

The V/Cr values of the GL-C (graptolite zone WF1-3) range from 1.81 to 3.45 with an
average of 2.93 (Table A2). The value of the SB (graptolite zone WF4) is 8.08. Upwards, the
values of the PL (graptolite zone LM1) increase abruptly, reaching the peak of 21.11 and
then decreasing continuously to the average of 4.09 for the GL-SC (graptolite zone LM2-3)
and 2.16 for the IL (graptolite zone LM4-9).

4.3.2. Sedimentation Rate

Sedimentation rates are calculated based on shale thickness (m) and duration time
(Ma). Here, shale thickness (m) directly refers to the current shale thickness (m) with-
out compaction restoration. Duration time refers to the time span of the corresponding
shale thickness.

The sedimentation rates of the GL-C, SB, PL, GL-SC, and IL increase progressively
(Figure 9). During the formation period of the GL-C (graptolite zone WF1-3), the shale
thickness ranges from 1.5 to 13 m and the duration is 2.46 Ma [58], therefore the sedimen-
tation rate fluctuates between 0.6 and 5.3 m/Ma. During the formation period of the SB
(graptolite zone WF4), the shale thickness ranges from 0.5 to 1.5 m and the duration is
0.73 Ma, therefore the sedimentation rate fluctuates between 0.7 and 2.1 m/Ma. During the
formation period of the PL (graptolite zone LM1), the shale thickness ranges from 1 to 4.5 m
and the duration is 0.6 Ma, therefore the sedimentation rate fluctuates between 1.7 and
7.5 m/Ma. During the formation period of the GL-SC (graptolite zone LM2-3), the shale
thickness ranges from 2 to 10 m and the duration is 1.36 Ma, therefore the sedimentation
rate fluctuates between 1.5 and 7.4 m/Ma. The sedimentation rates of ILrange from 2.2 to
1416.7 m/Ma (graptolite zones LM4-9). In detail, the shale thickness ranges from 2 to 14.5 m,
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the duration is 0.9 Ma, and the sedimentation rate varies between 2.2 and 16.1 m/Ma (grap-
tolite zone LM4). The shale thickness ranges from 4 to 25 m and the duration is 0.8 Ma and
the sedimentation rate varies between 5.0 and 31.2 m/Ma (graptolite zone LM5). The shale
thickness ranges from 20 to 160 m and the duration is 2.28 Ma, and the sedimentation rate
varies between 8.8 and 70.2 m/Ma (graptolite zone LM6-8). The shale thickness ranges
from 50 to 510 m and the duration is 0.36 Ma, and the sedimentation rate varies between
138.9 and 1416.7 m/Ma (graptolite zone LM9). Therefore, the sedimentation rate of the IL
ranges from 2 to 1416.7 m/Ma.

4.4. Fractures and Microfractures

Fractures refer to structures having lengths >10 µm and microfractures having lengths
ranging from 100 to 500 nm. Fractures can be divided into bedding parallel and non-parallel
fractures (Figure 8). Bedding parallel fractures are parallel to or intersect the lamination
plane at low angles, whereas bedding non-parallel fractures intersect the lamination plane
either at high angles or are perpendicular to it. Microfractures can be subdivided into
dissolved microfractures, shrinkage microfractures, and over-pressured microfractures.

In the Wufeng–Longmaxi shale, bedding parallel fractures commonly propagate
from within clayey laminae (Figure 8A,C,D) or from along clayey–silty laminae interfaces
(Figure 8B). Most bedding parallel fractures are filled with silica (Figure 10A), calcite
(Figure 10B), or OM (Figure 10C), and fewer than 15% are filled with clay minerals or
pyrite crystallites. Bedding parallel fractures generally connect with each other to form
an effective pathway horizontally (Figure 8C), although locally they occur as isolated
structures. The length of bedding parallel fractures is commonly 1–4 cm and positively
correlated with lamina continuity and thickness. Bedding non-parallel fractures are com-
monly perpendicular to lamination (Figure 8A,D) and filled with OM or silica. Few are
open or contain nothing but crystallites. Vertically, bedding non-parallel fractures can cut
through multiple laminae to form networks with bedding parallel fractures (Figure 8A,D).
Shrinkage microfractures appear to have propagated from among clay mineral grains
(Figure 10D), dissolved microfractures from between carbonate mineral grains (Figure 10E),
and over-pressured microfractures from along OM-mineral interfaces (Figure 10F), and
their length and abundance are influenced by TOC of the host lamina [59].

In the Wufeng–Longmaxi shale, depositional structures have a significant impact
on fracture types and abundance of shale. For the PL and GL-SC, bedding parallel and
non-parallel fractures have an abundance of 25.5 strips/cm and 10.6 strips/cm, respec-
tively, and commonly intersect with each other to form dense networks (Figure 8A,D). For
the IL, the abundances of bedding parallel and non-parallel fractures are 3–7 strips/cm
and 2–4 strips/cm, respectively. Bedding parallel fractures commonly occur as isolated
structures (Figure 8E). For the GL-C, the abundances of bedding parallel and non-parallel
fractures are 2–4 strips/cm and 1–2 strips/cm, respectively. Commonly, bedding parallel
fractures are connected with each other or occur as isolated structures (Figure 8B,C). For
the SB, fractures are sparse and commonly occur as isolated structures (Figure 7F).

4.5. Nanopores and Porosity Distribution

Nanopores can be categorized into organic pores and inorganic pores (Figure 11).
Organic pores commonly propagate along organic matters to form dense networks. Some
organic pores are round or semi-circular shaped, others are mostly bubble-like as well as
elongated, triangular, or irregular shaped. Inorganic pores can be subdivided into inter-
particle pores and inter-particle dissolved pores [39,60–62]. Inter-particle pores commonly
occur isolated among or between clay, quartz, and carbonate mineral particles and have
irregular or elongated edges (Figure 11C,D). Inter-particle dissolved pores mainly occur
among or between easily dissoluble minerals such as calcite and dolomite possibly gen-
erated during hydrocarbon generation (Figure 11E,F), and particle edges are dissolved
to form a harbor shape. Unlike the centralized distribution pattern of organic pores, in-
organic pores commonly are isolated with poor connectivity. Pyrites occur in the matrix,
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which can cause pore disconnection and has limited contribution to shale porosity and
permeability [63].

Figure 10. Backscattered electron and microscopy images showing fractures and microfractures
in various depositional structures. (A) Fractures are filled with silica, sample number: WX-1;
(B) Fractures are filled with calcite, sample number: WX-2; (C) Fractures are filled with OM, sample
number: WX-3; (D) Shrinkage microfractures propagate from among clay mineral grains, sample
number: 4-16-1; (E) Dissolved microfractures propagate from between carbonate mineral grains, sam-
ple number: 6-22-1; (F) Over-pressured microfractures propagate from along OM-mineral interfaces,
sample number: 8-4-1.

On the basis of FE-SEM observations of imaging area with a length of 82.8 µm and
width of 16.344 µm (Figure 12), clayey laminae abound in organic pores whereas silty
laminae abound in inorganic pores. In detail, organic pores of clayey laminae are 2–3 times
more than silty laminae, whereas silty laminae have 3–4 times more inter-particle pores and
1–2 times more inter-particle dissolved pores than clayey laminae. Furthermore, clayey lam-
inae have relatively fewer microfractures than silty lamina. Clayey laminae commonly have
effective pore networks as the result of their higher OM contents (Figure 12A), whereas silty
laminae have poor pore networks as the result of their limited OM contents (Figure 12B).
Across clayey–silty lamina interfaces, pore networks are commonly interrupted as a result
of abrupt termination of OM and inhibition of larger mineral grains.

In the Wufeng–Longmaxi shale, the samples are tested to have a total porosity ranging
from 2.68% to 4.36%. Among these samples, the organic pore porosity accounts for >50%
of the total porosity in the PL, GL-SC, and IL, while the percentage is less than 30% in the
GL-C and SB (Figure 13). The ratios of microfracture porosity to total porosity are 7.4%
and 8.2% in the GL-C and SB, respectively, which are apparently higher than that in the PL,
GL-SC, and IL. According to the above SEM photos (Figure 12), there were a large number
of organic matter pores in the pyrobitumen of the Wufeng–Longmaxi shale, with a large
diameter and strong connectivity, and solid kerogen had a few organic matter pores. Pores
developed in organic matter contributed more to the total organic porosity.
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Figure 11. Backscattered electron images showing nanopores in shale with various depositional
structures from Shuanghe outcrop in Changning County. Organic pores are round, elliptical,
or elongated, and inorganic pores are intergranular dissolved pores, irregular, or harbor-like.
(A) Organic pores, sample number is 8-4-1; (B) Organic pores, sample number is 8-10-2; (C) Or-
ganic pores and inorganic pores. Sample number: 9-16-2; (D) Organic pores. Sample number: 10-14-1;
(E) Inter-particle dissolved pores, sample number is 4-28-1; (F) Inter-particle dissolved pores, sample
number is 9-16-2. Note that the red color denotes organic pores, the yellow color represents inorganic
pores and the lilac color represents microfractures.

Figure 12. Backscattered electron images showing nanopores and microfractures in clayey laminae
and silty laminae. (A) In clayey laminae, organic pores are rich and propagate along organic matters
to form dense networks; (B) In silty laminae, inorganic pores are abundant but commonly occur
isolated. Note that the red color denotes organic pores, the yellow color represents inorganic pores
and the lilac color represents microfractures.
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Figure 13. Porosity distribution in various lamination shale. For the PL, GL-SC, and IL, organic pores
account for more than 50% of the total porosity, whereas for the GL-C and SB, inorganic pores account
for more than 50% of the total porosity.

4.6. Physical Properties

In the Wufeng–Longmaxi shale, porosity distribution and permeability are apparently
influenced by depositional structures.

4.6.1. Porosity Distribution

The shale samples analyzed in this study have a horizontal porosity ranging from 0.6%
to 9.35%, with an average of 4.11% (Table 2, Figure 14A). Among these samples, the PL and
GL-SC have relatively higher porosity compared to the others. The PL has a horizontal
porosity ranging from 5.43% to 9.35%, with an average of 7.22%. The porosity value is
nearly 2- and 7-fold that of the IL and GL-C, and 3-fold that of the SB. For the GL-SC, the
horizontal porosity is 4.90%. The porosity value is nearly 1.2- and 5-fold that of the IL and
GL-C, and 2-fold that of the SB.

The shale samples analyzed in this study have a vertical porosity that ranges from
0.88% to 9.04%, with an average of 3.78% (Table 2, Figure 14A). Similarly, shale samples
from the PL and the GL-SC have higher porosity compared to the others. In detail, shale
samples of the PL have a vertical porosity ranging from 4.13% to 9.04% (average = 6.47%),
which is nearly 1.5-, 6-, and 3-fold that of the IL, GL-C, and SB, respectively. The shale
sample of the GL-SC has a vertical porosity of 5.98%, which is as much as 1.5-, 6-, and
2.6-fold that of the IL, the GL-C, and SB, respectively.

4.6.2. Permeability

The shale samples analyzed in this study have a horizontal permeability ranging
from 0.000028 to 0.22354 × 10−3 µm2, with an average of 0.039849 × 10−3 µm2 (Table 2,
Figure 14B). Among the samples, the PL and GL-SC have the highest horizontal per-
meability. For example, the shale sample of the PL has a horizontal permeability of
0.184285 × 10−3 µm2, which is nearly 32-, 124-, and 589-fold that of the IL, GL-C, and SB,
respectively. For IL sample, the horizontal permeability is 0.010954 × 10−3 µm2, which is
1.9-, 7.4-, and 35-fold that of the IL, GL-C, and SB, respectively.

Shale samples analyzed in this study have a vertical permeability ranging from
0.000083 to 0.025925 × 10−3 µm2, with an average of 0.002930 × 10−3 µm2 (Table 2,
Figure 14B). Among the samples, the PL and GL-SC have the highest vertical perme-
ability. For example, the vertical permeability of the PL is 0.000655 × 10−3 µm2, which
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reaches 0.9-, 5.3-, and 1.8-fold that of the IL, GL-C, and SB, respectively. For the IL, the
vertical permeability is 0.002876 × 10−3 µm2, which is 4-, 23.2-, and 7.9-fold that of the IL,
GL-C, and SB, respectively.

Table 2. Porosity and permeability of shale with various depositional structures from the Wufeng–
Longmaxi shale in the Sichuan Basin of southwestern China.

Depositional
Structures

Sample
Number

Porosity/% Permeability/×10−3 µm2

Horizontal Vertical H/V Horizontal Vertical H/V

PL

8-31-1 6.85 6.4 1.07 0.184285 0.000655 281.35
9-11-1 7.26 6.31 1.15 0.047955 0.002761 17.39
8-10-1 9.35 9.04 1.04 0.22354 0.025925 8.62
8-31-2 5.43 4.13 1.31 0.002291 0.000351 6.53

GL-SC 9-19-2 4.90 5.98 0.82 0.010954 0.002876 3.81
IL SLM4-1 4.17 4.21 0.99 0.005743 0.000714 8.04

GL-C
4-2-1 1.47 1.27 1.16 0.00149 0.000124 12.02
M001 0.60 0.88 0.68 0.000931 0.000575 1.62

SB

5-26-2 1.93 1.18 1.68 0.000313 0.000364 0.86
5-29-2 4.16 3.17 1.32 0.000342 0.000419 0.82

SWF6-1-2 2.08 1.73 1.22 0.0003169 0.000316 1.00
5-34-3 1.16 1.11 1.05 0.000028 0.000083 0.34

Figure 14. Porosity and permeability of different samples of the five lamination styles. (A) Horizontal
and vertical porosity; (B) Horizontal and vertical permeability.
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5. Discussion
5.1. Climatic Condition and Paleoredox Condition

The climatic condition was fluctuating from the Late Ordovician to Early Silurian.
During the GL-C formation period (graptolite zone WF1-3), the CIA value ranges from
74.72 to 67.54 with a mean value of 71.07, manifesting fairly warm and humid weather.
Then, the weather became cooling and arid and reached its peak during the SB formation
period (graptolite zone WF4) with a CIA value of only 45.51 (Figure 9). Further upwards,
the climate returned to be warm and humid during the PL and GL-SC formation period
(graptolite zone LM1-3) with CIA value ranging from 67.09 to 75.08, then becoming fairly
cooling and arid progressively during the IL formation period (graptolite zone LM4-9). In
terms of the climatic conditions of the Wufeng–Longmaxi shale formation period in the
southern Sichuan Basin, Rong, Mou, and He conducted systematic studies, and the results
were consistent with this conclusion [60,64–67].

The paleoredox condition was fluctuating from the Late Ordovician to Early Silurian
as well (Figure 9). During the GL-C formation period (graptolite zone WF1-3), the average
value of U/Th is 1.22, manifesting a temporarily oxic to suboxic water column. During the
SB formation period (graptolite zone WF4), the average U/Th value is 0.46, indicating that
the water column was dysoxic gradually and reached its peak of oxic. Further upwards,
the U/Th value reaches the peak of 4.39 and returns to the average value of 2.40. Corre-
spondingly, the water column became suboxic and anoxic quickly during the PL and GL-SC
formation period (graptolite zone LM1-3). The average value of U/Th is 0.63 and the water
column became suboxic to oxic upwards during the IL formation period (graptolite zone
LM4-9). Regarding the paleoredox condition, systematic studies had been conducted in
such areas as Wuxi, Changning, Zhaotong, and Weiyuan, and the results were consistent
with this conclusion [68–70].

5.2. Genesis of Various Depositional Structures

The formation of depositional structures is closely related to the ancient sedimentary
environment, the paleoclimate, and the tectonic activity (O’Brien, 1989, [72]; Yawar and
Schieber, 2017, [18]). Generally, the ancient sedimentary environment influences water
paleoredox conditions, hydrodynamic conditions, and benthic activities. The weathering
and climatic conditions influence water stratification [71], water convection [10], and
biological activities of surface water [7]. The tectonic activity has a significant impact on
the sedimentation rate [72].

The PL was deposited in a semi-enclosed bay sedimentary environment which was
helpful to the deposition of mainly biogenic and biochemical components with a trace
of detrital components [73]. During the PL formation period, the global paleoclimate
was warm and humid and the sedimentation rate was very lower (Figure 9), resulting in
anoxic bottom water condition and products of predominant clay with a trace of silt of
biogenic and biochemical origin ([74]). In addition, warm and humid paleoclimate and
lower sedimentation rate contributed to the flourishing of diatoms and siliceous sponges in
common [57], producing a great amount of claystone rich in OM and biogenic silica [75].
Possible changes in water depth and water properties destroyed the development of the
siliceous organism and the carbon equilibrium of the water column, thereby inducing
periodical carbonate precipitation and the resulting formation of silty laminae.

The GL-C was commonly formed in a semi-enclosed lagoonal sedimentary environ-
ment with a lower sedimentation rate. During the formation period, the paleoclimate was
relatively warm and humid and tectonics were inactive [57]. The lagoon commonly had
stable stratification, lower sedimentation rate, and a dysaerobic paleoredox condition, and
the sediment was dominated by clay, resulting in abundant clayey laminae and limited
silty laminae [71]. In addition, seasonal fluctuations of sediment supply produced NGB-C
and IGB-C. During the relatively humid seasons, increased water influx brought massive
sediment supply, nutrients, and relatively coarser grains, forming sediments of higher
TOC content and water column of abundant aquatic organisms. During the relatively
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arid seasons, waning water influx resulted in limited discharge and relatively finer grains,
forming sediments with lower TOC content and a water column of poor aquatic organisms.
Alternations of humid and arid seasons caused periodic fluctuations of TOC content and
grain size, forming beds NGB-C and/or IGB-C.

The GL-SC and IL predominantly occurred in neritic shelf sedimentary environments
with increased sediment supply induced by intensified tectonics. In addition, the global
paleoclimate became relatively cool and arid and the paleoredox conditions became suboxic
to oxic (Figure 9). Increased sedimentation rate contributed to the formation of silt-sized
sediment discharge dominated by feldspar, quartz, calcite, and clay minerals, resulting
in increased silty laminae and silty laminasets. Suboxic to oxic paleoredox condition was
favorable to the colonization of benthic organisms and the decomposition of organic matter,
leading to the reduction of TOC content of the shale together with the dilution of increased
sedimentation rate. In addition, water pollution resulting from increased sedimentation
rate caused mass death of the diatoms and siliceous sponges, forming clayey laminae with
lowered content of OM and biogenic silica [76]. For this shale type, claystone was formed
under waning high-discharge episodes characterized by relatively lower sedimentation
rate and quiescent water, whereas siltstone was mostly formed under increasing high-
discharge episodes characterized by relatively higher sedimentation rate and turbulent
water. The alternation of sedimentation rates produced the various couplets of clayey and
silty laminae forming NGB-SC, IGB-SC, silty laminasets, and clayey laminasets. During
the period of graptolite zone LM2-9 of the Wufeng–Longmaxi shale, the clayey laminae
reduced and the silty laminae increased because of the gradually increasing sedimentation
rate (Figure 9), thus forming GL-SC and IL in turn. In the GL-SC and IL, abrupt bottom
surfaces of silty laminae commonly manifest strong scouring of bottom flow, the occurrence
of beds NGB-SC and IGB-SC commonly manifest gradational change of flow intensity and
the frequency alternations of clayey laminae and silty laminae manifest fluctuations of
sedimentation rates and high energy.

The SB was deposited in a neritic shelf sedimentary environment. During the forma-
tion period, the global paleoclimate became cool and the water depth became shallower.
The cooled water column intensified the vertical circulation of the water body (Figure 9,
Table A2), producing oxic bottom water and directly leading to the extinction of masses of
organisms [10,77]. As every coin has two sides, the oxic bottom water was beneficial to the
bloom of the Hirnantia–Dalmanitina community [57,78], resulting in plentiful dispersed
bioclasts in this shale. The bloom of the Hirnantia–Dalmanitina community and the shallow
water produced silty sediments dominated by quartz, calcite, dolomite, clay minerals. Un-
der bottom flow and bioturbation of burrowing organisms, primary sedimentary structures
were destroyed to form structureless mud. Under long-term compaction and cementation,
the structureless mud formed the SB.

5.3. Influence of Depositional Structures on Porosity and Permeability

In the Wufeng–Longmaxi shale, interlayering styles of clayey and silty laminae differ
among various depositional structures, resulting in different porosity and permeability.

5.3.1. Porosity

In the Wufeng–Longmaxi shale, clayey laminae are rich in OM, total quartz, and
fossil fragments, which are beneficial to the formation of porosity. As mentioned earlier,
a large amount of organic pores occur in OM. The pores communicate with each other to
form effective pore networks in a three-dimensional space [79,80]. Porosity is correlated
positively with the TOC content in shale [81]. In the Wufeng–Longmaxi shale, the total
quartz is rich in siliceous radiolarian skeletons and siliceous sponge bone needles, indicating
a biologic origin [82]. The total quartz has a strong anti-compaction ability to reduce
porosity loss during burial diagenesis. In addition, the fossil fragments, such as radiolaria
and siliceous sponges, have vast quantities of small pores and cavities [82,83], yielding
large quantities of pores subsequent to compaction [25]. In contrast, silty laminae are poor
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in OM, total quartz, and fossil fragments, resulting in relatively lower porosity of shale.
The various interlayering of clayey laminae and silty laminae is apparently conducive to
the heterogeneity of mineral components and porosity of shale, having a huge impact on
shale gas migration vertically.

In the Wufeng–Longmaxi shale, the PL and GL-SC have a relatively higher proportion
of clayey laminae rich in OM and a lower proportion of silty laminae. As mentioned earlier,
their organic pore porosity reaches over 50% of the total porosity (Figure 13). The higher
proportion of clayey laminae is beneficial to the increase in porosity. In comparison, the IL,
GL-C, and SB have a relatively lower proportion of clayey laminae rich in OM, resulting in
relatively lower porosity.

For most samples, the ratios of the horizontal to vertical porosity range from 1.04 to
1.68 (Table 2, Figure 14A) and are slightly larger than 1. Among the various shale types, the
average ratios for the PL and IL are 1.11 and 1.18, respectively, whereas those for the IL, the
GL-C, and SB are 0.99, 1.05–1.68, and 1.16. We argue that the reason for the relatively high
horizontal porosity with respect to the vertical porosity is, possibly, that the test of porosity,
using the helium porosimeter to represent the effective porosity, is seriously influenced
by pore connectivity. As shown by Dong [26], the microfracture abundance is controlled
by the biogenic silicon content. The higher the biogenic silicon content, the higher the
microfracture abundance. Under the effect of ground stress, microfractures preferentially
appear along the lamination interfaces. For this reason, the abundance of microfracture
parallel to bedding is remarkably higher than those tilting with bedding, which results in
the enhancement of extensive horizontal connectivity.

5.3.2. Permeability

In the Wufeng–Longmaxi shale, clayey laminae have relatively higher permeability
than silty laminae. This results from the higher abundance of organic pore networks,
fractures, and microfractures of clayey laminae. As mentioned earlier, clayey laminae are
rich in organic pores whereas silty laminae are rich in inorganic pores. In overmature
shale, organic pores commonly connect with each other to form effective networks in a
three-dimensional space and effectively increase permeability. In contrast, inorganic pores
commonly occur as isolated structures and prohibit the migration of shale gas. In addition,
clayey laminae have abundant bedding parallel fractures and microfractures relative to
silty laminae. The bedding parallel fractures and microfractures generally intersect with
each other horizontally to significantly improve horizontal permeability, forming effective
migration pathways for shale gas horizontally.

In the Wufeng–Longmaxi shale, the ratio of horizontal permeability to vertical perme-
ability of the PL and GL-SC is extremely large, whereas the ratios of the GL-C and SB are
relatively small (Table 2, Figure 14B). For these samples, the ratios of the PL and GL-SC
are 281.35 and 8.62, respectively, whereas those of the IL and GL-C are only 8.04 and 1.62,
respectively. For the SB, the value is approximately 1. In shale with various depositional
structures, the stacking patterns, and continuity of clayey lamina and silty lamina cause
differences in the horizontal and vertical permeability. In the Wufeng–Longmaxi shale, the
PL and GL-SC have a relatively higher proportion of clayey laminae rich in OM and a minor
proportion of silty laminae together with excellent continuity. This results in an increase in
the horizontal permeability and a corresponding decrease in vertical permeability. For the
horizontal direction, due to relatively uniform mineral compositions, abundant organic
pores as well as horizontal fractures and microfractures, the horizontal permeability signifi-
cantly increases. For the vertical direction, due to the termination of pore networks together
with an abrupt change of minerals, the vertical permeability greatly decreases. Sun showed
that gas-bearing shale has lower permeability, which favors natural gas preservation [84].
According to Wei and Jin [85,86], high ratios of horizontal to vertical permeability favor
the formation of complex fracture networks after hydraulic fracturing in horizontal wells,
thus increasing shale gas production. Compared with the PL and GL-SC, the horizontal
heterogeneity of minerals of the IL, GL-C, and SB are relatively higher because of poor



Energies 2022, 15, 1618 23 of 32

lamina continuity. Simultaneously, the structures are lacking fractures and microfractures
because of the lower content of clayey lamina. The two factors result in limited differences
between horizontal and vertical permeability in the structures.

5.4. Influence of Depositional Structures on Target Shale

The focus interval of shale gas exploration and development is called the target shale.
The requirements of target shale include high percentages of TOC and total quartz, high
porosity and permeability, high organic pore proportion, and high ratio of horizontal
permeability to vertical permeability [56].

In the Wufeng–Longmaxi shale, the PL and GL-SC meet the requirements and form
the target shales. Firstly, the PL and GL-SC have average TOC contents of 9.77% and 7.74%
and average total quartz contents of 69.68% and 51.94%, respectively, which are much
higher than those of the non-target shales (Table A1). Guo and Zhang and Jin showed that
the average total quartz is 67–90% in the equivalent sequences in the Jiaoshiba shale gas
field [29,38,86]. Comparatively, the average total quartz is only 42–53% in the non-target
shale and mainly originates from terrestrial products. Yawar showed that algae-origin
OM, such as planktonic algae, acritarch, bacteria, and solid bitumen, comprises 70–80%
of the macerals in the target shale, whereas non-algae-origin OM, such as graptolites and
chitinozoans, comprises 47–76% of the macerals in the non-target shale [18]. Secondly,
the PL and GL-SC have several orders of magnitude greater porosity and permeability
compared to the non-target shale. In addition, the ratio of horizontal permeability to vertical
permeability in the target shale is several orders of magnitude greater compared to the non-
target shale. Zhang showed that samples collected from the equivalent stratigraphic unit in
the Fuling area in eastern Sichuan have horizontal permeability that is generally higher than
0.01 × 10−3 µm2 (average 1.33 × 10−3 µm2), which can even reach thousands of vertical
permeability (generally below 0.001 × 10−3 µm2, with an average of 0.0032 × 10−3 µm2

for some samples, [29]). Third, the organic pore porosity comprises 71.6% and 51.8% of the
total porosity in the PL and GL-SC, whereas that is less than 50% in the non-target shale.

5.5. Future Research

(1) Classification of shale laminae. Currently, the lamina is subdivided predominantly
based on grain size or mineral components of shale. Both classifications have their own
advantages. Grain size classification can effectively reflect the hydrodynamic conditions
of laminae formation whereas mineral components classification can effectively reflect
provenance characteristics. In the future, grain size and mineral components classifications
should be integrated to solve problems according to the particularity of the study area.

(2) Assemblage styles of the lamina and their influences on porosity and permeability
of shale. Lamina assemblage styles involve factors including inter-layering types of lamina,
thickness of single lamina, lamina continuity, lamina inclination, and so on. Subtle changes
in their factors will have a great impact on shale reservoir quality. Therefore, it is necessary
to carry out systematic numerical simulations to explore the influence of their factors on
the porosity and permeability of shale.

(3) Depositional structure types and their genetic mechanism. Shale is widely dis-
tributed on earth and depositional structures are of great significance to discussing the
formation environment of shale. Therefore, depositional structure types are very important
for future research. Based on flume and numerical simulations, the process of erosion,
transport, and deposition of fine-grained sediments is reproduced to interpret the formation
conditions and environments of various depositional structures.
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6. Conclusions

The observations, analyses, and interpretation of the structures and lamination, pore
types and pore-size distribution, and physical properties in the Wufeng–Longmaxi shale of
the Upper Ordovician–Lower Silurian in the Sichuan Basin can be summarized as follows:

(1) Clayey laminae and silty laminae occur in the Wufeng-Longmaxi shale. Clayey
laminae are rich in biogenic silica, clay minerals, and OM while silty laminae consist mainly
of carbonate minerals and quartz. Various inter-lamination of clayey laminae and silty
laminae form silty and clayey laminasets, four types of beds of NGB-C, IGB-C, NGB-
SC, and IGB-SC, and four types of depositional structures of GL-C, SB, PL, GL-SC, and
IL. The formation of depositional structures is closely related to the ancient sedimentary
environment, the paleoclimate, and the tectonic activity.

(2) Clayey laminae are rich in organic pore networks and have large amounts of bed-
ding parallel fractures and microfractures. Silty laminae are rich in isolated inorganic pores
together with minor amounts of bedding non-parallel fractures. Depositional structures
have significant impacts on fractures, microfractures, pore types, pore-size distribution, and
porosity because of their different proportions of clayey and silty laminae. In the PL and
GL-SC, organic pores account for 71.6% and 61.4% of the total porosity, and dense bedding
parallel and non-parallel fractures intersect with each other to form effective networks.
In the IL, GL-C, and SB, organic pores merely account for 20% to 51.8% of the total, and
limited amounts of isolated bedding parallel fractures exist.

(3) Depositional structures have significant impacts on porosity and permeability. The
PL and GL-SC have the highest porosity, permeability, and ratios of horizontal to vertical
permeability. The high TOC (reaching 9.77%) and siliceous contents (reaching 69.68%), high
porosity (reaching 9.35%) and permeability (reaching 0.22354 × 10−3 µm2), high ratios of
horizontal to vertical permeability (reaching 281.35), together with the high organic pore
proportions (reaching 71.6%), help the PL and GL-SC to become the shale gas exploration
and development targets.

(4) The following three topics may become the focus of future research. First, lamina
types and their classification; second, assemblage styles of the lamina and their influ-
ences on porosity and permeability of shale; third, depositional structure types and their
genetic mechanism.
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Appendix A

Table A1. Mineral components and total organic carbon content (%) of shale with various deposi-
tional structures from the Wufeng–Longmaxi shale at the Shuanghe outcrop in the Sichuan Basin of
southwestern China. The location of the outcrop is shown in Figure 1 and the sample depth is shown
in Figure 2 (See annex).

Depositional
Structures Sample Quartz/% Potash

Feldspar/% Plagioclase/% Calcite/% Dolomite/% Pyrite/% Clay
Minerals/% TOC/%

PL 8-7-1 65.00 1.00 2.80 4.80 8.60 0.00 16.60 10.00

PL 8-8-1 70.90 1.30 2.50 2.40 6.90 0.00 16.00 9.10

PL 8-8-2 59.00 0.00 4.00 2.60 8.70 2.50 21.70 10.00

PL 8-9-1 71.20 0.00 2.80 1.70 8.10 0.00 16.20 12.00

PL 8-10-1 73.40 0.00 1.90 1.60 6.30 1.70 15.10 11.00

PL 8-10-2 68.10 0.00 2.50 2.40 8.20 1.50 17.30 9.60

PL 8-11-1 73.80 0.00 2.30 1.30 6.10 3.20 14.00 10.00

PL 8-12-1 70.80 0.00 2.50 1.90 6.60 1.90 15.00 11.00

PL 8-12-2 71.10 0.00 3.10 1.20 6.70 1.60 16.30 9.10

PL 8-13-1 72.60 2.20 2.00 0.00 5.40 1.70 16.10 9.60

PL 8-14-1 69.60 0.00 1.90 2.40 9.00 3.30 13.80 9.30

PL 8-14-2 65.00 0.00 1.70 3.10 12.60 1.50 15.40 8.70

PL 8-31-1 75.30 0.00 2.00 0.00 5.80 0.00 16.90 7.60

Average 69.68 0.35 2.46 1.95 7.62 1.45 16.18 9.77

GL-C 4-2-1 25.00 0.00 0.00 27.00 34.00 2.20 12.00 2.70

GL-C 4-2-2 28.30 0.00 0.00 25.20 33.10 1.90 11.50 2.70

GL-C 4-3-1 30.00 0.00 0.00 25.00 35.00 0.00 10.00 2.50

GL-C 4-3-2 27.00 0.00 2.00 24.00 35.00 2.00 10.00 2.40

GL-C 4-4-1 33.00 0.00 1.40 19.20 34.20 1.20 11.70 2.50

GL-C 4-6-1 37.00 0.70 0.70 20.00 27.00 1.50 12.40 3.30

GL-C 4-7-1 40.00 0.00 0.00 19.70 26.40 1.20 12.70 3.60

GL-C 4-8-1 33.00 0.00 1.40 28.20 16.40 1.00 21.10 4.00

GL-C 4-10-1 42.00 0.00 0.00 24.70 19.40 1.20 12.70 3.70

GL-C 4-11-1 47.00 0.00 0.90 23.10 16.00 0.90 12.10 2.80

GL-C 4-12-1 41.80 0.00 1.00 24.40 19.10 1.20 12.50 3.00

GL-C 4-13-1 42.00 1.00 0.80 22.60 19.90 1.10 11.50 3.40

GL-C 4-16-1 37.40 0.70 0.90 18.60 25.80 2.40 14.20 3.10

GL-C 4-18-1 55.90 0.00 1.10 14.00 13.10 1.50 14.40 4.10

GL-C 4-19-1 40.70 1.10 1.30 22.70 16.00 2.20 16.00 3.20

GL-C 4-19-2 51.00 0.00 1.00 22.10 9.50 1.60 14.30 4.60

GL-C 4-20-1 58.00 0.00 0.00 19.00 8.50 0.90 12.50 2.60

GL-C 4-21-1 51.00 0.00 0.90 21.90 10.70 0.00 14.50 3.50

GL-C 4-22-1 47.00 0.00 1.40 22.00 17.90 0.00 11.70 3.00

GL-C 4-24-1 50.00 1.20 0.80 19.10 14.50 1.80 12.00 3.10

GL-C 4-25-1 55.30 0.00 0.00 16.70 14.80 0.00 13.20 3.20

GL-C 4-27-1 58.00 0.00 1.10 17.80 9.20 1.50 11.70 3.10

GL-C 4-27-2 57.10 0.00 1.00 18.70 10.50 1.40 11.30 3.90

GL-C 4-28-1 54.00 0.00 0.90 15.60 11.70 1.70 14.90 3.90

GL-C 4-31-1 58.00 0.00 1.60 11.60 9.50 1.00 16.50 4.40
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Table A1. Cont.

Depositional
Structures Sample Quartz/% Potash

Feldspar/% Plagioclase/% Calcite/% Dolomite/% Pyrite/% Clay
Minerals/% TOC/%

GL-C 4-32-1 71.00 0.00 1.20 6.30 7.20 0.00 15.00 4.20

GL-C 4-36-1 65.30 0.00 1.70 8.00 10.60 0.00 14.40 4.30

GL-C 4-36-2 60.00 0.00 1.10 16.10 9.20 1.90 12.40 3.70

GL-C 4-40-1 33.50 1.30 2.60 21.00 17.00 0.80 23.10 3.90

GL-C 5-5-1 52.80 0.00 0.90 22.40 9.00 2.10 12.80 4.10

GL-C 5-5-2 48.00 0.00 1.30 25.80 10.60 0.00 13.70 3.90

GL-C 5-6-1 47.30 0.00 1.20 25.00 10.40 0.00 17.20 4.70

GL-C 5-8-1 50.00 0.00 1.10 25.70 9.80 0.00 12.90 1.70

GL-C 5-12-1 44.00 0.00 1.20 31.10 9.60 0.00 13.60 5.00

GL-C 5-19-1 41.00 0.80 0.80 31.10 13.20 1.30 12.40 4.00

GL-C 5-20-1 42.00 0.00 0.90 30.00 10.70 1.60 14.30 4.00

GL-C 5-21-1 36.10 0.00 0.80 33.40 13.10 1.90 14.70 4.30

GL-C 5-22-1 43.00 0.00 0.90 32.50 9.40 2.00 12.20 5.20

GL-C 5-22-2 40.60 0.00 0.90 35.30 9.30 2.50 11.40 4.70

GL-C 5-23-1 33.70 0.00 3.00 32.00 12.20 5.60 12.80 4.40

GL-C 5-24-1 36.10 0.00 0.90 34.20 13.70 2.20 12.90 4.40

GL-C 5-24-2 38.50 0.00 0.90 31.00 12.60 3.40 12.80 3.90

GL-C 5-25-1 32.40 0.70 1.00 32.30 16.60 2.40 14.60 4.00

GL-C 5-26-1 40.00 0.00 1.10 32.40 12.60 1.30 13.40 4.50

GL-C 5-26-2 39.00 0.70 0.90 32.70 12.10 1.60 11.80 4.10

GL-C 5-27-1 40.50 1.40 1.00 31.00 11.90 1.90 11.60 4.10

GL-C 5-28-1 35.90 0.60 1.10 38.00 10.40 1.60 12.40 3.40

GL-C 5-29-1 37.40 0.00 1.00 36.10 12.10 1.70 11.70 4.10

GL-C 5-29-2 32.00 0.70 1.00 37.00 14.00 2.60 12.10 5.50

GL-C 5-30-1 38.10 0.00 1.10 35.00 13.10 2.00 11.40 6.60

GL-C 5-30-2 26.50 0.00 2.40 33.00 20.60 2.10 14.90 6.20

GL-C 5-31-1 27.80 0.00 0.90 23.00 18.30 18.30 12.30 7.50

GL-C 5-35-1 34.70 1.00 4.20 21.90 17.60 3.20 17.40 7.30

GL-C 5-35-2 32.10 0.00 4.80 20.00 12.20 4.50 26.40 7.80

GL-C 5-35-3 31.30 0.70 4.40 18.70 11.20 2.20 31.50 7.90

GL-C 5-35-4 36.10 1.10 5.20 20.90 10.00 2.30 25.10 7.70

GL-C 6-2-1 36.40 0.00 5.40 18.30 14.70 2.60 22.60 7.50

GL-C 6-3-1 38.00 0.00 5.70 17.00 10.70 5.30 22.70 6.80

GL-C 6-4-1 35.10 1.30 6.50 19.40 13.60 3.30 20.80 8.30

GL-C 6-5-1 37.00 1.30 6.50 18.50 11.20 3.70 20.90 7.80

GL-C 6-5-2 36.40 1.10 6.50 21.10 13.00 3.80 18.10 8.00

GL-C 6-7-1 34.30 1.70 6.20 20.80 14.70 4.00 18.30 7.20

GL-C 6-7-2 34.80 2.70 6.20 21.60 13.20 4.10 17.40 6.40

GL-C 6-12-1 32.70 1.20 7.00 23.70 14.00 4.20 16.60 6.60

GL-C 6-16-1 29.00 1.40 6.80 27.20 15.10 4.20 17.20 6.40

Average 41.23 0.38 1.98 24.05 15.20 2.15 14.88 4.59

GL-SC 8-6-1 39.70 1.00 3.20 10.00 13.40 1.70 31.00 10.00

GL-SC 8-6-2 50.10 1.30 3.00 8.10 16.70 2.40 19.20 10.00
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Table A1. Cont.

Depositional
Structures Sample Quartz/% Potash

Feldspar/% Plagioclase/% Calcite/% Dolomite/% Pyrite/% Clay
Minerals/% TOC/%

GL-SC 9-1-1 59.00 0.00 2.50 12.70 7.60 1.20 16.40 7.60

GL-SC 9-15-1 58.00 0.00 1.80 12.80 9.60 2.10 15.00 5.00

GL-SC 9-18-1 52.90 0.00 2.20 15.60 13.00 1.90 14.40 6.10

Average 51.94 0.46 2.54 11.84 12.06 1.86 19.20 7.74

IL 9-1-1 41.60 1.00 3.10 19.30 17.20 2.50 15.30 5.60

IL 9-2-1 49.00 1.30 3.00 21.10 9.70 1.10 14.80 6.20

IL 9-3-1 48.90 0.80 2.20 22.00 11.40 1.10 13.60 6.40

IL 9-5-1 50.90 0.90 1.80 18.00 12.90 1.80 12.70 4.30

IL 9-16-2 46.70 1.10 1.40 19.70 16.20 1.70 13.20 3.90

IL 9-19-2 32.40 0.00 2.80 28.50 20.40 2.30 13.60 4.20

IL 10-7-1 40.70 0.90 3.00 21.90 16.90 2.40 13.60 5.00

IL 10-11-1 42.00 0.00 2.10 23.50 15.10 3.20 14.10 4.50

IL 10-14-1 40.80 1.50 3.30 19.30 20.00 2.10 13.00 4.30

Average 43.67 0.83 2.52 21.48 15.53 2.02 13.77 4.93

SM 5-31-1 32.80 0.00 1.00 24.90 20.30 10.10 10.90 5.60

SM 5-32-1 33.40 0.00 2.90 27.70 17.70 6.20 12.10 7.00

SM 5-32-2 25.90 0.00 1.40 29.50 26.80 5.10 10.90 6.60

SM 5-32-3 16.00 0.00 2.20 31.30 36.90 3.20 10.70 6.30

SM 5-33-2 29.80 0.00 2.30 32.50 21.00 4.00 10.40 7.30

SM 5-33-3 20.40 0.00 3.00 31.10 30.60 5.10 9.80 6.00

SM 5-33-4 14.50 0.00 2.60 32.90 38.00 4.00 7.30 7.00

SM 5-34-1 14.30 0.00 2.80 42.10 30.40 2.90 7.50 7.60

SM 5-34-3 20.30 0.00 2.20 34.10 32.80 2.10 8.50 7.10

SM 5-34-4 25.90 0.00 2.80 31.60 27.40 2.30 10.00 7.50

SM 6-19-1 22.80 0.80 4.00 33.00 16.30 1.90 20.50 6.00

SM 6-19-2 23.10 1.00 5.10 34.70 16.00 2.90 17.20 5.90

SM 6-22-1 22.70 0.80 5.00 31.60 15.20 2.20 21.80 5.90

SM 7-1-1 23.60 1.20 4.10 33.50 14.90 3.30 19.40 4.90

SM 7-1-2 21.80 0.70 4.80 32.00 17.30 6.40 17.00 4.00

SM 7-4-1 24.70 0.60 3.30 32.00 18.40 4.70 15.60 2.40

SM 7-4-2 24.60 0.90 7.00 26.90 17.80 5.30 16.50 2.00

SM 8-4-1 36.00 0.00 1.80 29.30 18.30 2.10 12.50 11.00

Average 35.12 0.55 3.05 26.23 16.28 3.25 15.38 5.99
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Table A2. CIA, U/Th, Ni/Co, and V/Cr values of samples from the Wufeng–Longmaxi shale in the
Sichuan Basin of southwestern China. Abbreviations are shown in Table 1 (See annex).

Depositional
Structures Section Stage Formation Graptolite

Zone
Sample
Number Depth/m CIA U/Th Ni/Co V/Cr

IL YS 103 Aeronian Longmaxi LM6-9 YS103-001 1026.19 64.53 0.279 2.750 1.451

IL YS 103 Aeronian Longmaxi LM6-9 YS103-002 1031.30 62.03 0.288 3.292 1.337

IL YS 103 Aeronian Longmaxi LM6-9 YS103-003 1033.76 62.78 0.281 3.326 1.343

IL YS 103 Aeronian Longmaxi LM6-9 YS103-004 1036.24 63.91 0.278 3.627 1.538

IL YS 103 Aeronian Longmaxi LM6-9 YS103-005 1038.12 63.27 0.271 3.661 1.500

IL YS 103 Aeronian Longmaxi LM6-9 YS103-006 1040.68 65.97 0.352 3.563 1.482

IL YS 103 Aeronian Longmaxi LM6-9 YS103-007 1043.17 68.48 0.357 3.713 1.575

IL YS 103 Aeronian Longmaxi LM6-9 YS103-008 1045.80 69.61 0.378 3.540 1.655

IL YS 103 Rhuddanian Longmaxi LM5 YS103-009 1051.62 70.80 0.695 4.671 1.710

IL YS 103 Rhuddanian Longmaxi LM5 YS103-010 1054.80 69.27 0.663 4.913 2.329

IL YS 103 Rhuddanian Longmaxi LM5 YS103-011 1058.62 70.07 0.571 5.288 2.193

IL YS 103 Rhuddanian Longmaxi LM5 YS103-012 1060.82 69.29 0.672 5.600 1.356

IL YS 103 Rhuddanian Longmaxi LM5 YS103-013 1061.95 68.62 0.741 4.242 2.104

IL YS 103 Rhuddanian Longmaxi LM5 YS103-014 1063.16 68.31 0.635 4.207 2.062

IL YS 103 Rhuddanian Longmaxi LM4 YS103-015 1065.49 67.98 0.929 5.231 2.445

IL YS 103 Rhuddanian Longmaxi LM4 YS103-016 1067.14 69.22 0.882 6.103 2.496

IL YS 103 Rhuddanian Longmaxi LM4 YS103-017 1067.66 69.79 0.750 6.147 2.898

IL YS 103 Rhuddanian Longmaxi LM4 YS103-018 1071.20 68.54 1.008 5.647 3.306

IL YS 103 Rhuddanian Longmaxi LM4 YS103-019 1072.30 68.67 0.847 5.912 3.669

IL YS 103 Rhuddanian Longmaxi LM4 YS103-020 1073.34 67.84 1.136 6.687 3.292

IL YS 103 Rhuddanian Longmaxi LM4 YS103-021 1074.33 68.21 0.947 5.854 2.645

IL YS 103 Rhuddanian Longmaxi LM4 YS103-022 1074.86 67.96 1.000 6.307 3.078

GL-SC YS 103 Rhuddanian Longmaxi LM2-3 CN001-01 1076.28 67.09 0.597 8.838 3.590

GL-SC YS 103 Rhuddanian Longmaxi LM2-3 CN001-02 1077.19 70.54 1.234 8.643 3.161

GL-SC YS 103 Rhuddanian Longmaxi LM2-3 CN001-03 1078.17 69.65 0.977 7.769 3.007

GL-SC YS 103 Rhuddanian Longmaxi LM2-3 CN001-04 1079.44 70.54 1.216 9.102 4.519

GL-SC YS 103 Rhuddanian Longmaxi LM2-3 CN001-05 1080.42 69.21 1.737 10.896 4.752

GL-SC YS 103 Rhuddanian Longmaxi LM2-3 CN001-06 1081.17 69.48 2.175 12.187 5.558

PL Shuanghe Hirnatian Longmaxi LM1 CN001-07 5.121 70.23 1.497 11.360 6.362

PL Shuanghe Hirnatian Longmaxi LM1 CN001-08 5.476 69.46 1.820 12.370 5.966

PL Shuanghe Hirnatian Longmaxi LM1 CN001-09 6.486 70.19 2.085 13.624 6.289

PL Shuanghe Hirnatian Longmaxi LM1 CN001-10 6.516 70.65 3.042 13.789 8.413

PL Shuanghe Hirnatian Longmaxi LM1 CN001-11 6.586 73.77 3.005 18.449 9.373

PL Shuanghe Hirnatian Longmaxi LM1 CN001-12 6.831 75.05 4.386 18.150 2.486

PL Shuanghe Hirnatian Longmaxi LM1 CN001-13 6.946 75.08 0.991 5.915 21.105

SB Shuanghe Hirnatian Wufeng WF4 CN001-14 7.106 45.51 0.458 8.928 8.082

GL-C Shuanghe Katian Wufeng WF2-3 CN001-15 7.356 67.54 1.760 49.700 3.450

GL-C Shuanghe Katian Wufeng WF2-3 CN001-16 8.961 69.88 1.890 23.060 4.970

GL-C Shuanghe Katian Wufeng WF2-3 CN001-17 11.371 72.14 0.850 13.140 1.520

GL-C Shuanghe Katian Wufeng WF2-3 CN001-18 12.205 74.72 0.360 48.900 1.810
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