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Abstract: The Longtan Formation of the Upper Permian in the Sichuan Basin has become a significant
target for shale gas exploration in recent years. Multiple methods, including outcrop observations,
thin sections, total organic matter content, X-ray diffraction and scanning electron microscopy were
used to investigate the mineralogy, shale lithofacies assemblages and their relationships with the
deposition environment. The mineral composition of the Longtan Formation has strong mineral
heterogeneity. The TOC values of the Longtan Formation have a wide distribution range from 0.07%
to 74.67% with an average value of 5.73%. Four types of shale lithofacies assemblages of the Longtan
Formation could be distinguished, as clayey mudstone (CLS), carbonaceous shale (CAS), siliceous
shale (SS) and mixed shale (MS) on the basis of mineral compositions. The TOC values of various
types of shale lithofacies assemblages in the Longtan Formation varied widely. The shore swamp
of the Longtan Formation is most influenced by the terrestrial input and mainly develops CLS and
MS. The tidal flat is influenced by the terrestrial input and can also deposit carbonate minerals,
developing CLS, CAS and MS. The shallow water melanged accumulation shelf develops CAS and
MS, dominated by clay and carbonate minerals. The deep water miscible shelf develops CLS and SS,
whose mineral composition is similar to that of the shore swamp, but the quartz minerals are mainly
formed by chemical and biological reactions, which are related to the Permian global chert event.
The depositional environment of the Longtan Formation controls the shale mineral assemblage of the
Longtan Formation and also influences the TOC content.

Keywords: TOC; shale lithofacies assemblages; deposition environment; the Late Permian; Sichuan Basin

1. Introduction

In the past few years, huge breakthroughs have been undertaken in shale gas explo-
ration in Sichuan Basin [1–6]. Following the Niutitang Formation and Wufeng- Longmaxi
Formation, another set of Paleozoic mudstone in the Sichuan Basin, the Longtan Forma-
tion, has attracted more and more attention [4,7–9]. Previous scholars have studied the
geochemical characteristics and evaluated the potential of shale gas of the Longtan shale,
and the results show enormous potential and exploration prospects [2,4,10–14].

Fine-grained sediments refer to sediment with a grain size of less than 0.062 mm [15]
and are the main constituents (the content of grain less than 0.062 mm is more than 50%) of
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mudstone and shale. The sedimentary environment exerts serious control on the distribu-
tion and characteristics of sediments [16], making the study of lithofacies and sedimentary
environment crucial for fine-grained sediments [16–19]. Frequent volcanic activity took
place in the Yangtze region in the Permian, and the ‘Emeishan basalt’ erupted at the turn of
the Middle and Late Permian, which seriously changed the paleogeographic pattern of the
Upper Yangtze region [4,20–22]. Then, during the Late Permian, fine-grained sediments of
the Longtan Formation deposited under the marine- terrestrial environment occurred in the
eastern of the Sichuan Basin [20], however, complex mineral and lithologic compositions
make the shale highly heterogeneous, which seriously impedes shale exploration. The
mineralogical and lithofacies characteristics of the Longtan Formation shale and their
relationship with the sedimentary environment are studied in detail. These studies are
beneficial to the exploration of shale gas in the area and provide a basis for restoring the
paleoenvironment of the Upper Yangtze region in the Late Permian.

The aim of this paper is to present data on mineralogy, total organic carbon (TOC),
lithofacies and their relationships with sedimentary environment of the Longtan Formation.
Descriptions of geological setting and distribution of sedimentary facies of the Longtan
Formation in the eastern Sichuan Basin are based on previous studies [4,23]. The petrology,
mineralogy and lithofacies of the Longtan shale were studied by multiple methods, includ-
ing outcrop observations, thin-section, TOC, X-ray diffraction (XRD) and scanning electron
microscopy (SEM).

2. Geological Setting and Sedimentary Facies of Longtan Formation

The Sichuan Basin that is one of most important petroliferous basins in China (Figure
1A). The Sichuan Basin is located in the Upper Yangtze religion, bordered by Longmenshan
trust belt in the west and joined by the Songpan-Ganzi tectonic belt [20,24]. Sichuan
Basin is a multi-cycle sedimentary basin with strata over 10 km from the Sinian to the
Quaternary, in which marine deposits dominated from the Sinian to Middle Triassic, and
mainly continental lacustrine basin deposits from the Upper Triassic to Quaternary [25].
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The crystalline basement of the Sichuan Basin formed 800 Ma ago, followed by several
major tectonic movements: Jinning, Caledonian, Yunnan, Hercynian (Dongwu), Indosinian,
Yanshanian, and Himalayan movements [25,26]. Under the influence of Caledonian and
Yunnan movements, the Sichuan Basin continued to uplift. Apart from the Carboniferous
Huanglong Formation that occurred in the east of the basin and the Lower Permian
Liangshan Formation, Devonian, Carboniferous and Lower Permian were extensively
absent in the basin. The Dongwu movement between Middle and Late Permian was
accompanied by large-scale basalt eruption in the southwest of the basin, i.e., Emeishan
basalt, which is a large igneous province (LIP) related to the rise of mantle plume [27].
Affected by this, the sedimentary differentiation pattern of the Late Permian Sichuan Basin
is distinct. From the southwestern margin of the basin, continental, transitional and marine
environments are distributed in turn (Figure 1B): Xuanwei Formation is dominated by
terrestrial siliciclastic rocks developed in the southwestern margin of the basin; Longtan
Formation deposited in a transitional environment consists of fine-grained sediments,
such as mudstone, shale, siltstone and coal seam, distributed in the center and east of
the basin; Wujiaping Formation with a set of carbonate sediments deposited in a marine
environment in the north and east of the basin [20]. Among them, the deposition time
of the Xuanwei Formation spanned the entire Late Permian, while for the Longtan and
Wujiaping Formation took place during the Wuchiapingian, upward to the Changhsingian,
lithostratigraphic units became Changxing Formation and Dalong Formation (Figure 1B).

This paper focused on the fine-grained sediments of the Wuchiapingian of the Sichuan
Basin, i.e., Longtan Formation and Wujiaping Formation (Figure 1). Based on the previous
studies, the paleogeographic maps of the Longtan Formation in the Sichuan Basin show
that sedimentary facies can be divided into fluvial, shore, tidal flat, melanged accumulation
shelf and platform basin from the southwest to northeast of the basin (Figure 1A). Frequent
sedimentary facies changes resulted in obvious lateral changes in lithologic of the Longtan
Formation. The lithology of Longtan Formation is grey-black shale and mudstone with
siltstone, thin layer sandstone and coal seam; the bottom lithology of Wujiaping Formation
is carbonaceous shale and aluminous mudstone, with an upward transition to dark gray
limestone with mudstone and chert (Figure 1B). In order to facilitate the expression, the
two are collectively referred to as the Longtan Formation.

3. Material and Methods

In this paper, the Longtan shale samples were collected from six wells (LG70, LongT1,
NC2, LT1, DS1 and MX52) and eight field outcrops, as show in Figure 2. Field outcrops
observation was mainly used to study the sedimentary structure, macroscopic lithofacies
and petrological characteristics of the Longtan Formation. In this paper, analytical multi-
techniques, including thin sections, XRD (n = 14), TOC (n = 114) and SEM (n = 20) were used
to obtain microscopic petrological and mineralogy characteristics from samples selected
from outcrops and wells.

A Leica polarizing microscope was used to observe thin sections stained with Alizatin
Red S dye. SEM was performed by a Quanta250 FEG with Oxford INCAx-max20 energy
dispersive spectrometer (EDS) in the State Key Laboratory of Oil and Gas Reservoir Geology
and Exploitation (Chengdu University of Technology) to investigate the morphology of
minerals and qualitative or semi-quantitative microanalysis.
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Figure 2. Lithological column and TOC of LT1 well, DS1 well and MX52 well.

XRD was performed using an XRF-1800 for bulk and clay mineralogy, to obtain precise
contents of minerals. First, 10 g of samples were crushed to 200 mesh, then, the sample
powder was put into the sample mold of the instrument and compacted uniformly by the
back pressure method, with the downward side used as the test surface. The samples were
analyzed at 40 kV, 40 Ma and a scan rate of 2◦/min over a range of 5◦ to 65◦. TOC values
were determined using a Leco CS-400 carbon/sulfur analyzer at Keyuan Engineering
Testing Center, Sichuan. Inorganic carbon was removed by hydrochloric acid from samples.
After the remaining samples were dried, the decarburized samples were heated to 1200 ◦C
under a stream of oxygen to convert organic carbon to carbon dioxide.

4. Results
4.1. Mineralogy

The XRD results show that the composition of the Longtan shale includes quartz, clay
minerals, feldspar, carbonate minerals, barite and a small amount of pyrite, gypsum and
anatase (Table 1). The XRD results of the Longtan Formation show that the content of
quartz ranges from 7.8% to 39% with an average value of 20.3%, clay minerals content
ranges from 1.4% to 20.1% with an average value of 10.3%, potash feldspar content ranges
from 0 to 0.9% with an average value of 0.2%, plagioclase content ranges from 0 to 11.3%
with an average value of 2.5%, calcite content ranges from 3.8% to 59.7% with an average
value of 32.2%, dolomite content ranges from 3% to 15% with an average value of 8.4%,
pyrite content ranges from 0 to 7.1% with an average value of 2.9%, siderite content ranges
from 0 to 30.4% with an average value of 5.5%. The mineral composition of Longtan
Formation shows strong heterogeneity (Figure 3).
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Table 1. The mineral composition (%) of the Longtan Formation shale in the eastern Sichuan Basin. (In this table,
Q. = quartz, PF. = potash feldspar, PL. = plagioclase, Cal. = calcite, Dol. = dolomite, An. = anatase, Ba. = barite, Py. = pyrite,
Sid. = siderite).

Well Depth (m) Q. PF. PL. Cal. Dol. An. Ba. Py. Sid. Clay

LG70 7090 7.8 0.9 1.0 44.8 12.1 3.6 2.1 2.4 5.5 19.8
LG70 7115 9.9 0.9 / 49.7 9.5 3.9 / 3.1 6.8 16.2
LG70 7128 7.9 0.9 1.0 45.4 9.5 / 3.6 4.8 6.8 20.1
LG70 7152 24.3 0.5 0.9 52.7 5.8 1.1 2.0 3.0 / 9.7
LG70 7156 25.0 / 1.5 39.1 14.4 0.8 2.7 3.6 / 12.9

LongT1 5660 8.1 / 8.1 48.3 15.0 / 3.3 3.1 14.1
LongT1 5696 26.5 / 1.4 52.2 9.1 / 2.4 3.1 5.3
LongT1 5706 19.2 / 0.6 59.7 6.3 / 4.9 3.1 6.2

NC2 5803 26.2 / 11.3 22.4 9.3 / 10.4 0.7 / 3.1
NC2 5828 38.6 / 2.3 5.1 6.6 / 13.0 2.8 11.5 3.4
NC2 5834 39.0 / 2.4 3.8 3.0 / 16.0 4.1 6.3 1.4
NC2 5853 25.8 / 5.1 7.6 6.7 / 7.1 7.1 30.4 10.2
NC2 5879 15.9 / / 12.1 12.6 / 34.3 / 9.7 15.4
NC2 5897 15.0 / / 10.0 9.0 / 55.1 / 4.9 6.0
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Figure 3. Clay–carbonate–rigid particles (quartz, feldspar and pyrite) minerals ternary diagram and
lithofacies types classification of the Longtan Formation.

4.2. Total Organic Carbon

TOC is one of the most significant indices in shale gas exploration, and initial TOC
indicates better exploration potential [28,29]. Currently, the lower limit of TOC for the
commercial exploitation of shale gas is 2.0 wt.%; however, a few scholars suggested that the
lower limit of TOC for shale at the high-maturity stage can be reduced to 1.0 wt.% [1,30,31].
The Longtan Formation deposited under the marine- terrestrial transitional environment
and marine environment has complex lithology and huge differences in TOC content. The
TOC values of the Longtan Formation (n = 114) has a wide distribution range from 0.07 wt.%
to 74.67 wt.% with an average value of 5.73 wt.% (median value of 1.59 wt.%), among
them, the TOC content of coal is relatively high with a range from 55.1 wt.% to 74.67 wt.%
(Figure 4). Although the TOC peak is between 0.5 wt.% and 2 wt.%, the proportion of
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mudstone with TOC content greater than 2 wt.% is 63.21%, indicating that the Longtan
Formation has huge shale exploration potential.
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4.3. Shale Lithofacies Assemblages

Considering the complex lithological characteristics of the Longtan Formation, in
this paper, the lithofacies of the Longtan shale were divided on the basis of mineral
composition [17,32]. Combined with thin sections, SEM, XRD analysis and previous
XRD results of the Longtan Formation [4], four types of lithofacies assemblages could be
distinguished: clayey mudstone, carbonaceous shale, siliceous shale and mixed shale. XRD
results show huge differences among the various lithofacies (Table 2).

Table 2. Mineral compositions and sedimentary facies of the Longtan various shale.

Lithofacies
Mineral Composition (%)

Sedimentary Facies
Quartz+ Pyrite+ Feldspar Carbonate Clay

Clayey shale 25.13 2.56 66.93 shore swamp; tidal flat; deep water
melanged accumulation shelf

Carbonaceous shale 20.42 56.86 12.09 tidal flat; shallow water melanged
accumulation shelf

Siliceous shale 81.32 3.65 11.04 deep water melanged accumulation shelf

Mixed shale 38.93 19.98 28.43 shore swamp; tidal flat; shallow water
melanged accumulation shelf

4.3.1. Clayey Shale

Clayey shale (CLS) is the predominant lithofacies in the Longtan shale, mainly com-
posed of clay minerals, and other components including quartz, feldspar and carbonate
minerals, which generally have high TOC value. The clay minerals content ranges from
51% to 92% with an average value of 66.93%, and the quartz+ pyrite+ feldspar content
ranges from 8% to 36% with an average value of 25.13%, carbonate minerals ranges from 0
to 15% with average value of 2.56%. Clayey shale is widely distributed in shore swamp,
tidal flat and deep water melanged accumulation shelf. In the shore swamp and tidal flat,
the thickness of a single layer of clayey shale is about 0.2~0.8m (Figure 5A) and interspersed
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with muddy or calcareous nodules (Figure 5B), interbedded with thin layered coal seams,
siltstone and argillaceous siltstone of less than 10 cm (Figure 5B). Horizontal bedding
reflecting that the clayey shale deposited under a low-energy environment. Besides, plant
fossil fragments could be observed in the thin sections and SEM images (Figure 5C,D). In
the deep water melanged accumulation shelf, clayey shale has higher quartz content and
lower clay minerals content with parallel bedding (Figure 5E,F). Ammonites with a length
of 2~4 cm suggesting a deep water environment (Figure 5E,F), black organic matter and
clay minerals occuring in parallel laminar could be observed in SEM images (Figure 5G,H).
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Figure 5. Characteristics of the Longtan clayey shale from field outcrops, photomicrographs and SEM images. (A) Field
macroscopic characteristics of clayey shale, Xinwen; (B) Clayey shale interspersed with calcareous nodules, Xinwen;
(C) Plant fossil fragment in the clayey shale, PPL, Xinwen; (D) Plant fossil fragment and energy spectra, SEM, Xinqiao;
(E) Ammonites up to 2 cm in length in the black clayey shale, Yuanbao; (F) Black clayey shale with horizontal laminations,
Yuanbao; (G,H) organic matter and clay minerals presented in parallel, Yuanbao.

4.3.2. Carbonaceous Shale

Carbonaceous shale (CAS) is dominated by carbonate minerals, including calcite,
dolomite and siderite. The XRD results show that the content of carbonate minerals ranges
from 19% to 66% with an average value of 56.86%, clay minerals content ranges from 4.5%
to 20.1% with an average value of 12.09%, the quartz+ pyrite+ feldspar content ranges
from 11.2% to 31% with an average value of 20.42%. Some carbonaceous shale contains
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certain amount of barite (Table 1), which may indicate the impact of volcanic activity [33].
Carbonaceous shale mainly deposited under tidal flats and a shallow water melanged
accumulation shelf, with a lithology of mainly thin–medium layer dark gray calcareous
mudstone, and foamed violently when added dilute hydrochloric acid. Carbonaceous shale
interbedded with clayey shale or thin layered limestone of unequal thickness (Figure 6A,B).
The deposition of CAS indicates that the carbonate factory in the basin was recovering and
the terrigenous input was decreasing. Therefore, carbonaceous shale mainly developed in
the middle and upper part of the Longtan Formation.
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4.3.3. Siliceous Shale

Quartz is the main constituent minerals of siliceous shale (SS); this quartz was formed
chemically or biologically, and is not detrital quartz. The content of carbonate minerals
ranges from 0 to 13.1% with an average value of 3.65%, clay minerals content ranges from
1.4% to 20% with an average value of 11.04%, the quartz+ pyrite+ feldspar content ranges
from 45.5% to 94% with an average value of 81.32%. Siliceous shale mainly developed in
the eastern of the basin, low clay minerals content and a non-detrital quartz source indicate
this type of Long shale deposited in deep water and far away from the land, such as a deep
water melanged accumulation shelf. In the field outcrops, siliceous shale occurs as a thin
black layer with a thickness between 5 cm and 20 cm (Figure 6C). The cryptocrystalline
and microcrystalline texture of the quartz could be observed under polarizing microscope
(Figure 6D); there is a small amount of carbonate minerals between the crystals and siliceous
radiolaria can also be observed. The black organic matter is distributed in irregular blocks
among the quartz crystals.

4.3.4. Mixed Shale

The clay minerals content ranges from 13% to 46% with an average value of 28.43%,
the carbonate minerals ranges from 7% to 44.7% with an average value of 19.98%, and
the quartz+pyrite+feldspar content ranges from 15.2% to 50% with an average value
of 38.93%, the content of carbonate minerals ranges from 7% to 44.7% with an average
value of 19.98%. The mixed shale (MS) deposited in various sedimentary environments
with different mineral compositions: the shale formed in shore swamp and tidal flat
environments generally has higher quartz content, and the quartz in the shale is different
from that of the siliceous shale, which is mainly detrital quartz in silt grade (Figure 6E,F).
The mixed shale deposited in the shallow water melanged accumulation shelf has a higher
carbonate minerals content. Due to the similar sedimentary environments, mixed shale is
often interbedded with calcareous shale or clayey shale.

5. Discussion
5.1. Relationships between Shale Lithofacies Assemblages and TOC

The Longtan shale has complex mineral compositions and strong heterogeneity. The
TOC value of different types of Longtan Formation lithofacies shale is also quite different.
The TOC value distribution histogram of the four types of Longtan shale is shown in
Figure 7. The average TOC value of CLS is 5.12%, followed by SS, the average TOC value
is 3.71%, the average TOC value of MS is 3.23 and the CAS has the lowest TOC value
of 1.35%.

The TOC value of CLS has a large distribution range (Figure 7), from less than 0.5% to
higher than 20%, which was related to the widest distribution area. CLS can be deposited
in different depositional environments, and its TOC content varies greatly. The TOC of CLS
deposited in shore swamp and deep water melanged accumulation shelf environments
is relatively high. The TOC distribution of SS is relatively uniform (Figure 7). Although
the average TOC is lower than CLS, the median is slightly higher than CLS, indicating
that the TOC content of SS shale is more homogeneous than CLS. SS is the only shale
lithoface deposited in the deep-water mixed shelf environment. The TOC value of mixed
shale is highly polarized. The TOC is as high as 5% to 7%, but most of them are less than
2% (Figure 7). The MS formed on the shore or on the tidal flat may contain silt-grade
detrital minerals. This silty mudstone is shown as mixed shale in the Clay–carbonate–rigid
particles minerals ternary diagram (Figure 3), and its TOC is low; in addition, it was formed
in a shallow water melanged accumulation shelf. CAS was formed in tidal flat and shallow
water mixed shelf environments. Both the average and median TOC are the lowest among
the four Longtan Shales (Figure 7).
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5.2. Deposition Environment Model

Sedimentary facies comparison shows the lithological, sedimentary facies characteris-
tics and lithofacies of the Longtan Formation from southwest to northeast in the study area
(Figure 8). From shore swamp and tidal flat to shallow and deep water melanged accumu-
lation shelf, the Longtan Formation has shown a downward trend due to the influence of
detrital input (Figure 9), shore swamp is most affected by terrestrial input, and carbonates
were hardly developed. Therefore, CLS and MS developed in shore swamp have a high
content of detrital quartz, meanwhile, a large amount of argillaceous and clay minerals
deposited in the low-energy environments. The MS developed in the shore swamp is
mainly argillaceous siltstone or silty mudstone, which plotted in the clay–carbonate–quartz
triangle diagram as a mixture of two end members of clay minerals and quartz. The
tidal flat sedimentary facies is also greatly affected by terrestrial input, but at the same
time carbonate minerals and clay minerals are also relatively developed, which makes
the lithology of the tidal flat facies the most complex sedimentary faices of the Longtan
Formation in the study area. Except for the SS, the other three types of lithofacies were
all developed in the tidal flat facies. As the water depth increases, the terrestrial input of
tidal flats weakens and carbonate minerals increase. In areas closer to the land of tidal
flat facies, the CAS and the MS dominated by clay minerals and carbonate minerals are
mainly developed; in the area farther offshore, CAS and MS dominated by clay minerals
and carbonate minerals are mainly developed.
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In the shallow water melanged accumulation shelf facies is less affected by terrigenous
input, and the overall lithology is dominated by limestone with mudstone and shale
(Figure 9). Therefore, the developed lithofacies are mainly CAS and mixed facies dominated
by clay and carbonate, similar to the tidal flat sedimentary facies farther offshore. In the
deep water melanged accumulation shelf facies zone, the lithofacies developed are CLS and
SS. In terms of mineral composition, they are similar to shore swamp, and they are mainly
composed of quartz and clay minerals. However, it is noteworthy that the quartz of deep
water melanged accumulation shelf is different from the terrestrial-derived clastic quartz
of shore swamp, it is a silica-rich rock formed under chemical and biological reactions
in a deep water environment. Previous studies have shown that global marine chert
deposition was more developed during the Permian, which is known as the Permian Chert
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Event [22,34]. In the Sichuan Basin, the siliciclastic source of Permian siliciclastic rocks is
multi-sourced, including biogenic, hydrothermal and terrestrial sources.

In general, the depositional environment of the Longtan Formation controls the shale
mineral assemblage of the Longtan Formation and also influences the TOC content. From
the present data, it seems that the shore swamp and the deep-water mixed terrigenous
shelf phase zone are relatively favorable phase zones for exploration. Compared to other
shale gas successfully developed worldwide, such as Barnett shale from Texas and the
Longmaxi Formation shale from the Sichuan Basin (Loucks and Ruppel, 2007; Xu et al.,
2019), the Longtan Formation shale has higher TOC, but also has higher clay minerals
content and exhibits strong mineral heterogeneity, which requires further study.

6. Conclusions

(1) The mineral composition of the Longtan Formation has strong mineral heterogeneity,
the XRD results show that the main minerals include quartz, clay minerals, carbonate
minerals (calcite, dolomite and siderite), feldspar (plagioclase and potash feldspar)
and pyrite. TOC values of the Longtan Formation has a wide distribution range from
0.065% to 74.67% with an average value of 5.73% (median value of 1.59%).

(2) Combined with thin section, SEM and XRD analysis, four types of lithofacies assem-
blages are distinguished: clayey mudstone, carbonaceous shale, siliceous shale and
mixed shale. The TOC values of different shale lithofacies is quite different, CLS has
the highest TOC content, followed by SS and MS, CAS is the lowest.

(3) From shore swamp and tidal flat to shallow and deep water melanged accumulation
shelf, the Longtan Formation has shown a downward trend due to the influence of
detrital input. The shore swamp of the Longtan Formation is most influenced by
the terrestrial input and mainly develops CLS and MS. The tidal flat is influenced
by the terrestrial input and can also deposit carbonate minerals, developing CLS,
CAS and MS. The shallow water melanged accumulation shelf develops CAS and MS
dominated by clay and carbonate minerals. The deep water miscible shelf develops
CLS and SS, whose mineral composition is similar to that of the shore swamp, but
the quartz minerals are mainly formed by chemical and biological reactions, which
are related to the Permian global chert event. The depositional environment of the
Longtan Formation controls the shale mineral assemblage of the Longtan Formation
and also influences the TOC content.
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