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Abstract

The Carboniferous Ceshui formation and Permiangtaim and Dalong formations
were deposited in transitional settings preservedaviat is now central Hunan Province,
South China, as they are potential natural gassplhy this study, we analysed the total
organic carbon (TOC), vitrinite reflectance (Ro)erdégen type, mineralogy, porosity,
permeability, and methane adsorption of represeertahale samples from these rock units.
Our results indicate that TOC content can be als 8839.2%, with a mean)(ef 3.5%. The

Permian shale formations were deposited in mowngly reducing environments than the
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Carboniferous Ceshui shale. The kerogen compositiche Carboniferous Ceshui shale is
dominated by Type llI, while both of the Permiamlgls contain primarily Type |l kerogens;
Ro values range from 1.1% to 2.4%{x6%). The organic matter in all the studied shade
in the wet gas window of thermal maturity and idatigely less mature than Lower
Palaeozoic marine shales in south China. Minerahpasitions are dominated by quartz
(x=53.8%) and clay "&35.6%), suggesting a high brittleness index. Rtyraanges from
0.5% to 14% (x%6.4%), while permeability varies from 0.0026 mi@arcy (mD) to 0.0640
mD (x=0.0130 mD). The gas adsorption capacity variemfto24 to 4.53 cifg (x=2.40
cm’/g). Relatively less mature shale samples (Ro<l.B#)e low methane adsorption
capacities, regardless of their TOC values. Howetrex methane adsorption capacity of
more mature (Ro>1.5%) shales samples exhibit dip@siorrelation with TOC content.
Keywords. Lower Carboniferous; Upper Permian; Natural gasansitional shale;

Unconventional reservoir; Hunan Province.

1. Introduction

The remarkable success of shale gas developméwbrim America has triggered a
flourishing of shale gas exploration and increaednumber of investigations into the gas
potential of shales worldwide (e.g., Bowker, 200&tvie et al., 2007; Tang et al., 2014; Tan
et al.,, 2015). To enhance domestic energy suppyshiale gas exploitation, the Chinese
government has already set ambitious plans. Gesabgurveys and exploration activities are
underway across the country (Tan et al., 2013)ddte, China has begun developing several
shale gas fields in the Sichuan Basin (e.g., tHhengsuWeiyuan, and Changning shale gas
blocks).

In China, three types of organic rich shale areely distributed in sedimentary

basins, comprising marine shales, marine-lacustrangsitional shales (hereafter referred to
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as “transitional shales”), and lacustrine shales éB al., 2015; Tan et al., 2015). Marine
shales in the Cambrian and Silurian starta andsitianal shales in the Carboniferous and
Permian strata are widely distributed cross Soltim& (e.g. Tan et al., 2015; Zou et al.,
2010). Although natural gas has been successfulbdyzed from the marine shales,
transitional shales have not been yet successfeligloped (Dong et al., 2016). In the central
part of Hunan, Carboniferous and Permian transati@inales occur in thick and laterally
extensive beds (Bao et al., 2016; Gu et al., 20itfy et al., 2013; Xu et al., 2015). Previous
studies have shown that Carboniferous and Perméaalip coal-bearing strata constitute
source rocks for conventional petroleum fieldshis region (Wang et al., 2010; Zhan et al.,
2006; Zhou et., 2014; Zhu et al., 2012). Thesesitamal shales have been more recently
identified as promising targets of shale gas egpion (Bao et al., 2016; Gu et al., 2015;
Liang et al., 2014; Luo et al., 2012). NationalrpkEtum companies, including Sinopec, have
already shown strong interest in developing natged resources from transitional shale
intervals. Therefore, there is an urgent need tyatterise these shale intervals and evaluate
their reservoir potential.

It has been recognized that no two shale gas mgstge exactly alike, and thus
exploitation strategies differ from one system be thext (Tan, et al., 2015). However,
prolific shale plays are commonly distinguishedngscertain minimal technical thresholds.
These include, but are not limited to: shale ldtesdent and effective thickness, organic
matter richness, thermal maturity, mineralogy, pdyo permeability, adsorptive capacity,
and gas-in-place (GIP) ( Bowker, 2007; Jarvielet2®07; Tan, et al., 2013; 2015). These
indices have been widely applied to evaluate teerk@ir potential of marine shales in South
China. However, for transitional shales, numer@gsieés remain concerning the composition
and source(s) of organic material, depositionalrenment, thermal maturity, petrophysical

properties, and methane adsorption capacity. Aatthtly, the correlations among organic
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materials, mineralogy, and depositional conditiaaswell as the influences of porosity and
permeability, and the relative effects of totalamig carbon (TOC) and thermal maturity on
methane adsorption have not been clarified. Thidyshims to investigate these problems
through a systematic characterization of transishales from the Carboniferous Ceshui
formation and the Permian Longtan and Dalong foionatin the central region of Hunan.
We comprehensively analysed the TOC content, ocgamtter type, thermal maturity,
mineral composition, reservoir physical properteesd] gas adsorption capacity of the shales.
We then compared our results with those reportegfolific shale plays in China and the
United States. Lastly, we discuss the correlaticm®ong the selected reservoir

characterisation parameters.

2. Materialsand M ethods

2.1 Geological setting and shale deposition in central Hunan

The study area is located in the Middle Yangtzgi®eand in the north of the South
China fold system (Fig. 1a). It lies east of thengghan Uplift, and west of the Xuefeng
Uplift. This region is tectonically composed ofdigubunits. From north to south they are the
Lianyuan Depression, Longshan Uplift, Shaoyang Bsgion, Guandimiao Uplift, and the
Lingling Depression (Fig. 1b). Regional faults exeprimarily in the NE-NNE direction,
and include the Chengbu-Xinhua fault, Qiyang AralttaMiluo-Shaoyang fault, Xinshao-
Xinning fault, and Zhuzhou-Shuangpai fault (Fig. &dlditionally, thrust nappe and gravity
gliding structures have been formed by multipléde events. The Lianyuan and Shaoyang
depression began forming during the Ordoviciamatdnset of the Caledonian orogeny. The
Qiyang arc was dominantly formed through structatalormation caused by the Triassic

Indosinian orogeny (Li, et al., 2013; Wang et 2010).
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Shales are well developed in certain formationthefstudy area. Sedimentary strata
are characterized by carbonates interbedded wastict deposited in the Late Palaeozoic to
Middle Triassic. The region has experienced foumpry sedimentary cycles from the
Devonian to the Permian (Jing et al., 2013; Xulet2015). The first sedimentary cycle
occurred between the Tiaomajian and Qizigiao periddring the Devonian when a
transgression initiated during a large-scale geoc#&bgextension and was followed by a
regression generated by the Liujiang orogeny. Thyde resulted in the deposition of the
Shetiangiao and Qizigiao marine shales. The settandgression started in the Mississippian
(early Carboniferous), but ended as a full-scalgassion in the mid-Mississippian with the
deposition of the Ceshui formation as transitionaeds formed under the
alternating influences of shallow marine and shoeeknvironments (Fig. 1c) (Shao et al.,
1992). The third cycle was primarily controlled tthe Dongwu tectonic movement and is the
largest transgression that occurred during the Idpueent of the mid- to late Carboniferous
paraplatform. However, this transgression was tested by a full-scale regression during
the early Lopingian (late Permian) (Fig. 1c), armhstal marsh shales were subsequently
deposited (Gu et al., 2015; Ji et al., 2011). Teth cycle persisted for a shorter time (i.e.,
only during the Lopingian), and resulted in the @@pon of the Dalong formation (Fig. 1c).
During this time, siliciclastic rocks, siliceousniestone, and shales were deposited in littoral-

bathyal-abyssal facies (Fig. 1¢) (Feng et al., 1993

2.2 Samples

Fresh transitional shale samples are exposednme smtcrops of the study area. A
total of 96 representative samples were collecteth fthe Shiminggiao (SMQ), Qixingjie
(QXJ), Duanpogiao (DPQ), Tantou (TT), Doulishan @L Nantang (NT), Jilong (JL),

Jingzhushan (JZS), Zhaoyang (ZY), Liangshuijing JJ,SXiandong (XD), Lumaojiang
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(LMJ), and Douling (DL) sections (Fig. 1b). Gen&rakhale samples were collected from at

least 1 m deep, and every 10 m from the bottorogaf the exposed sections.

2.3 Methods

The selected samples were analysed for TOC, wé@nieflectance (Ro), kerogen type,
mineralogy, porosity, permeability, and methaneogatson.

TOC contents were measured using a Leco carb@msubnalyser and reported as
the weight percentage (wt%) of the total rock mateSamples were crushed into a powder
<200 mesh, and 1-2 g samples were pyrolysed to@GO0ODRin-sections of 42 samples were
prepared for investigation mineral components atndctural fabrics. The samples were
examined using a Zeiss Axiophot Electronic Micrgezequipped with a Carl Zeiss Axiocam
digital camera and Axiovision 2.0 software. Thissteyn was capable of taking high-
resolution photomicrographs under magnificationl0k, 20x, 30x, 40x, and 50x. Kerogen
type was analysed by transmitted light microscogyermal maturity, represented by Ro,
was determined using a MVP-3 microscope photomligtip

A total of 25 samples were analysed with a D/m&Q2X-ray diffractometer (XRD)
to quantify the principal mineralogical constitunthe diffraction data were recorded from

4° to 75" 20 with a step width of 0.02, and a counting time of 4 s per step. Experimental

conditions were set to 40 kV and 30 mA. The meabu&a were analysed qualitatively
using EVA (Bruker) software, and quantitativelyngiAutoQuant software.

High-resolution scanning electron microscopy (SEdbalysis was performed on
representative samples with different TOC contants lithological types. Small subsamples
0.3-0.5 cm thick, 0.5-1.0 cm wide, and >2 cm longrevcut and prepared. The subsamples
were dried in an oven at 40°C for 24 h to removeéstnee. Analysis was conducted using a
TESCAN VEGA scanning probe microscope, and imagesewbtained under high vacuum

at 20 kV acceleration voltage.
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Porosity was measured with an ULTRAPORE-200A umli porosimetre.
Permeability was tested using an ULTRA-PERMTM200nmametre. Measurements were
performed at room temperature and normal press2@C, 102 kPa) and 50% humidity.

Methane adsorption isotherms were measured farctsel moisture-equilibrated
samples at 40°C. The experimental procedure wastedgas the sample, 2) conduct leak
tests, 3) determine the void volume as well assdrmaple volume using helium expansion, 4)
evacuate for 60 min at 1 MPa to remove helium, @nhgerform the methane adsorption
measurement (Tan, et al., 2014a). The Langmuirhésot was applied to model gas
adsorption capacity. The equation usedvisV _P/(P_.+P) (Pan, et al., 2015, and references
therein), wheré/ is the volume of absorbed ga4, is the Langmuir volume (on the basis of
monolayer adsorption), which is the maximum adsonptapacity of the absorbem,is the
gas pressure, arig] is the Langmuir pressure, at which the absorbedcgatentV) is equal

to half of the Langmuir volume (i.e., O\B).

3. Results
3.1 Organic geochemical characterization

The TOC content of the 96 shale samples ranges @xd% to 9.2% (Table 1), with a
mean value of 3.5%. Most of sections exhibit me&tCTcontents >2%, indicating that these
Carboniferous-Permian transitional shales are gflyiorganic-rich. As shown in Tables 1
and 2, the TOC content of samples from differentisas varies significantly. In general, the
TOC content decreases from the Longtan shale t®@#heng shale, and again in the Ceshui
shale.

Organics of the shales from the Carboniferous Gestrmation are principally
composed of vitrinite (i.e., euvitrinite and vitetdnite). This suggests that the organic

matter is more derived from higher plants, and tirganic matter constituents are
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characteristic of type Ill kerogen (Definition cle seen in Appendix 1). In contrast, the
kerogen type of the shales from the Permian LongtahDalong formations are dominated

by exinite (i.e., abundant humic amorphous bodmesaasmall number of sporopollen bodies).
The vitrinite (i.e. euvitrinite and vitrodetrinitepntent is less than 30%. This implies that the
organics of the Upper Permian shales are primayde |l kerogen (Definition can be seen in

Appendix 2).

Ro values range from 1.1% to 2.4%1x6%) (Tables 1 and 2). This suggests that the
Carboniferous-Permian transitional shales haveredtento a stage of high maturation.
Organic matter is located in the late wet gas and ghs window of thermal maturity.
Comparatively, Ro values are high in the Ceshuleshend gradually reduce from these
samples to the Longtan shale, and finally the Dglsimale, reflecting a burial depth control

on thermal maturity.

3.2 Mineralogy and lithology
3.2.1 Mineralogy

The XRD mineralogical data are shown in Table 2jdvlconstituents are quartz and
clay minerals. Minor mineral components includecital feldspar, and pyrite. The quartz
content ranges between 39.0% and 86.28638%) and clay minerals range from 11.0% to
69.1% (x35.6%). Interestingly, the total amount of britttenerals (i.e., quartz, feldspar,
calcite, and dolomite) is >60% (Table 2), indicgtthat the condition of the shale is likely
favourable for the application of hydraulic fradhg.

As shown in Fig. 3 and Table 2, mineralogical cosifjon varies among shale
intervals. Some of the Permian Dalong shale sangrkesharacterized by higher contents of
qguartz and calcite and have lower clay mineral @otst than average. The pyrite content of

most of the samples is generally below the detedgoel of XRD technology. Nevertheless,
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some of the Longtan shale samples and others frmmDilong formation exhibit much
higher pyrite concentrations that can exceed 108ditfonally, the clay mineral content of
the Ceshui shale samples is generally higher tharfitom the other two shale intervals.
3.2.2 Lithology

Based on XRD analysis (Table 2) as well as thecsiral fabrics identified by thin-
section examination (Fig. 4), five primary lithologl facies can be distinguished for the
shale samples investigated: 1) non-laminated st@lesarbonaceous shale, 3) calcareous
shale, 4) silty shale, and 5) siliceous shale.

Non-laminated shale (Figs. 4b and c) is the mostmon lithofacies type. Quartz and
clay minerals are predominant components, whilésfgr and pyrite are relatively rare. The
TOC content of non-laminated shale is highly vdaalanging from <1% to >6%.

Carbonaceous shale (Figs. 4d and e) is less contimaonnon-laminated shale but is
the second most abundant lithofacies type excetttarDalong formation. This lithofacies is
dark-coloured and has a high TOC content thatnegdly >6% (Table 2). The sediments are
poorly laminated, and the primary constituentscarartz, clay, pyrite, and organic matter.

Calcareous shale is one of the more common lidedain shales from the Dalong
and Ceshui formations, but it is relatively rareéhe Longtan formation (Table 2 and Fig. 4a).
The sediments of this lithofacies are typicallynthi- to well-laminated depending upon the
orientation of the interbedded quartz and organatten (Fig. 4a). The calcite content in
calcareous shale samples accounts for about 30-d%e TOC content is highly variable,
and ranges from <1% to >4% (Table 2).

The silty shale is greyish black. It is mainly qmused of clay minerals, and a small

amount of quartz and feldspar. The TOC contenéregally <1%.
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The siliceous shale is dark-coloured and very hamd primarily occurs in the Dalong
formation. Siliceous shale is characterized bygh lyjuartz content (>85%, Table 2), and the

TOC content is commonly higher than that of siltgl @alcareous shales (Table 2).
3.3 Petrophysical properties

3.3.1 Reservoir storage space

SEM analysis was performed on the selected santplesharacterize pores and
fractures. Organic matter pores, interparticle pofeetween grains), intraparticle pores
(within mineral grains), and microfractures are @ksent in the samples (Fig. 5). Organic
matter pores (Fig. 5a and b) are well-developenhast of the samples, particularly in high
TOC shales. Interparticle pores (Fig. 5b, d anchf) be seen around and between crystals of
quartz and feldspar or located within the clay tgs Intraparticle pores (Figs. &b
primarily occur inside pyrite framboids, and in loanate- and feldspar-rich samples. Strip-
like microfractures often can be seen between ctgstal, or between clay laminae and silty

laminae (Figs. 5a,-a).

3.3.2 Porosity and Permeability

The results of porosity and permeability analyaeslisted in Table 3. Porosity ranges
from 0.5% to 14.0% x6.4%) and permeability ranges from 0.0026 micracgmD) to
0.0640 mD (x0.0130 mD). Shales from the Longtan formation gaihe have a higher

porosity and permeability than samples from theoBgland Ceshui formations.

3.4 Gas Adsor ption Capacity

The high-pressure methane adsorption capacities the maximum adsorbed gas
amount) for the moisture-equilibrated shale samply from 1.24 crilg to 4.53 criyg

(x=2.40 cnlg) (Fig. 6), indicating a strong methane adsogpfiotential.
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4. Discussion
4.1 Organic matter in the shale

TOC represents the richness of organic matter onrce rocks. Promising
conventional or unconventional source rocks gehehalve high TOC concentrations (Jarvie
et al., 2007). Previous studies have suggestedhight pyrite content in shales represents
strongly reducing environmental conditions that &meourable for the enrichment and
preservation of organic matter (Liang et al., 20Idn et al., 2014b, 2015; Wu et al., 2014).
As shown in Table 2, shales with high pyrite cotddand to have high TOC contents as well.
Given the relatively high TOC contents of the shedeples studied here, this suggests that
the analysed transitional shales were most likejyodited in strongly reducing conditions. In
fact, transitional sedimentary environments in shely area were dominated by stable and
anoxic conditions through the depositional peribthe shales (Dang et al., 2016; Liang et al.,
2014; Tang et al., 2016). Because the Longtan stwlmally exhibits higher TOC and pyrite
contents, this formation may have been depositeghone strongly reducing environments
compared to shales from the Dalong and Ceshui fioms& However, the higher TOC
concentration may also indicate a better and/anger organic input. According to the
results of kerogen typing, the organic matter & @eshui shale is dominated by type IlI
kerogen, whereas >70% of the macerals from the iBarshale are type drganics. This
suggests that most of the organics found in thenRer shales are derived from marine
plankton (i.e., marine microflora and microfaundjowever, it has previously been
documented that more derived, terrestrial plantevegtensively distributed in and near the
littoral swamps in this part of China during bolte tMississippian and Lopingian (e.g., Ji et
al., 2011; Shao et al., 1992). While this sugg#sds the organic input from terrestrial plants

for both the Carboniferous and Permian shales ghgeherally be similar, the observed
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organic matter in the Permian shale includes mudremmarine plankton than the

Carboniferous shale.

4.2 Favourable geological conditions for natural gas accumulation in shales

4.2.1 Organic geochemistry

High TOC content generally suggests that convaatioand unconventional
petroleum resources are promising for exploratiosh eéxploitation (Dang et al., 2016; Jarvie
et al., 2007; Tan et al., 2015). TOC values sigaiitly vary among shale reservoirs, but the
productive shale gas plays normally exhibit TOCteats >2% (Tan, et al., 2015). Li et al.
(2015) reported that the TOC content of the Longlaale in South China ranges from 0.4%
to 14.6%, with a mean of 4.5%. Gu et al. (2015) Bad et al. (2016) also documented that
more than half of analysed Permian shale samplebieX OC contents >2%. Compared to
productive shale gas plays in the United Statesdh) s the Barnett shale (Dong et al., 2016),
and the transitional shales in the Bohai Bay basith Southern North China basin (Dang et
al., 2016; He et al., 2016;), TOC contents of thegitional shales in the study area are even
higher. This indicates that the transitional shatesentral Hunan have excellent initial
potential for petroleum generation.

The organic matter type of current explorationgéés for shale gas is primarily
dominated by type Il kerogen (e.g., the Barnettrddbus, and Haynesville shale plays in the
United States; the shale gas formations in the desCanadian basin; and the Longmaxi
shale in South China) (Dong et al., 2016) (TableNBvertheless, thick, widespread, gas-
saturated, fine-grained, organic rich units conternother types of organic matter, which
were subjected to extensive biogenic degradatiortha thermally immature stage or
significant thermal decomposition in the thermaltature or over mature stages, can also
serve as excellent exploration targets (Hambli®@62®Martini et al., 2003; Tan et al., 2015).

The organic matter of the Carboniferous shalesomtts China have typically been regarded
12
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as a type lll kerogen (Luo, et al., 2012; ZhangleR014) derived from terrestrial plants. In
the Mississippian, organic material in paralic shahd coal seams were both derived from
terrestrial plants, including Lycopsids and Equgsids (Gu et al., 2015; Zhang et al. 2014).
However, the coal seams in the Longtan formatiam lacally distributed across central
Hunan, and the shale with high TOC content doederat to occur within coal seams (Ji et
al., 2011). This might be the reason why the orgamatter type of the Permian shale differs
from that of the Carboniferous shale. Bao et @16) reported that the kerogdfC values
in the Longtan and Dalong shales range from -23%2#%o, further confirming that the
organic matter is dominated by type Il kerogenhvaitminor component of type Il kerogen.
Most shale gas that is currently produced is phiipna thermogenic gas that was
formed by the thermal degradation of organic maffem, et al., 2014c). For example, the
highly productive Barnett shale gas play normakg la Ro >1%, while the Lower Silurian
Longmaxi shale in South China has a Ro general® ¥2hen et al., 2011; Tan, et al., 2015;
Zhang et al., 2015). Although a minor fraction béke gas might be of biogenic origin in the
thermally immature stage (Martini et al., 2003; Wfaret al., 2008), such quantities are
significantly less than those of thermogenic slgae (Tan, et al., 2014c). In addition to the
current study, other studies have reported thav&oes of the Longtan and Dalong shales
range from 1.1% to 2.4%, with a mean value of 140 et al., 2016; Gu et al., 2015).
Zhang et al. (2014) have also documented that theaRies of the Longtan shale range from
1.7% to 2.0%, with a mean value of 1.8%. Comparcethe lower Cambrian and Lower
Silurian marine shales in or adjacent to the Sinho@sin, which generally exhibit an equal
Ro value >2.0%, the transitional shales studie@ laee less thermally mature. Interestingly,
as shown in Tables 1 and 2, Ro values of the tranal shales increase gradually in strata

that are stratigraphically older, indicating a budepth control on thermal maturity.

4.2.2 Mineralogical composition
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To produce shale gas economically, horizontalinigiland hydraulic fracturing are
the most popular choices for completing shale gakswThe mineralogical composition of
shale plays affects both the reservoir quality amell completion quality. Detailed
characterization of the mineral constituents istbutical to the identification of exploration
targets, and essential for determining how theeshedervoir should be completed (Tan, et
al., 2014b).

Mineral compositions are closely related to rock&chmnics, and directly determine
the brittleness of the rock. The brittleness ofishacks reflects the capability to fail under
pressure, and for cracks to remain open once ttiefractures (Rickman et al., 2008). Brittle
shales thus generally respond well to well compietreatments. However, ductile shales,
which might be fractured during hydraulic fractyjincan also be easily healed after
stimulation. It has been recognized that quartz-aad clay-low zones are commonly the
most brittle intervals within a shale formation lfdston, 2004). Hydraulic fracturing
strategies used in the more brittle zones are tegpdo enhance the overall gas production of
the well (Boyer et al., 2006). More specificallypuker (2002) has suggested that the brittle
Barnett shale intervals are generally composedbb quartz, 27% illite, 8% carbonate, 7%
feldspar, 5% pyrite, and 3% siderite.

One of the most common methods to determine titieebess of a shale play is based
on relative mineral compositions. Jarvie et al.020and Rickman et al. (2008) documented
the correlations between mineral composition anttldmess of the Barnett shales. They
reported that the most brittle Barnett shales Hagh quartz contents, and low clay mineral
contents. Conversely, the least brittle shalesriahein clay minerals, with relatively minor
amounts of quartz. The shales with abundant catb@ra moderately brittle. However, from
a stimulation perspective, not all quartz resporespslly during well completion. The most

effective quartz component for enhancing brittlenggpears to be the recrystallized biogenic
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opaline silica. Detrital quartz, on the contrarppears to be less effective (Jarvie et al.,
2007). The Brittleness Index was proposed based tiporelative proportions of quart group
minerals (primarily quartz, feldspar, and pyritegrbonates, and clay minerals, as: Brittleness
Index=quartz/(quartz+carbonates+clays) (Jarvie let2007). Selecting zones in a shale
interval that are relatively more brittle is of ionance for developing fractures that are large
enough to connect the largest rock volume to thébame during the well completion
process. The geometry of fractures created inldstiales is different from that of ductile
shales. The stimulation treatments carried out wttleb shales can create large, complex
fracture networks that expose a large amount ofeskarface area, and thus enable
commercial gas production (Grieser and Bray, 2007).

Mineral compositions are also important for flgelection during well completion.
The determination of mineralogy and fluid sensiyivs essential for optimizing completion
and stimulation strategies (Britt and Schoeffl&0%2). In most cases, acid is commonly used
to dissolve soluble minerals, increase porosityl mmprove the fracturing process. Because
carbonate minerals can be easily dissolved eveweak acid solutions, the contents of
carbonates evidently correlate with the acid sdilybof shale samples (Rickman, et al.,
2008). If samples have low carbonate concentratithreyy generally show low to moderate
acid solubility. In that scenario, mixed fluidsweéak acids and surfactants are recommended
to roughen the fracture surfaces, increase sudeeas, and prevent significant generation of
fines that could cause plugging of the fracturesated, and damage to perforations
(Rickman, et al., 2008). On the other hand, claglémg is a significant problem for the
stability of boreholes and created fractures, andllff on the gas recovery from shale
reservoirs. If more smectite or illite/smectite euilayers are present, the swelling potential
of the shale might be substantial. In this casegld@ment then requires more protective

strategies, and more rigorous evaluation beforéntkiation of hydraulic fracturing.
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The average quartz and clay mineral contents ohifde shales in South China are
commonly >50%, and <25%, respectively (Zhang et2016). Meanwhile, Carboniferous
shales in the same region exhibit quartz and claeral contents of ~60.8% and ~23.3%,
respectively (Miao et al. 2016). The highly prodwuetlower Palaeozoic marine shales in
South China and the transitional shales in Palaedmsins in North China generally contain
highly brittle mineral contents (> 60% on averagel low clay mineral contents (< 40% on
average) (Chen et al., 2011; Ding et al., 2013; daal., 2014b; Tang et al., 2014; Zhang et
al., 2015). Our study also indicates mineral contjmoss in transitional Carboniferous and
Permian shales in South China that are dominatelritje minerals. These findings could

provide valuable insights for reservoir evaluatamm stimulation treatments in the future.

4.2.3 Petrophysics

Intercrystallite pores in pyrite framboids commporéxist in shale samples, and
contribute to gas storage (Loucks et al., 2009,220Eor the analysed transitional shale
intervals, pyrite was relatively abundant in shafesm the Longtan formation, thus
intraparticle pores occur more frequently (Fig..3bjraparticle pores occur in shale samples
with relatively high carbonate and/or feldspar emt$ (Figs. 5bd). This can be ascribed to
the partial dissolution of soluble carbonate andsfear minerals (Heath, et al., 2011; Loucks
et al.,, 2012). Microfractures (Figs. 5e), which daa formed during catagenesis, are well
developed in shale samples with high clay mineoaitents (i.e., illitisation could result in
microfractures in shale with lengths up to tensafrometres) (Liang et al., 2014).

Previous studies have shown that the average iporasd permeability of the
Permian shales in the study area are <2% and ~@n@) #espectively (Gu et al., 2015; Bao
et al., 2016), whereas the porosity of the Carlevaidfs Ceshui shale ranges from 1% to 6.2
%, with a mean value of 3.5% (Miao, et al., 20I&)mpared with these results, porosity and

permeability values obtained for the shale samplesur investigation are generally higher
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(Table 3). One of the primary reasons might be sbate of the shale samples in the current
study have higher TOC contents, and well-develapexto-fractures. As our samples were
freshly collected, weathering impact on petrophaisproperties should be low. However, our
findings suggest that these shale intervals arehaltacterized by low porosity and ultra-low
permeability, which may result in an even tightesarvoir than the Barnett shale (Dong, et
al., 2016).

To analyse the primary drivers of porosity forroatiwe examined the correlation
between porosity and TOC content (Fig. 7a). Thera positive correlation between TOC
content and porosity for most of the selected samplhis suggests that organic matter
probably dominates the porosity of the shale. Thight also be the reason why the porosity
of the Longtan shale is comparatively higher thhe kess organic-rich shales from the
Dalong and Ceshui formations (Table 3). Additiopallhere is a negative relationship
between the porosity and density (Fig. 7b). Thism@menon might be related to organic
matter content because the density of shale tendedrease as TOC contents increase (Fig.
7c). However, a few of the selected samples haghehiporosity and permeability, even
though they have relatively low TOC (e.g., samp&]Q5; Tables 2 and 3). Through SEM
analysis, we found that these samples generallg heell developed microfractures (e.g.
LSJO05; see Fig. 5e). This could suggest that nmactdires can be an important contributor to
porosity. For the Barnett shale, microfracturesvig® migration pathways, and reservoir
space for the accumulation of shale gas (Liand.e2@14; Loucks et al., 2012). However, in
this study, correlations between porosity and naheonstituents (e.g. quartz and clay

minerals) of the shale remain unclear, and thiikedy due to the heterogeneity of the shales.

In general, shales exhibit significant anisotropioperties from the nanometre scale
to the reservoir scale (e.g., organic and inorgaartstituents, mineral types, and structures).
For low TOC samples, mineral-associated pores ghbel dominant. Nevertheless, the
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contribution of organic matter host pores becomgsifecant if TOC content rises and
thermal maturity increases to the gas window. Adicay to research performed on the highly
mature (dry gas window) Longmaxi shale in Southn@himost of the pores in that unit are
mineral pores when TOC is less than 0.9%. The taion of mineral pores is similar to
that of organic pores when TOC is in the range .8£107%, and organic pores are more
significant than mineral pores when TOC is highemt 1.7% (Tang et al., 2016). However,
the Barnett shale samples that span a maturityerrogn a later wet gas window to a dry gas
window indicate a positive correlation between T@al porosity for samples with TOC
<5.5%, and little or no correlations for sampleshwiOC >5.5% (Milliken, et al., 2013).
Since quartz, carbonates, and clay minerals ar@riheipal mineral constituents of shales,
their relative concentrations can significantlylugince porosity because clay minerals are
porous, while carbonates can be easily dissolveddwnfluids (Ross and Bustin, 2009). In
some shales, the pyrite content can be greaterlid®n and pyrite framboids are commonly

present. In that context, pyrite-associated porag aso be important.

Shales are slowly deposited through suspensioralm waters, and this long
deposition period can result in strong vertical ehegeneity in both composition and
structure. Lamina, thin sand layers, and bioclatgary over time in the investigated shale
intervals. As revealed by Pan et al. (2015b), iditezh to organic and inorganic constituents,
the heterogeneous layering structures in diffedeections in shales strongly impact porosity
and permeability, resulting in anisotropic petrogibgl properties. However, porosity and
permeability measurements are generally perfornmeshaall sample pieces or plugs, and the
obtained results are very sensitive to experimeraatitions. Therefore, accounting for the
petrophysical properties of shales at a large seajeires a very large sample size from
across the vertical and spatial extents of the @altitional studies with larger sample sizes
are needed in the future.
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4.2.4 Methane adsorption capacity

Research by Bao et al. (2016) has previously shtvat the average methane
adsorption capacity of the Permian Longtan and mmlshales are 2.7 and 3.5 %m
respectively, exhibiting a relatively strong gassagtive potential. Nevertheless, the
Carboniferous-Permian shale intervals have lowahame adsorption capacity compared to
the lower Cambrian and lower Silurian marine shatesr adjacent to the Sichuan basin,
South China (Tan et al., 2014a; Zhang et al., 20TBg gas adsorption capacity of over
mature marine shales is positively correlated WIitAhC content (Chalmers et al., 2008;
Gasparik et al.,, 2014; Han et al., 2013; Tan et2814a; Wu et al., 2014). However, as
shown in Fig. 7, the methane adsorption capacityf ©C-rich samples (i.e. DLS02 and
DBQO9) is not always significantly higher than tle&fTOC-poor samples (i.e. NT02) for the
high maturity shales of this study. This suggelsts other factors may play more important
roles in influencing methane adsorption.

Shale samples with Ro values less than 1.5% gaenples DLS02 and DBQOQ9; Fig. 6)
have low gas adsorption capacity irrespective eirthOC values. However, when Ro values
of the shale samples are greater than 1.5% (amplkes NT02 and JZS09; Fig. 6), their gas
adsorption capacity is much higher than that ofsthele samples with Ro values <1.5%. This
suggests that the gas adsorption capacity miglddsely associated with thermal maturity
for the high maturity shales. Compared with the samples with Ro values above 1.5% (i.e.,
samples DLS02 and DBQOQ9; Fig. 6), even when trehiétle difference in thermal maturity,
the gas adsorption capacity of the shale incregsestly with higher TOC content. This
implies that the organic matter content might brgdly responsible for adsorbing gas in the
high maturity range.

Micropores hosted in organic matter are the prymactor that influences the

adsorption capacity of organic-rich rocks (Louadtsal., 2012; Tan, et al., 2014a; Tan, et al.,
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2014b; Zhang et al., 2015; Zhong et al., 2016). el\mv, micropores are poorly developed
during the low maturity to oil window range (Ro=@L%%) but increase dramatically as
thermal maturity enters the gas window stage ¥R&%) (Xiong et al., 2015). Additionally,
organic matter type possibly influences the adsamptapacity of shale and coal samples
(Gasparik et al., 2014; Tan et al., 2014a;). Thaditional shales in the current study contain
moderate amounts of type Il organic matter, wiile lower Cambrian and lower Silurian
marine shales in South China lack type Il kerogeme relatively lower adsorption capacity
of the analysed transitional shales can be partestribed to the different types of organic
matter.

The Xiangye-1 well in the study area is the fast, presently, the only natural gas
exploration well targeted toward the studied traosal shales (Bao et al., 2016; Gu et al.,
2015). During drilling, the Dalong formation sha&ehibited very low desorption gas content
that was attributed to poor preservation conditidoeg periods of tectonic alteration, and
extensive thermal evolution (Bao et al., 2016; Gale 2015). Based on the above discussion,
the low gas content might also result from the tbermal maturity given that shales with Ro
<1.5% generally have less gas adsorption capaggyshown in Tables 1 and 2, the Ro
values for most of the Dalong formation shale s@spire <1.5%. The intrinsic reason is that
micropores might be relatively less developed iova thermal maturity range. It should be
noted that extrapolations from adsorption data inbth in the lab tan situ subsurface
geological conditions requires a more comprehensigti-factor analysis.

In addition to the inherent properties of shakeg.( organic matter content, mineral
constituents, thermal maturity, and pore structune)situ geological conditions of shale
reservoirs are fraught with uncertainties. For epl@ngas adsorption measurements are
generally performed in isothermal conditions, whsréhe geological temperature varies in

reservoirs at different depths. The simulated &pptiressure is likely much lower than actual
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reservoir pressures, given that the burial depthoofie of the shale gas reservoirs in South
China exceeds 5 km. The moisture content also vangrkedly with diagenesis and thermal

maturation of organic matter. Moreover, gas adsmmptmeasurements are commonly

performed on cuttings or powders that show higleee gurface accessibility than the intact

shales underground.

Nevertheless, experimental adsorption data prote basis for GIP estimation,
particularly for regions where natural gas produttihas not yet been achieved, and
desorption data are very rare (Gasparik, et all4R0The uncertainty of GIP estimation
resulting from both inherent and exogenic factoasm ®e controlled through adsorption
experiments performed on a number of representa@wveples, and under a variety of lab
conditions, and with enhanced knowledge ofithgtu, underground geological conditions of

shale reservoirs (Gasparik, et al., 2014).

5. Conclusions

We conducted a variety of analyses on Carbonifeend Permian transitional shale
samples from central Hunan to investigate theiumatgas potential. Our primary findings
are:

1. These shale intervals are abundant in organic marig were deposited in reducing
sedimentary environments. The organic matter typglae Ceshui shale is dominated
by type Ill kerogen, while that of the Permian ghial principally type II. The thermal
maturities of the shales have entered into thevategas and dry gas window stages,
respectively.

2. Non-laminated and carbonaceous shale are the dotitteological types, followed

then by calcareous shale, silty shale, and silisatale. Quartz and clay minerals are

21



519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

the principal constituents. Pyrite is highly conitated in certain Permian shale
samples, and generally coincides with higher TOQemts.

3. Four types of pore structures were identified tglolBEM analysis (i.e., organic
matter pores, interparticle pores, intraparticleegp and microfractures). The mean
porosity for all sample is 6.4%, and the mean pabitigy is 0.013 mD. TOC and
well-developed microfractures can greatly affe@ plorosity and permeability of the
shale.

4. The gas adsorption capacity of the transitionaleshawas found to vary from 1.24
cm’/g to 4.53 cn¥g, with a mean value of 2.40 &g under the experimental
conditions. Meanwhile, shales with high TOC contamil Ro >1.5% exhibit high gas

adsorption capacity.
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Appendix

1. Type Ill kerogen is derived from terrestrial plash¢bris, much of which remains

taxonomically identifiable. Additionally, type Illkerogens mostly contain condensed
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polyaromatics and oxygenated functional groupshwatinor aliphatic chains (Tissot and
Welte, 1984).

2. Type 1l kerogen is typically derived from a mixtuoé phytoplankton, zooplankton,
and microorganisms (bacteria) that have been digbsi a reducing environment. Though
type Il kerogens may also include terrestrial defypollen spores, plant cuticle, etc.), they are
most often found in marine sediments charactermedutochthonous organic matter (Tissot

and Welte, 1984).
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Fig. 1. (a) Outline map of China showing position of Hurfmovince and study area. (b)
Regional geological map of the study area and dSamplocations. (c) Generalized
stratigraphic column of Carboniferous-Permian atratt the study area with stars marking

position of target shales (modified from Jing et 2013).
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Fig. 2. Structural geology map of central Hunan (Miedifrom Li et al. 2013)

Fig. 3. Ternary diagram of mineralogical constituents.

Fig. 4. Petrological images of Carboniferous-Permian iteomal shale samples from the
study area. (a) Calcareous shale (QXJ05) from th@ngian aged Dalong formation at the
Qixingjie section. Quartz and carbonate conceniratehite laminae, while clay and organic
matter concentrate in black laminae. (b) Non-lat@dashale (DPQO6) from the Lopingian
aged Dalong formation at the Duanpogiao sectiork deea is mainly composed of organic
matter and clay, while the light area primarily qoiees quartz and feldspar. (c) Non-
laminated shale (NT02) from the Lopingian aged ltangat the Nantang section; dark area
consists of organic matter and clay, and the lighthainly quartz. (d) Carbonaceous shale
(DLSO05) from the Lopingian aged Longtan formatidriree Doulishan section; dark area is
mainly organic matter and clay, and the light isintyaquartz and feldspar. (e) Silty shale
(LMJO6) from the Mississippian aged Ceshui formatat the Lumaojiang section; clay
minerals occupy a large area in the texture, wbilganic matter and quartz are scattered
amongst the matrix. (f) Carbonaceous shale (LS#@#) the Mississippian aged Ceshui
formation at the Liangshuijing section; dark argamainly organic matter and light area is

mainly quartz. Organic matter aggregates or padiare randomly distributed in the matrix.

Fig. 5. SEM images of Carboniferous—Permian transitiotmalles samples from the study
area. (a) Carbonaceous shale (LSJ04) from the $dipgian aged Ceshui formation at the
Liangshuijing section; “honeycomb” organic pores anicro-fractures are well developed.

(b) Carbonaceous shale (DLS05) from the Lopingigedalongtan formation at the
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Doulishan section; interparticle pores exist betwggrite framboids or between pyrite
crystals and clay flakes. Intra—particle pores he feldspar minerals and “honeycomb”
organic—matter pores generated by hydrocarbon sixpuare well developed. (c) Calcareous
shale (QXJ02) from the Lopingian aged Dalong foromtat the Qixingjie section;

intraparticle pores in the carbonate minerals asd weveloped. (d) Transitional shale
(DPQO03) from the Lopingian aged Dalong formationtla¢ Duanpogiao section; inter—
particle pores occur between quartz minerals, -Hpiagticle pores exist in the feldspar
minerals and micro-fractures in clay minerals ahWeak interfaces are well developed. (e)
Carbonaceous shale (LSJO5) from the MississippigedaCeshui formation at the
Liangshuijing section; micro-fractures between dlakes or between clay laminae and silty
laminae are well developed. (f) Silty shale (LMJOGm the Mississippian aged Ceshui

formation at the Lumaojiang section; micro-fractibetween clay flakes are well developed.

Fig. 6. Methane adsorption isotherms at 40 °C

Fig. 7. Correlation plots for Carboniferous-Permian slsamples in Central Hunan Province
plotting (a) porosity with TOC content, (b) porgswith density, and (c) TOC content with

density.

Table 1. TOC and Ro values from the Carboniferous—Permmamnsitional shale in central

Hunan.

Table 2. Results of TOC, Ro and XRD mineralogy for some espntative transitional shale

samples from central Hunan.
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Table 3. Rock density, porosity, and permeability for Carifenous—Permian transitional

shale in central Hunan.

Table 4. Comparison of the shale gas reservoir rocks inraehiunan with other worldwide
shale gas source rocks. Setting = depositionalr@mvient of source rocks; TOC — Total
Organic Carbon; Kerogen = Kerogen Type; Ro = Viteimeflectance values; GAC = Gas
adsorbtion capacity. Data for Ceshui, Dalong andgtan shales from this paper; sources for

other data from the study by Dong et al. (2016).
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Tables

Table 1. TOC and Ro of Carboniferous—Permian shatentral Hunan

. . TOC (%) Ro (%)
Formation Sections(code) - -
Min value | Max value| Meanvalue Minvalde Max aly Mean value

Dalong Shiminggiao(SMQ 0.4 5.0 3.3 11 14 1.3

Dalong Qixingjie(QXJ) 0.6 4.6 2.3 1.2 1.7 14
Dalong Duanpogiao(DPQ 0.9 6.6 4.8 1.2 1.8 15
Dalong Tantou(TT) 0.5 4.8 2.2 1.2 1.7 15

avg. 0.6 5.3 3.2 1.2 1.7 14

Longtan Qixingjie(QXJ) 0.8 8.8 4.4 1.2 1.9 15
Longtan Doulishan(DLS) 6.9 8.8 7.8 1.4 15 14
Longtan Nantang(NT) 2.4 5.3 4.0 1.1 1.6 14
Longtan Jilong(JL) 2.6 9.2 6.0 1.6 1.9 1.7
Longtan Tantou(TT) 1.8 6.2 3.6 11 1.9 1.6

avg. 2.9 7.7 5.2 13 18 15

Ceshui Jingzhushan(JZS 0.8 6.1 2.4 1.3 2.8 1.8

Ceshui Zhaoyang(ZY) 2.2 9.0 45 1.6 2.2 1.9
Ceshui Liangshuijing(LSJ 0.4 7.4 1.8 15 2.4 2.1
Ceshui Xiandong(XD) 0.4 1.6 1.2 14 1.8 1.7
Ceshui Lumaojiang(LMJ) 0.7 2.0 1.3 1.2 1.9 15
Ceshui Douling(DL) 0.8 3.6 2.4 14 2.0 1.8

avg. 0.9 5.0 2.3 14 2.2 1.8




Table 2. Results of TOC, Ro and XRD mineralogysiome representative shale samples

. . - TOC | Ro uartz | feldspar| carbonate| pyrite | cla

ID | Formation| sampleg Lithofacies %) | (%) q(% ) % ;) (%) p()(/) %) % 3/
1 Dalong QXJ02 Calcareous shale 0}6 1.7 39.1 0{0 .2 35 0.0 25.7
2 Dalong QXJ05 Calcareous shale 416 1.2 50.6 0{0 .030 13 18.1
3 Dalong QXJ08 black siliceous shale 32 1.2 86.2 .8 2 0.0 0.0 11.0
4 Dalong DPQO02 Calcareous shale 0i9 .0 52.6 4|6 732 0.0 10.1
5 Dalong DPQO03 black shale 5.9 1{8 43(8 125 1.4 0 0.42.1
6 Dalong DPQO06 black shale 6.1 1/5 79(3 4.4 0.0 4.312

7 Dalong DQO09 black shale 6.3 13 538 1.4 0.0 18.31.7
8 Longtan DLS02| black carbonaceous shale .8 1.4 .6 47 14.2 0.0 13.1| 25.1
9 Longtan DLS05| black carbonaceous shale 6.9 15 .948 43 0.0 8.9 37.9
10 Longtan NTO02 black shale 3.2 16 646 0.G 0.0 0 Q.354
11 Longtan NTO3 black shale 3.1 15 70)3 0.0 0.0 0 Q.29.7
12 Longtan QXJ10| black carbonaceous shale 8.2 1.80.8 § 0.0 0.0 9.2 40.(
13 Longtan QXJ14 black shale 3.5 114 50[0 2.4 00 .0 1466
14 Ceshui XDO01 dark—grey shale 15 1.8 53.7 0.0 0.0 0.0 46.3
15 Ceshui XD06 dark—grey shale 0.4 1.7 62.9 0.5 1.1 0.0 35.5
16 Ceshui JZS05 dark—grey shale 114 p.4 60.4 0]0 0 0] 00 39.6
17 Ceshui JZS07 dark—grey shale 113 1.6 54.4 0]0 0 0] 0.0 45.6
18 Ceshui JZS09| black carbonaceous shale 6.1 1.7.2 29 0.0 17 0.0 69.1
19 Ceshui LMJ02 dark—grey shale 1p 1.6 53.2 0.p 0 0.] 00 47.8
20 Ceshui LMJO6 silty shale 0.1 17 39.0 0.4 0.0 7 3. 57.3
21 Ceshui ZY04 black shale 2.3 2|0 50{9 0.4 0.7 §.689.8
22 Ceshui ZY08 Calcareous shale 2|2 2.1 19.3 0J0 .2 48 4.8 27.7
23 Ceshui LSJO1| black carbonaceous shale  10.7 |2.8.7 6 0.0 0.0 0.0 36.9
24 Ceshui LSJO4| black carbonaceous shale 7.4 21.0 60 0.0 0.0 0.0 40.4
25 Ceshui LSJO5 dark—grey shale 0|4 2.4 61.5 0J0 0 0] 0.0 38.5




Table 3. Rock Density, Porosity, and PermeabilityGarboniferous—Permian shale in central Hunan

ID | Formation| samples TOC (%) Rock density (gicm Porosity (%) | Permeability (mD
1 Dalong QXJ02 0.6 2.60 0.5 0.0032
2 Dalong QXJ05 4.6 2.53 5.2 0.0040
4 Dalong DPQO02 0.9 2.51 4.2 0.0031
5 Dalong DPQO03 5.9 2.62 5.1 0.0072
6 Dalong DPQO06 6.1 1.49 12.0 0.0470
7 Dalong DPQO09 6.3 2.40 6.9 0.0026
8 Longtan DLS02 8.8 1.66 14.0 0.0067
9 Longtan DLS05 6.9 1.78 8.2 0.0089
10 Longtan NTO2 3.2 1.45 5.6 0.0034
11 Longtan NTO3 3.1 1.46 9.2 0.0250
15 Ceshui XD06 0.4 2.60 1.4 0.0045
16 Ceshui JZS05 1.4 2.57 2.3 0.0034
22 Ceshui ZY08 2.2 2.53 4.7 0.0046
24 Ceshui LSJ0o4 7.4 2.06 8.6 0.0640
25 Ceshui LSJO5 0.4 2.06 8.0 0.0110




Table 4. Comparison of the shale gas reservoirsratkentral Hunan with other worldwide shale gasrse rocks. Setting = depositional environmergaafrce rocks; TOC — Total Organic
Carbon; Kerogen = Kerogen Type; Ro = Vitrinite eefance values; GAC = Gas adsorbtion capacity. @at@eshui, Dalong and Longtan shales from thfgepasources for other data from
the studyby Dong et al.(2016).

. . . Dalong Shale | Longtan Shale | Wufeng-L ongmaxi Haynesville Woodford shale | Barnett Shale
Shale unit Ceshui shale (China) (China) (China) Shale(China) Shale (US) us) us)
Age Carboniferous Permian Permian Ordovician-Sihuri Jurassic Devonian Carboniferous
Setting Transitional Transitional Transitional Muegi Marine Marine Marine
0.4-9.0 0.4-6.6 0.8-9.2 0.4-25.7
Toc & (x=2.3) (%=3.2) (x=5.2) (x=2.6) 30 53 37
Kerogen 111 Il 1 [-1I [-1I, [-1I, II,
1.8-2.8 1.1-1.8 1.1-1.9
0, -
Ro (%) %=18) (X=1.4) (X=15) 1.6-3.6 15 15 1.6
Brittle minerals 30.9-67.5 55.2-89.9 50.8-70.3
(%) (x=55.0) (x=75.8) (X=58.9) 21.0-44.0 35.0-65.0 50.0-75.0 40.0-60.0
. 1.4-8.6 0.5-12.0 5.6-14.0
Porosity (%) (%=5.0) (%=5.7) (%=9.3) 52 8.3 5.0 5.0
Permeability 0.003-0.064 0.003-0.047 0.003-0.025
(mD) (x=0.018 ) (x=0.011) | (x=0.011) 0-221 0-350 0.050 0.050
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Figurel (a) The position of Hunan Province and ptaea;

(b) Regional geological map and sampling

locations; (c) Generalized stratigraphic column Rérmo-Carboniferous strata of the study area

(Modified after Jing et al., 2013).
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Figure 2 Structure geology map of the central Huihwodified from Li et al. 2013). 1.
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Figure 4. Micro-photographic images of Carbonifer®ermian shale samples. (a) Upper Permian
Dalong calcareous shal®XJ05 from the Qixingjie section. Quartz and carbonaiacentrate in the
white laminae, while clay and organic matter cotida in the black laminae. (b) Upper Permian
Dalong nonlaminated shal®PQO0§ from the Duanpogiao section. The dark area isipaiomposed

of organic matter and clay, while the light areémarily comprises quartz and feldspar. (c) Upper
Permian Longtan nonlaminated shalTQ2) from the Nantang section. The dark area consikts
organic matter and clay, and the light is mainhamg (d) Upper Permian Longtararbonaceous
shale(DLS05 from the Doulishan section. The dark area is tgadnganic matter and clay, and the
light is mainly quartz and feldspar. (e) Lower Gamtferous Ceshui silty shald ¥1J06) from the
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Lumaojiang section. Clay minerals occupy a largean the texture, while organic matter and quartz
scatter in the matrix. (f) Lower Carboniferous Qdslcarbonaceous shal@.SJ04 from the
Liangshuijing section. The dark place is mainlyamig matter and the light is mainly quartz. Organic
matter aggregates or particles are randomly digiibin the matrix.
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Figure 5. SEM images of Carboniferous—Permian skalaples. (a) Lower Carboniferous Ceshui
carbonaceous sha{eSJ04 from the Liangshuijing section. “Honeycomb” orgmapores and miro-
fractures are well developed. (b) Upper Permiangtamcarbonaceous shal®LS05 from the
Doulishan section. Intra-particle pores exist ia fhyrite framboids and the feldspar minerals. ater
particle pores between pyrite crystals and clakefa and “honeycomb” organic—matter pores
generated by hydrocarbon expulsion are well dewlofc) Upper Permian Dalor@alcareous shale
(QXJ02) from the Qixingjie section. Intra-partiggeres in the carbonate minerals are well developed.
(d) Upper Permian Dalong shalBRQO03 from the Duanpogiao section. Inter—particle pooesur
between quartz minerals, intra—particle pores @rishe feldspar minerals and miro-fractures irycla
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minerals and at weak interfaces are well developedLower Carboniferous Ceshaarbonaceous
shale(LSJO05 from the Liangshuijing section. Micro-fracturestiveen clay flakes or between clay
laminae and silty laminae are well developed. @wer Carboniferous Ceshui silty shaleM{J06)
from the Lumaoijiang section. Inter-particle poneshe clay flakes are well developed.



Methane adsorption capacity(m’/t)
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Figure 6. Methane adsorption isotherms at 40 °C
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Figure 7. Correlation plots of porosity with (a) T@ontent, (b) density, and (c) TOC content with
density for Permo-Carboniferous shale samples mtr@eHunan Province.



M ethane adsorption capacity is between 1.24 cm3/g and 4.53 cm3/g.

Mean porosity and permeability are 6.4% and 0.013md, respectively.

Carboniferous and Permian shales are abundant in type |11 and Il organics, respectively.
Thermal maturity is locating in the wet gas window.

Mineral constituents are dominated by brittle mineras.



