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Abstract The shale gas potential of Ediacaran and

Lower Silurian shales from the Upper Yangtze

platform is assessed in this study with a focus on the

contributions of clay minerals and organic matter to

sorption capacity. For this purpose, a multidisciplinary

assessment was carried out using petrophysical, min-

eralogical, petrographic and geochemical methods. In

terms of TOC contents (4.2%), brittle mineral contents

(68.6%) and maximum gas storage capacities

(0.054–0.251 mmol/g) Ediacaran shales from this

study show comparable properties to other producing

shale gas systems although the thermal maturity is

extremely high (VRr = 3.6%). When compared to

lower Silurian shales from the same region, it is

evident that (1) deeper maximum burial and (2) a lack

of silica-associated preservation of the pores resulted

in a relatively lower mesopore volume, higher micro-

pore volume fraction and lower overall porosity

(Ediacaran shales: 1.4–4.6%; Silurian shales:

6.2–7.4%). Gas production is therefore retarded by

poor interconnectivity of the pore system, which was

qualitatively demonstrated by comparing experimen-

tal gas uptake kinetics. TOC content exhibits a

prominent control on sorption capacity and micropore

volume for both shales. However, different contribu-

tions of clay minerals to sorption capacity were

identified. This can partly be attributed to different

clay types but is likely also related to burial-induced

recrystallisation and different origins of illite. Addi-

tionally, it was shown that variations in sorption

capacity due to incorrect estimates of clay mineral

contribution are in the same range as variations due to

differences in thermal maturity.

Article highlights

• Pore structure and gas storage characteristics are

evaluated for the first time for Ediacaran Shales

from the Upper Yangtze platform

• Due to a lower free gas storage capacity and

diffusivity, the Ediacaran shale can be regarded as

a less favorable shale gas prospect when compared

to the Silurian shale

• Clay mineral contribution to sorption capacity is

evaluated taking clay mineralogy into consideration

• Maturity-related changes of organic matter sorp-

tion capacity have been discussed on the basis of a

compiled data set
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1 Introduction

Shale gas production in China progressed fast from

0.025 billion cubic meter (bcm) in 2012 to 10.88 bcm

in 2018 but is still in an initial stage when compared to

the United States (624.40 bcm in 2018) (Zhai et al.

2018; Wang et al. 2019; Dai et al. 2020). Therefore,

the identification of additional shale gas prospects is

currently prioritized in China (Nie et al. 2009; Han

et al. 2013; Zou et al. 2014; Dang et al. 2016; Li et al.

2020). With respect to the economic potential of shale

gas reservoirs, an accurate estimation of the maximum

amount of gas stored (Gas in Place, GIP) is essential.

Hence, investigations of gas storage estimates (poros-

ity, excess sorption capacity) and their controlling

properties (TOC content, clay content, moisture,

thermal maturity, micropore volume, and accessibil-

ity) are of major interest.

To date, major commercial shale gas production in

China is limited to the Upper Ordovician Wufeng and

Lower Silurian Longmaxi formations with an annual

production of approximately 6 bcm in the Fuling gas

field in 2017 (Chen et al. 2018). Additionally, a series

of test wells were drilled on over-mature Cambrian

and Ediacaran shales in the western Hubei province.

The ‘‘Eyiye-1’’ test well, targeting the Cambrian

Shuijingtuo formation, produced 6.02 9 104 m3 gas

per day in May 2017 (Chen et al. 2018). Retrieved

cores from test wells ‘‘Zidi 1’’ and ‘‘Zidi 2’’ targeting

the Ediacaran Doushantuo formation revealed a total

gas content of 0.337–1.666 m3/t (0.015–0.073 mmol/

g) at IUPAC standard conditions (273.15 K and

105 Pa) from canister desorption experiments on site

(Li et al. 2019). Additionally, for the horizontally

drilled ‘‘Eyangye-2HF’’ well, a gas production rate of

up to 5.53 9 104 m3/day was achieved from the

Ediacaran Doushantuo formation in 2018 (Wang et al.

2019). When compared to the average gas production

rate (12.87 9 104 m3/day) and total gas content

(1.9–8.0 m3/t or 0.083–0.352 mmol/g at IUPAC

conditions) of the Wufeng and Longmaxi shale

formations (Zou et al. 2014, 2016), these test wells

indicate good exploitation potential of Proterozoic

shales in the Yangtze platform. Therefore, an appraisal

of the economic potential of Ediacaran shale gas

reservoirs is of particular importance. While numerous

studies were performed to characterize storage prop-

erties of the Wufeng-Longmaxi shales (Yang et al.

2015, 2016, 2017; Wang et al. 2016), only a few

studies thus far focused on shales from the Ediacaran

(Chen et al. 2016; Yang et al. 2020). These shales,

though extremely high in thermal maturity (approxi-

mately 4.0% in equivalent vitrinite reflectance), are

rich in organic matter (TOC content of up to 8.0 wt.%)

and widely distributed in the area of the Upper

Yangtze platform with thicknesses of 200 to 900 m.

The well-studied Silurian Longmaxi Shale in the

Sichuan Basin has a lower thermal maturity

(2.0–3.2%), smaller thickness from 100 to 500 m,

exhibits high TOC contents (up to 8.3 wt.%) as well as

porosity (3.4–8.2%) (Zou et al. 2014; Yang et al. 2015;

Zhang et al. 2019).

Natural gas in shales can be stored in the free,

dissolved and adsorbed state (Gasparik et al. 2014;

Clarkson et al. 2016). Free gas is stored volumetrically

in both pore and fracture space, whereas dissolved gas

is the proportion of gas dissolved in formation water,

liquid hydrocarbon or absorbed by solid kerogen

(Zhang et al. 2012). The enrichment of gas on the

surface of organic matter or minerals is referred to as

adsorbed gas (Hildenbrand et al. 2006). In this study,

the term ‘‘sorption’’ covers any state of gas storage

except for the free state because a differentiation

between adsorption and dissolution is currently not

possible in the laboratory.

Several studies imply that gas stored in the sorbed

phase can contribute up to 60% of the total gas storage

capacity of shales (Lu et al. 1995; Rexer et al. 2013).

Sorption capacity can therefore not be neglected in the

evaluation of GIP estimations. In this context, isother-

mal high-pressure methane sorption experiments are

widely applied to assess the maximum sorption

capacity of shales (Gensterblum et al. 2009; Rexer

et al. 2013). Major controls on methane sorption

capacity were identified as organic matter content and

type, thermal maturity, clay mineral content and type,

moisture, temperature and stress (Krooss et al. 2002;

Chalmers and Bustin 2007; Ross and Bustin 2009; Ji

et al. 2012; Zhang et al. 2012; Gasparik et al. 2014;

Rexer et al. 2014; Merkel et al. 2015; Yang et al.

2015, 2017; Gaus et al. 2021). In recent studies,

positive correlations among sorption capacity, total

organic carbon content (TOC) and micropore volume

were found in organic-rich shales (Chalmers and

Bustin 2007; Ross and Bustin 2009; Rexer et al. 2014;

Yang et al. 2017). Ross and Bustin (2009) and Zhang

et al. (2012) demonstrated that sorption capacities

normalized to TOC increase with thermal maturity for
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Devonian–Mississippian shales from northern British

Columbia and Mississippian Barnett shale from the

Fort Worth Basin. This was attributed to an increased

micropore volume in the organic matter or an increase

of aromaticity of the kerogen residue. Gasparik et al.

(2014) and Yang et al. (2015) further observed a

reverse trend at a vitrinite reflectance higher than 2.4%

(dry gas stage) on Carboniferous shales from northern

Germany and the Netherlands and on the Silurian

Longmaxi shale from the Sichuan Basin. This could

potentially result from an increasing carbonization of

the organic matter and an associated destruction of

micropores therein (Yang et al. 2015). With regard to

the organic matter type, a decreasing trend of sorption

capacity following the order: type III[ type II[ type

I organic matter was observed (Clarkson and Bustin

1996; Zhang et al. 2012), which could be interpreted as

either an increasing trend of kerogen aromaticity

(Zhang et al. 2012) or a higher amount of microporous

vitrinite potentially providing more sorption sites

(Chalmers and Bustin 2007). Clay minerals generally

feature relatively high specific surface area and the

corresponding sorption capacities increase in the

following order: illite\ chlorite\ kaolinite\ I–S

mixed layer\ smectite (Ji et al. 2012). Moisture

negatively influences sorption capacity by predomi-

nantly occupying polar sorption sites, which could

otherwise be occupied by methane molecules (Gas-

parik et al. 2014; Merkel et al. 2015; Yang et al. 2017).

The main objective of this study is to investigate

gas storage capacities (porosity and sorption capacity)

and controlling mechanisms of over-mature Ediacaran

(Doushantuo and Liuchapo formations) shales and to

compare them with the widely characterized Lower

Silurian (Longmaxi formation) shales from the Upper

Yangtze platform.

2 Geological setting

The shale samples studied originate from the Upper

Yangtze platform (UYP), South China (Fig. 1). The

basement of the Yangtze platform is mainly composed

of Neoproterozoic epimetamorphic rocks that were

formed at 0.75–0.82 Ga (Charvet 2013; Ren et al.

2013). A stable platform formed and consolidated

after the Jinning orogenic movement (Wang and Tan

1994). During the Ediacaran—Cambrian transition, a

large-scale uplift (Tongwan movement) led to the

creation of an unconformity (Tan et al. 2013; Wu et al.

2016; Fig. 2). Inner shelf, outer shelf, slope and basin

were distributed in sequence from northwest to

southeast during that time interval (Fig. 1; Guo et al.

2007). During the Late Ordovician to Early Silurian,

the Yangtze platform gradually evolved into a fore-

land basin, accumulating large volumes of sediment.

During this time interval, graptolite-rich shales were

formed (Wufeng and Longmaxi formations; Zhai et al.

2018). Since the end of the Middle Silurian, two major

uplift and erosion events largely affected the upper

Yangtze platform. The first event was caused by the

late Caledonian movement and lasted for 120 Ma.

Erosion thickness within the southeastern Sichuan

Basin is estimated to be between 100 and 200 m (Yuan

et al. 2013). The second event is ongoing since the

Late Cretaceous and causes another continuous uplift

and erosion of the upper Yangtze platform. Deng et al.

(2009) utilized apatite fission track dating to investi-

gate the thermal uplift history of the Sichuan Basin

from the Late Cretaceous onwards and estimated

erosion thicknesses in southeastern Sichuan Basin to

be approximately 3000 m.

3 Samples and experiments

3.1 Samples

In this study, six Ediacaran shale samples were

retrieved from cores taken from depth intervals of

1047 to 1170 m during drilling operations of well ST-

101 in the Songtao district of the Northeastern

Guizhou Province (Table 1, Fig. 1). Sample IDs are

sorted according to the order of TOC content. Samples

E2 and E5 belong to the lower Doushantuo Formation

and E1, E3, E4 and E6 are part of the upper Liuchapo

Formation (Fig. 2). The study area is located on the

slope belt between the carbonate platform and the

basin (Fig. 1). For comparison, six shale samples of

the Lower Silurian Longmaxi Formation were col-

lected from the Guizhou, Hubei and Sichuan Pro-

vinces. Samples S1 and S5 were cored from intervals

of approximately 600 m during drilling operations of

well XY-1 in the Northern Guizhou Province. S2–S4

and S6 were collected about 0.5 m below the surface

to minimize the weathering effect.

123

Geomech. Geophys. Geo-energ. Geo-resour. (2021) 7:71 Page 3 of 26 71



3.2 Microscopy

Sample sections were cut perpendicular to bedding

and embedded in epoxy resin. The upper surfaces of

the epoxy resin were ground flat and the exposed

sample surfaces were subsequently polished. Solid

bitumen reflectance was measured on a Zeiss Axio

Imager microscope incorporated with a tungsten-

halogen lamp (12 V, 100 W), a 50 9 /0.85 Epiplan-

NEOFLUAR oil immersion objective and a 546 nm

filter. Cubic zirconium (3.125% in reflectance) was

selected as the mineral standard for calibration. Since

pre-Silurian shales generally do not contain vitrinite,

solid bitumen was used as a substitute. Solid bitumen

and vitrinite reflectance were correlated according to

Eq. 1 after Mählmann and Frey (2012). Details of the

measurement procedures and guidelines are found in

Taylor et al. (1998) and Littke et al. (2012).

BRr ¼ �0:519 þ 1:341 � VRr � 0:0977

� VRrð Þ2þ0:0151 � VRrð Þ3 ð1Þ

Here, VRr (%) and BRr (%) represent the equivalent

vitrinite and solid bitumen reflectance.

3.3 Elemental analysis

A liquiTOC II analyser was utilized to measure total

organic (TOC) and total inorganic carbon (TIC). This

apparatus continuously records the CO2 release in a

phased heating process. Based on the theory that TOC

and TIC are released at different temperature ranges,

organic and inorganic carbon can be separately

detected in a single analytical run. A Leco S200

analyser (detection limit of 0.002%) was used for the

measurements of total sulphur (TS) content.

Fig. 1 Paleogeographic map of the Yangtze Platform during

Ediacaran and Cambrian times (modified after Guo et al. 2007).

Well ST-101 penetrated the Ediacaran Doushantuo and

Liuchapo formations at depths between 1000 and 1200 m and

well XY-1 intersected the Silurian Longmaxi formation at

depths between 430 and 620 m
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3.4 X-ray diffraction analysis (XRD)

X-ray powder diffraction (XRD) was used for quan-

tification of the mineral composition. A particle

fraction greater than 400 lm was gently crushed in a

mortar and 0.2 g/g of Baikowski a-Al2O3 were added

as an internal standard serving as quantification

control. To avoid excess strain, heat damage and

mineral dissolution, a McCrone micronizing mill was

used for 15 min with ethanol as coolant. The suspen-

sion was air-dried and homogenized in a mortar before

the powder bed was prepared via a top-fill procedure.

XRD powder patterns were measured on a Bruker D8

using Cu Ka radiation (40 kV, 40 mA). Mineral

quantification was conducted by means of Rietveld

refinement using the BGMN based software Profex

(Doebelin and Kleeberg 2015). For clay mineral

quantification, customized clay mineral structures

were used (Ufer et al. 2008; Ufer and Kleeberg 2015).

In addition to the bulk mineralogical analysis,

oriented clay samples were prepared for four selected

samples (E4, E5, S1 and S5). Before the clay fraction

was separated through sedimentation, carbonates and

organic matter were removed. Quantitative carbonate

removal was achieved by hydrochloric acid treatment.

The pH was adjusted to approximately 4.8 by a buffer

mixture of Na-acetate and acetic acid. Organic matter

was oxidized at alkaline conditions (pH of 9.5) at room

temperature using sodium hypochlorite as suggested

by Mikutta et al. (2005). Prior to size fractionation,

excess salts were removed by extensive flushing to

reduce the ionic strength of the suspension and to

ensure unhindered settling of the clay fraction in the

Atterberg cylinders. After enrichment of the clay-size

fraction, oriented clay samples were produced from

suspensions using distilled water. For qualitative

identification of the particular clay mineral, oriented

clay samples of (i) pure samples, (ii) samples treated

with glycerol and (iii) heated samples were measured

on a Bruker D8 using Cu Ka radiation (40 kV,

40 mA), respectively.

3.5 Water immersion porosimetry (WIP)

Water immersion porosimetry (WIP) based on Archi-

medes’ principle was utilized to obtain information on

the pore volume of irregular-shaped specimens. The

difference in weight of the dry specimen (Wdry) and the

fully water-saturated specimen in air (Wsat), together

with the water density, allow for determination of the

pore volume (Vpore; Eq. 2). The bulk volume (Vbulk) is

derived from the difference in weight of the water-

saturated specimen in air (Wsat) and the water-

saturated specimen immersed in water (Wi; Eq. 3).

The porosity equals the ratio of pore to bulk volume. A

detailed discussion on the operation of WIP is given in

Kuila et al. (2014) and Hu et al. (2020b).

Vpore ¼
Wsat �Wdry

qw
ð2Þ

Vbulk ¼
Wsat �Wi

qw
ð3Þ

3.6 High-pressure methane sorption

measurements

To remove moisture, crushed samples (63–354 lm)

were initially dried in a vacuum oven at 378.15 K until

weight equilibration for at least 24 h. Subsequently,

high-pressure methane sorption measurements were

carried out in a manometric setup at 318.15 K and

pressures up to 20 MPa. In this apparatus, the

reference cell volume consists of the dead volume of

the capillary volume among valve 4 (V4), valve 5 (V5)

and the pressure transducer (Fig. 3). The volumes of

both sample and reference cells were pre-calibrated

and a leak test was performed before each sorption

measurement. Leak tests were conducted with helium

at 20 MPa and a leak rate\ 500 Pa/h was achieved

prior to measuring. Hereafter, the void volume of the

filled sample cell was calibrated by helium expansion.

Similar to the procedure of void volume calibration,

the methane sorption measurement was programmed

by sequentially transferring methane molecules from

the reference cell into the sample cell until the final

equilibrated pressure was reached. In the measure-

ment, a syringe pump (Teledyne ISCO 260D) was

programmed to stepwise increase the gas pressure in

the reference cell.

bFig. 2 Litho- and chrono-stratigraphy of the Upper Yangtze

Platform (modified after Zhai.1987 and Zhang et al. 2019)
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The excess sorption amount (nexcess) corresponds to

the difference between the entire amount of gas

transferred from the reference cell into the sample cell

(ntrans) and the amount of ‘‘free’’ gas occupying the

void volume (Vvoid) of the sample cell.

nexcess P; Tð Þ ¼ ntrans P; Tð Þ � qg P; Tð Þ � Vvoid ð4Þ

The pressure- and temperature-dependent methane

density (qg; kg/m3) was computed using the GERG

equation of state (EOS; Kunz and Wagner 2012).

Considering potential systematic errors of temper-

ature and pressure recordings, for example, due to the

impurity of methane or the interaction between

methane molecules and the internal surface of the

apparatus, a blank measurement with methane is

particularly important to generate reproducible iso-

therms when different setups are used (Gasparik et al.

2014). Therefore, stainless steel balls of known

volume were used instead of the actual shale samples.

The derived ‘‘blank’’ isotherm was subtracted from

measured excess sorption isotherms of the actual

samples. The ‘‘blank-corrected’’ isotherms could be

described by a Langmuir-type function (Eq. 5),

nexcess P; Tð Þ ¼ n1
P

Pþ PL Tð Þ 1 �
qg P; Tð Þ

qa

� �
ð5Þ

Here, nexcess(P,T) (mmol/g) represents the ‘‘blank-

corrected’’ excess amount of methane at pressure

P (Pa) and temperature T (K). n? (mmol/g) and PL

(Pa) represent the Langmuir volume and Langmuir

pressure, respectively. qa (kg/m3) and qg (P,T) (kg/m3)

are the densities of the sorbed and free gas at P and

T. In this study, the sorbed phase density is kept

constant at 423 kg/m3 (liquid methane density at

105 Pa and 111.65 K) to reduce the amount of

adjustable parameters (Dreisbach et al. 1999).

Additionally, two dry Ediacaran samples (E4 and

E6) were moisturized in a desiccator with a super-

saturated K2SO4 solution to ensure 97% relative

humidity (RH) at 293.15 K. After the sample weights

remained constant, sorption measurements were

repeated on these moisture-equilibrated samples.

Based on the experimental data, the in-situ excess

sorption capacity at specific temperatures can be

estimated (Eq. 5). The free gas capacity can also be

calculated with porosity, bulk rock density and in-situ

free gas density (Eq. 6). Thus, the GIP amount

equivalent to the sum of free gas and excess sorption

capacities can be estimated by setting of the following

parameters (Eq. 7).

Gf ¼
/qg P; Tð Þ
Mqbulk

ð6Þ

GIP ¼ Gex þ Gf

¼ n1
P

Pþ PL Tð Þ 1 �
qg P; Tð Þ

qa

� �
þ
/qg P; Tð Þ
Mqbulk

ð7Þ

Here, GIP (mmol/g), Gex (mmol/g) and Gf (mmol/g)

represent the total amount of gas storage, excess

sorption capacity and free gas capacity, respectively.

/ (-), qbulk (kg/m3) and M (g/mol) denote the porosity

and bulk density of the shale as well as molar mass of

methane, respectively.

3.7 Low-pressure nitrogen and carbon dioxide

adsorption measurements

These measurements were performed on a dry

200–400 lm particle-size fraction of the bulk sample

material using the manometric Gemini VII 2390t setup

(Micromeritics Instrument Corporation, Norcross,

GA, USA). Firstly, samples were evacuated at 378 K

for at least 16 h in a VacPrep 061 to remove liquids

occupying the pore space (Micromeritics Instrument

Corporation, Norcross, GA, USA). To obtain N2

isotherms, the amounts of N2 adsorbed at 93 discrete

pressure points between 0.001 and 0.995 p/p0 were

measured at 77 K in a cryogenic nitrogen bath. The

saturation pressure (p0) was determined separately for

each pressure point and operational equilibrium was

assumed at a pressure drop of less than 0.01% over a

time interval of 30 s. To assess the micropore volume,

CO2 sorption isotherm measurements were performed

Fig. 3 High-pressure sorption setup (V1-V5 are either two-port

or three-port valves and the syringe pump (Teledyne ISCO

260D) was programmed to stepwise increase the gas pressure in

the reference cell)
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at 273 K at 25 discrete pressure steps between 0.001

and 0.036 p/p0. The highest measurable partial pres-

sure was restricted to 0.036 due to the high saturation

pressure (3.49 MPa) of carbon dioxide at operational

temperature. An equilibrium criterion of 10 s was

applied assigning equilibrium when the pressure

fluctuates less than 0.01% over the given time.

The pore structure was characterized by traditional

physisorption theories including Brunauer–Emmett–

Teller (BET) theory for specific surface area quantifi-

cation, Barrett–Joyner–Halenda (BJH) theory for pore

volume distribution calculation, Gurvich’s rule (GV)

for total pore volume assessment and Dubinin-As-

takhov theory (DA) for micropore volume determina-

tion (Gurvich 1915; Brunauer et al. 1938; Barrett et al.

1951; Dubinin and Astakhov 1971). Detailed expla-

nation of the fundamentals of the individual theories

can be found in Rouquerol et al. (2013) and references

therein.

4 Results

4.1 Mineral composition

XRD analysis results of Ediacaran and Silurian shales

are listed in Table 1. For both shales, quartz is the

dominating phase ranging from 23.5 to 77.6 wt.%,

followed by clay minerals ranging from 14.0 to 55.9

wt.% and feldspars ranging from 5.1 to 21.9 wt.%.

Minor contributions (\ 10 wt.% on average) of

carbonates and pyrite as well as traces of anatase and

rutile (heavy minerals) were detected as well. The

average brittle mineral content (quartz ? feldspar ?

carbonates) of Ediacaran shales (68.6 wt.%) is higher

than that of Silurian shales (66.5 wt.%), while the

average clay content of Ediacaran shales (27.2 wt.%)

is lower than that of Silurian shales (32.0 wt.%). Based

on the texture preparations, clay types were qualita-

tively distinguished (appendix 1). Whereas illite/mus-

covite was the only identified clay type in the

Ediacaran shales, illite/muscovite and chlorite were

distinguished for the Silurian shales.

4.2 TOC, TS and thermal maturity

TOC contents of the Ediacaran and Silurian shales

vary from 1.0 to 7.9 wt.% (4.2 wt.% on average) and

1.2 to 6.6 wt.% (3.8 wt.% on average), respectively

(Table 1). TS contents of the Ediacaran shales (1.3–5.6

wt.%) are generally higher than those of the Silurian

shales (0.1–1.1 wt.%). The equivalent vitrinite reflec-

tances of Ediacaran shales range between 3.5 and

3.7% (dry gas stage; Table 1). Values of Longmaxi

shales are lower and range between 2.1 and 3.0% (dry

gas stage).

Due to the difference of dissolved sulfate concen-

tration between marine and fresh water environments,

the TOC/TS ratio is a useful parameter to distinguish

organic-rich fresh water from marine sediments

(Berner and Raiswell 1984). Considering the loss of

organic matter during maturation, the TS content was

plotted against 2 9 TOC content (Uffmann et al.

2012; Fig. 4). A majority of the shale samples

distribute along the ‘‘normal marine’’ line, while three

Silurian shales (S2, S4 and S6) display a significantly

lower TS/TOC ratio. These samples were taken from

outcrops and therefore possibly subjected to weather-

ing, which likely led to relative enrichment of TOC

when compared to TS (Littke et al. 1991).

4.3 Pressure equilibration and uptake kinetics

Pressure equilibration is a prerequisite to study storage

properties in shales by gas expansion methods such as

helium pycnometry and high-pressure methane sorp-

tion. Therefore, it was closely monitored during this

study (Fig. 5). Equilibration times for all samples with

similar particle sizes (between 64 and 354 lm) are

exemplarily shown for equilibrated methane pressures

of * 0.5 MPa (Fig. 5a and b) and range between 49 to

292 min and 20 to 150 min for the Ediacaran and

Silurian shales, respectively. Helium uptakes were

generally faster than methane uptakes as is exemplar-

ily shown for sample E1 at approximately equivalent

mean gas pressures of 0.5 MPa (Fig. 5c) and equili-

bration times decrease with increasing mean gas

pressure which is exemplarily shown for sample E2

with methane pressures from 0.7 to 20.5 MPa

(Fig. 5d).

4.4 High-pressure methane sorption

Methane sorption isotherms at dry and moist condi-

tions were measured at 318.15 K (approximately

equivalent to current in-situ temperatures of the

Ediacaran samples) (Fig. 6). For all samples measured

in the dry state, experimental results demonstrate a
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wide variation in the maximum excess methane

sorption capacity (0.016–0.135 mmol/g). All excess

sorption isotherms obtained at dry conditions are

similar in shape and exhibit maxima between 9 and

14 MPa methane pressure. Therefore, Eq. 5 was used

to fit the experimental results. Fitted Langmuir

pressures and Langmuir volumes normalized to either

sample weight or sample weight and TOC content are

listed in Table 2. Langmuir pressures of the Silurian

shales, ranging from 3.12 to 8.42 MPa (5.63 MPa on

average), are higher than the Ediacaran shales with

values ranging from 2.05 to 5.19 MPa (3.56 MPa on

average). Langmuir volumes normalized to sample

weight range between 0.02 and 0.19 mmol/g

(0.10 mmol/g on average) and 0.08–0.21 mmol/g

(0.13 mmol/g on average) for the Ediacaran and

Silurian shales, respectively. A positive correlation

between Langmuir volumes and TOC contents was

identified for both shales (Fig. 7). The Ediacaran

samples E4 and E6 were additionally moisturized at a

relative humidity of 97%. Equivalent water contents

were 2.1 and 3.1 wt.% and Langmuir volumes

decreased by 32 and 48%, respectively (Table 2).

The decrease in excess sorption capacity at 10 MPa

methane pressure ranges from 61 to 64%.

4.5 Low-pressure nitrogen adsorption

According to the IUPAC classification, N2 adsorption

isotherms of all samples can be described by a Type IV

isotherm that is characteristic of a hysteresis loop

(Thommes et al. 2015; Fig. 8a and b). The preliminary

phase of fast adsorption accumulation with pressure

results from micropore filling followed by monolayer-

multilayer adsorption of N2. As the pressure decreases,

the desorption branch falls abruptly forming a hys-

teresis loop with the adsorption branch. The hysteresis

loops of the studied shales belong to Types H3 and H2

(Seemann et al. 2017). The closure points of hysteresis

loops in Type IV isotherms generally arise at a lower

relative pressure of 0.42, which depends on the

adsorptive and the pore structure (Thommes et al.

2015; Yang et al. 2015; Seemann et al. 2017).

However, closure points of most of the samples occur

at relative pressures lower than 0.42. This low-

pressure hysteresis (LPH) indicates incomplete equi-

librium and can be attributed to slow diffusion in ultra-

micropore space. BET specific surface areas of the

Ediacaran and Silurian samples range from 1.19 to

24.32 m2/g (10.20 m2/g on average) and 5.45 to 24.86

m2/g (17.27 m2/g on average), respectively. No

correlation was observed between BET specific sur-

face area and TOC content (Fig. 9a).

4.6 Porosity and pore size distribution

WIP porosity values of the Ediacaran shales range

from 1.4 to 4.6% (3.5% on average; Table 3). WIP

porosities of the Silurian shales (excluding weathered

samples S2, S4 and S6) are higher, ranging from 6.2 to

7.4% (6.8% on average). Correspondingly, the aver-

age specific pore volumes of Ediacaran and Silurian

shales are 0.0135 and 0.0271 cm3/g, respectively.

Fig. 4 Relationship

between TS and TOC

content (multiplied by 2) for

Ediacaran and Silurian shale

samples (‘‘normal marine’’

and ‘‘fresh water’’ line after

Berner and Raiswell.1984)
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Interpretation of N2 adsorption isotherms using the

BJH theory shows that the pore sizes range between

1.6 and 153 nm for all samples (Fig. 10a and b). The

mesopore volume of the Silurian shales, varying

between 0.0058 and 0.0200 cm3/g (0.0135 cm3/g on

average), is approximately two times larger than that

of the Ediacaran shales with values varying between

0.0025 and 0.0118 cm3/g (0.0070 cm3/g on average;

Table 3). Based on the interpretation of CO2 adsorp-

tion branch data using the DA theory, the derived

micropore volumes of the Ediacaran shales

(0.0009–0.0092 cm3/g, 0.0054 cm3/g in average) are

in the same range as those of the Silurian shales

(0.0045–0.0100 cm3/g, 0.0066 cm3/g on average). A

positive correlation between CO2 micropore volume

and TOC content was observed for both shales

(Fig. 9b). Normalized to the specific total pore volume

determined by WIP, micro- and mesopores of the

Ediacaran shales account for 37.9% (16.9–67.0%) and

53.5% (20.2–88.1%) on average, respectively.

Excluding the weathered samples (S2, S4 and S6),

the average proportions of micro- and mesopores for

Silurian samples are 22.1% (17.1–26.9%) and 46.2%

(34.0–60.8%), respectively.

Fig. 5 Fractional uptake versus square root of time for

a Ediacaran and b Silurian shales at about 0.5 MPa methane

pressure, c helium and methane uptake rates of sample E1 at

about 0.5 MPa gas pressure and d uptake rates at varying

methane pressures from 0.7 to 20.5 MPa for sample E2
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5 Discussion

5.1 Influence of organic matter and clay minerals

on methane sorption capacity

Data collected in this study suggest that sorption

capacity is equally important as a storage mechanism

for the Ediacaran and Silurian samples (D average

Langmuir volume = 0.03 mmol/g, Table 2). A strong

positive correlation between Langmuir volumes and

TOC contents for both sample sets indicates a first-

order influence of TOC content on sorption capacity.

The use of low-pressure CO2 adsorption measure-

ments in this study additionally confirmed that

Fig. 6 Methane sorption isotherms at 318.15 K for a Ediacaran shales at dry and moist conditions (97% relative humidity) and

b Silurian shales at dry conditions

Table 2 Excess sorption capacities at 10 MPa (nex
10MPa),

Langmuir volumes (n?) normalized to sample weight or

sample weight and TOC content as well as Langmuir pressure

(PL) for Ediacaran (E1-E6) and Silurian (S1-S6) shales at dry

and moist (97% relative humidity) conditions

Sample ID Water content (wt.%) TOC (wt.%) Methane excess sorption (45 �C)

nex
10MPa (mmol/g) n? (mmol/g) n?(mmol/g TOC) PL (MPa)

E1 0 1.0 0.016 0.022 2.253 2.05

E2 0 2.9 0.032 0.059 2.065 5.19

E3 0 3.6 0.038 0.062 1.708 4.02

E4 0 3.7 0.055 0.098 2.702 4.97

E4 2.14 3.7 0.021 0.051 1.439 9.84

E5 0 6.1 0.093 0.139 2.279 2.65

E6 0 7.9 0.132 0.192 2.423 2.44

E6 3.08 7.9 0.048 0.131 1.709 12.37

S1 0 1.2 0.038 0.082 6.850 8.42

S2 0 2.5 0.051 0.105 4.221 7.49

S3 0 3.2 0.041 0.081 2.548 6.93

S4 0 4.0 0.073 0.120 3.000 4.18

S5 0 5.2 0.100 0.161 3.093 3.65

S6 0 6.6 0.137 0.211 3.210 3.12
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sorption predominantly occurs within organic matter

micropores for both shales (positive correlation

between CO2 micropore volume and TOC in Fig. 9b).

Similar results were also reported by Gasparik et al.

(2014). From both figures (Fig. 7 and 9b) it is also

evident that Langmuir and micropore volumes are

exclusively related to the TOC content in the Edi-

acaran shale (linear regression to 0 wt.% TOC). For

the Silurian shale, on the other hand, the linear

regression yields 0.035 mmol/g rock (Fig. 7) and

0.0032 cm3/g (Fig. 9b) at 0 wt.% TOC, indicating that

not only TOC content but also inorganic minerals

contain micropore volume for sorptive storage. This

was additionally tested by a linear combination

approach in the following form:

n1 ¼ nTOCwTOC þ nclaywclay þ nrigidwrigid ð8Þ

Here, n? (mmol/g) is the Langmuir volume obtained

from experimental data, nTOC, nclay, nrigid (mmol/g)

represent the fitted individual Langmuir volumes of

organic matter, clay minerals and rigid minerals,

respectively. Correspondingly, wTOC, wclay and wrigid

denote the experimentally determined mass fractions

of the rock constitutes. It should be noted that this

approach was applied simultaneously to the entire

Fig. 7 Comparison of

Langmuir volumes and TOC

contents for samples from

the Ediacaran (Doushantuo

and Liuchapo shales),

Silurian (Longmaxi shale),

Carboniferous (Barnett

shale) and Cambrian/

Ordovician (Alum shale)

Fig. 8 Nitrogen adsorption and desorption isotherms of the Ediacaran (a) and Silurian (b) shales at 77 K
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sample set and therefore provides a single value for

nTOC, nclay and nrigid that characterizes the entire

sample set.

Results for the Ediacaran samples indicate a

contribution of 2.452 mmol/g for organic matter and

0 mmol/g for clay minerals as well as rigid minerals

(Fig. 11a and b). For the Silurian shales, on the other

hand, estimated Langmuir volumes were 0, 0.082 and

2.834 mmol/g for rigid minerals, clay minerals and

organic matter, respectively (Fig. 11c and d). Accord-

ingly, the average contribution of clay minerals to the

total Langmuir volume is & 23% for the Silurian

shales and 0% for the Ediacaran shales, although both

shales have similar clay contents. Ji et al. (2012)

suggested that sorption capacities for different clay

mineral types vary strongly from 0.079 to

0.380 mmol/g and increase in the order of

illite\ chlorite\ kaolinite\ I–S mixed

layer\ smectite. Thus, higher sorption capacities of

the clay fraction for the Silurian samples as compared

to the Ediacaran samples could be the result of the

abundance of chlorite (appendix 1). However, this

does not explain as to why zero sorption was computed

for the muscovite/illite phase of the Ediacaran sam-

ples. Reported maximum excess methane sorption

capacities for illite range from 0.055 mmol/g to

0.13 mmol/g (Ross and Bustin 2009; Ji et al. 2012;

Liang et al. 2016). McDowell and Elders (1980)

Fig. 9 Relationships between TOC content and BET surface area (a), TOC content and CO2 micropore volume (b) and CO2 micropore

volume and N2 micropore volume (c)
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observed that, at temperatures of approximately

548.15 K, illite/mica changes gradually from fine-

grained illite to coarse-grained recrystallized mica.

Such change could be accompanied by a shift of the

pore size towards larger pores and therefore decreas-

ing surface area and sorption capacity. Since the

thermal history of Ediacaran samples used in this

study is relatively poorly known, the use of empirical

formulas to relate vitrinite reflectance to palaeotem-

perature has been applied as a first approximation.

Depending on whether relatively slow or fast heating

occurred during burial, different empirical formula-

tions are typically used (Waliczek et al. 2021):

Table 3 Porosity and pore structure analysis results from N2 and CO2 adsorption measurements on Ediacaran (E1-E6) and Silurian

(S1-S6) shale samples

Sample

ID

Porosity

(%)

N2 BET specific

surface area (m2/

g)

CO2 micropore

surface area (m2/

g)

CO2 micropore

volume (cm3/g)

N2 mesopore

volume (cm3/

g)

Mesopore/

micropore

volume ratio

Total pore

volume

(cm3/g)

E1 1.4 1.28 2.53 0.0009 0.0025 2.77 0.0053

E2 3.8 2.16 8.75 0.0031 0.0037 1.17 0.0147

E3 4.6 1.19 12.64 0.0053 0.0037 0.70 0.0183

E4 3.0 15.43 12.36 0.0047 0.0100 2.15 0.0114

E5 3.7 16.83 22.41 0.0092 0.0101 1.09 0.0137

E6 4.4 24.32 23.17 0.0091 0.0118 1.30 0.0175

Mean 3.5 10.20 13.64 0.0054 0.0070 1.53 0.0135

S1 6.7 11.33 10.90 0.0045 0.0090 1.99 0.0265

S2 14.8 5.45 14.10 0.0052 0.0058 1.11 0.0658

S3 7.4 18.45 15.98 0.0066 0.0129 1.96 0.0295

S4 10.0 20.06 17.07 0.0064 0.0180 2.80 0.0430

S5 6.2 23.50 17.25 0.0068 0.0154 2.26 0.0253

S6 9.6 24.86 23.90 0.0100 0.0200 2.01 0.0418

Mean 6.8* 17.27 16.53 0.0066 0.0135 2.02 0.0271*

*The value of average porosity or average total pore volume is calculated from samples S1, S3 and S5 considering the weathering

effect to the other outcrop samples

Fig. 10 Differential pore volume distribution (dV/dw) of Ediacaran (a) and Silurian (b) shales
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Tpeak ¼ lnVRr þ 1:68ð Þ=0:0124 ð9Þ

Tpeak ¼ lnVRr þ 1:19ð Þ=0:00782 ð10Þ

Here, Tpeak denotes the maximum paleotemperature

(K) and VRr denotes the measured vitrinite reflectance

(%). From these empirical formulas, the temperatures

were between 510.15 and 592.15 K for Ediacaran

samples while 468.15–566.15 K were computed for

Silurian samples. Therefore, recrystallisation in these

Ediacaran samples could be responsible for altered

sorption capacities. Another possibility emerges from

the observations of Weaver (1967, 1989). He found

that illite in Precambrian shales was likely formed by

alteration of feldspar in alkaline environments

whereas illite in Paleozoic shales predominantly

formed by illite/smectite conversion. While illite/

smectite conversion could be related to a solid-state

transformation, formation of illite from feldspars is

Fig. 11 Mineral composition and respective contribution to Langmuir volume for the Ediacaran (a, b) and Silurian (c, d) shales (blue,

grey and black colors represent rigid minerals, clay minerals and organic matter, respectively)

123

71 Page 16 of 26 Geomech. Geophys. Geo-energ. Geo-resour. (2021) 7:71



related to dissolution and precipitation processes. This

could explain differences in sorption characteristics as

well but requires further in-detail studies on the origins

of illite in both sample sets.

The average Langmuir pressure (5.63 MPa) of the

Silurian shales was 1.6 times higher than that

(3.56 MPa) of the Ediacaran shales. Zhang et al.

(2012) observed a similar trend (decreasing Langmuir

pressure with increasing thermal maturity) for shales,

albeit at lower vitrinite reflectances (0.58%–2.01%).

They attributed this phenomenon to a higher degree of

aromatization of the kerogen. In this study, the

Langmuir pressure difference could also be derived

from differences in the pore size distribution as the

average micropore volume fraction of the Ediacaran

shales is approximately two times higher than that of

the Silurian shales.

5.2 Influence of thermal maturity on methane

sorption capacity

Several studies suggested that methane sorption

capacity in shales normalized to the TOC content

increases upon thermal maturation (Gasparik et al.

2014; Hu et al. 2015). Possible reasons for such an

increasing sorption capacity are: (1) an increasing

fraction of organic matter accommodated porosity

(increasing specific surface area) due to kerogen

conversion (Ross and Bustin 2009; Klaver et al.

2015) and (2) an increasing methane affinity of

organic matter due to an increasing proportion of

aromatic structures relative to aliphatic structures

(Vandenbroucke and Largeau 2007). Additionally, it

was found that methane sorption capacity normalized

to the TOC content decreases in highly over-mature

shales from a vitrinite reflectance of approximately

2.0–2.4% onwards (Gasparik et al. 2014; Yang et al.

2015). This was attributed to an increasing carboniza-

tion and an associated destruction of organic matter-

hosted micro-pores (Yang et al. 2015). It should be

noted that these studies exclusively attributed the

sorption capacities (Langmuir volumes) to organic

matter, thereby neglecting a potential contribution of

clay minerals to total sorption capacity. While this is a

valid simplification for high TOC shales and coals, the

impact of clay minerals should not be neglected for

shales with lower organic matter content. To exem-

plify the potential influence of clay minerals on the

previously reported maturity trend, Eq. 8 was utilized

to compute Langmuir volumes of organic matter from

other published data (Gasparik et al. 2014; Yang et al.

2015; Merkel et al. 2016; Li et al. 2017; Fink et al.

2018; Nolte et al. 2019; Gaus et al. 2020) and data

from this study under three different assumptions: (1)

zero clay mineral contribution to total sorption

capacity, (2) 0.1 mmol/g clay mineral contribution

to total sorption capacity and (3) 0.2 mmol/g clay

mineral contribution to total sorption capacity

(Fig. 12). The three assumptions are based on com-

putation results from chapter 5.1 and published

sorption capacities for individual clay minerals (Ross

and Bustin 2009; Ji et al. 2012; Ziemiański et al.

2020). Vitrinite reflectances for all sample sets used in

Fig. 12 range from 0.50% to 4.24% and TOC contents

from 2.2 to 45.0 wt.%. Under assumption of the

minimum clay contribution (0 mmol/g, upper error

bars for maximum deviations in Fig. 12) an inverted

U-shaped trend of sorption capacity with increasing

vitrinite reflectance is apparent as was observed by

Gasparik et al. (2014) and Yang et al. (2015) from

vitrinite reflectances of 0.5% to 3.72%. However,

adjusting the clay mineral sorption to values of

0.1 mmol/g (intermediate contribution, individual

data points in Fig. 12) and 0.2 mmol/g (maximum

contribution, lower error bars for maximum deviations

in Fig. 12) indicates that clay mineral contributions

cannot be neglected as the shift of individual data

points along the y-axis due to varying clay mineral

contributions may be in the same range as the

proposed inverted U-shaped trend due to thermal

maturation. This is especially valid if TOC content is

relatively low and the clay mineral fraction is

relatively high. Results from Gaus et al. (2020)

(Kimmeridge & Bazhenov shales) and Gasparik

et al. (2014) (Barnett & Alum shales) in Fig. 12

display those changes in the sorption capacity due to

differences in the pretreatment (different particle

sizes) and due to heterogeneity, respectively, are in

the same range as the proposed inverted U-shaped

trend due to thermal maturation as well. Additionally,

it should be noted that the thermal history can be

affected by different parameters such as burial depth,

uplift and erosion, basal heat flow and magmatic

activity as well as physical properties of the formation

(Hantschel and Kauerauf 2009). Results from Nolte

et al. (2019) for shales from the Collingham and

Whitehill formations from South Africa exhibit higher

sorption capacities than expected, which is likely
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related to the fact that thermal maturity was strongly

influenced by magmatic activity at rather shallow

burial depth.

5.3 Pore structure

The strong correlation between TOC content and CO2

micropore volume and methane sorption capacity

indicates that an organic matter associated microp-

orosity mainly controls methane sorption capacity for

both samples. However, no correlation was found

between TOC content and BET surface area for both

shales (Fig. 9a). Considering the relatively high

specific surface areas of pure illite (38.5–165.7 m2/g)

(Ziemiański et al. 2020), one possible reason could be

that the contribution of clay minerals to the surface

area of the studied shales is significant. However, it

was shown in chapter 5.1 that clay minerals of the

Ediacaran samples do not contribute to the Langmuir

volume. According to Gan et al. (1972), Cazorla-

Amorós et al. (1998) and Busch et al. (2016), N2 shows

significantly lower diffusivity in micropores smaller

than 0.7 nm when compared to CO2. This phe-

nomenon was also observed in our study, as the CO2

micropore volumes of two Ediacaran samples and one

Silurian sample were significantly higher than the N2

micropore volumes (Fig. 9c). This resulted in an only

partly accessible micropore volume for N2 at the given

experimental conditions. Besides, the interpreted pore

size from N2 adsorption isotherms is between 1.6 and

153 nm, while micropores between 1.2 nm and

1.6 nm can be interpreted from CO2 isotherms.

Therefore, the BET specific surface area derived from

N2 adsorption isotherms could only reflect the appar-

ent specific surface area of relatively coarse microp-

ores, mesopores and fine macropores.

Burial-related compaction in shales leads to a

strong reduction of porosity and changes in the pore

structure. Vitrinite reflectances of the Ediacaran

(VRr = 3.5–3.7%) and Silurian shales (VRr-

= 2.1–3.0%) obtained in this study imply a higher

thermal maturity of the Ediacaran shales related to

burial. Basin modelling results indicated that maxi-

mum burial of the Ediacaran shales likely exceeded a

depth of 6000 m whereas burial of the Silurian shales

was up to 4500 m (Tan et al. 2013; Zou et al. 2014).

This is also reflected by total porosities (Sil-

urian[Ediacaran) and micropore volume fractions

(Ediacaran[ Silurian) obtained in this study. Pore

structures, in addition to burial-related compaction,

Fig. 12 Relationship of estimated Langmuir volume of organic

matter and equivalent vitrinite reflectance (symbols represent

estimated Langmuir volumes of organic matter under the

assumption of 0.1 mmol/g contribution of clay minerals to total

sorption capacity and the error bars reflect assumptions of 0 and

0.2 mmol/g clay mineral contribution)
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might also be influenced by the origin of silica.

Although XRD measurements from this study

revealed similar silica contents for both shales

(Table 1), it is likely that the origins of silica in both

shales are different (silica biomineralizers are possibly

not the main source of silica prior to the Cambrian).

Zhao et al. (2017) reported an authigenic microcrys-

talline quartz content of up to 60% for samples of the

Wufeng and Longmaxi formations. This silica content

was shown to originate from biogenic silica dissolu-

tion and re-crystallization. For Ediacaran rocks it was

shown that silica predominantly originated from

dissolved silica in oceans (Maliva et al. 1989; Tarhan

et al. 2016). Whereas it was shown that biogenic silica

ultimately may lead to an increasing rigidity of the

rock and therefore to preservation of pore space during

burial for the Silurian (Wufeng and Longmaxi) shale

(Zhao et al. 2017), it is currently unknown as to how

silica derived from non-biogenic sources influenced

the pore structure during burial.

A higher micropore volume fraction and lower

mesopore volume of the Ediacaran shales when

compared to the Silurian shales was observed, which

is also reflected by recorded gas uptake data from

high-pressure methane sorption experiments (Fig. 5)

as equilibration times of the Ediacaran shales are more

than two times larger at similar particle sizes (between

63 and 354 lm). Since matrix permeabilities deter-

mine the long-term gas production in gas shales

(Ghanizadeh et al. 2014; Fink et al. 2018), this

observation can be regarded as a first indication of a

less favorable pore structure of the Ediacaran shales

with respect to long-term production when compared

to the Silurian shales.

5.4 Gas-in-place

To estimate the maximum gas-in-place (GIP) quantity,

the specific pore volume (free gas) and the excess

sorption capacity at reservoir conditions are needed.

Based on interpretations of Zhu et al. (2016) and Xu

et al. (2018), a geothermal gradient of 25 K/km and a

pore pressure gradient of 14.2 MPa/km were used for

GIP computations. The average surface temperature

was set to 288.15 K. Experimental conditions of the

methane sorption isotherms in this study were thus

created at reservoir temperatures and covered reser-

voir pore pressure conditions.

Figure 13 shows free, sorptive and maximum GIP

amounts computed for a depth of 1200 m (approxi-

mately the current depth of retrieved cores of the

Ediacaran samples) for the Ediacaran and Silurian

shales at dry conditions. Whereas the computed

sorptive storage of the Ediacaran shales

(0.014–0.120 mmol/g) is similar to that of the Silurian

shales (0.039–0.128 mmol/g), free gas storage

amounts are considerably larger for the Silurian

shales. Therefore, estimated total gas storage

Fig.13 Estimates of excess sorption capacity (Gex), free gas

capacity (Gf) and total gas storage capacity (GIP) at a depth of

1200 m and corresponding temperature of 318.15 K for dry

Ediacaran (a) and Silurian (b) shales (average porosity and bulk

density of S1, S3 and S5 are used in the calculation of Gf for

samples S2, S4 and S6 as porosities of these samples were likely

enhanced by weathering)
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capacities are lower for the Ediacaran shales

(0.054–0.251 mmol/g) when compared to the Silurian

shales (0.237–0.330 mmol/g).

Insight into the water saturation of potential shale

gas reservoirs is crucial for the accurate assessment of

gas reserves as it has a strong control on volumetric

and sorptive gas storage. Reported water saturations

for the Silurian (Longmaxi) shale range between 20

and 50 vol.% (Hu et al. 2019). No reported water

saturations could be found for the Ediacaran shales.

Until a critical moisture content is reached, the

sorption capacity decreases with increasing amounts

of (pre-adsorbed) water (Gasparik et al. 2014; Merkel

et al. 2015; Yang et al. 2017). Additional water uptake

above this critical moisture content has negligible

influence on methane sorption capacity. Yang et al.

(2017) reported a 44% to 63% decrease in sorptive

methane storage capacity for the Silurian (Longmaxi)

shales above the critical moisture content (water

content: 1.76 wt.%–4.50 wt.%). Results obtained in

this study on two Ediacaran samples show that

sorptive methane storage capacities reduce by 32%

to 48% above the critical moisture content (water

content: 2.14 wt.%–3.08 wt.%). It should therefore be

noted that the results from Fig. 13 tend to reflect

estimates of maximum gas storage, as these compu-

tations do not take account of water saturation and the

influence of water vapor on methane sorption capacity.

Previous studies recommended that economically

successful shale gas formations exhibit the following

characteristics: TOC content[ 2%, effective thick-

ness[ 30–50 m, brittle mineral content[ 40%,

porosity[ 2% (Zou et al. 2017; Yasin et al. 2018;

Hu et al. 2020a; Yang et al. 2021). Both Ediacaran and

Silurian shales are rich in TOC contents (4% in

average) and are widely distributed in the Upper

Yangtze platform with thicknesses over 100 m. The

average brittle mineral contents of both shales exceed

60%, favorable for hydraulic fracturing in shale gas

exploitation. The average porosity (3.5%) of Edi-

acaran shales is approximately half of that (6.8%) in

Silurian shales, which leads to lower estimated total

gas storage capacities (0.054–0.251 mmol/g) when

compared to Silurian shales. However, compared to

the gas storage amounts (0.049–0.411 mmol/g) of

Fayetteville, Haynesville, Antrim and Marcellus

shales from North America, these shales all exceed

the lower limit of commercial shale gas development

(Zou et al. 2017). High gas production rate achieved

from the Ediacaran shale, as mentioned in the

introduction, further implies that the oldest potential

shale gas formation could be extended from Cambrian

to Ediacaran strata. Currently, with respect to Edi-

acaran shales, only a few studies exist and mainly

focus on the pore types, pore size distribution and their

relationship with organic matter and minerals (Chen

et al. 2016; Yang et al. 2020). Our study also indicates

that the pore structure of Ediacaran shales could limit

the long-term shale gas production. However, limited

by the number and type of Ediacaran samples in this

study, experimental permeability measurements on

cylindrical specimens could not be performed and

thus, evaluations on the relations between the pore

network and the matrix permeability should be

conducted in a future study.

6 Conclusions

High-pressure CH4 sorption, low-pressure N2 / CO2

adsorption and water immersion porosimetry mea-

surements were performed on Ediacaran (Liuchapo

and Doushantuo formations) and Lower Silurian

(Longmaxi formation) shales from the Upper Yangtze

platform to characterize and compare pore structures

as well as maximum methane storage capacities. The

following conclusions can be drawn:

(1) Maximum sorption capacities (Langmuir vol-

umes) of Ediacaran and Silurian shales at dry

conditions ranged between 0.02–0.19 mmol/g

and 0.08–0.21 mmol/g, respectively. TOC con-

tent exhibits significant control on sorption

capacity and CO2 micropore volume shows a

strong positive correlation with TOC content for

both shales. Clay types but more importantly

evolutionary differences during burial and dif-

ferent origins of illite could affect the sorptive

storage. Additionally, a strong negative impact

of water on methane sorption capacity of up to

64% (comparison of excess sorption at 10 MPa

of samples in dry and moisturized state) was

observed for the Ediacaran shales.
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(2) Computed total gas storage capacities (sorptive

and free gas amounts combined) at present day

reservoir conditions are lower for the Ediacaran

shales (0.054–0.251 mmol/g) when compared

to the Silurian shales (0.237–0.330 mmol/g).

(3) Total porosities (Silurian[Ediacaran), meso-

pore volumes (Silurian[Ediacaran) and

micropore volume fractions (Ediacaran[ Sil-

urian) indicate that compaction had a stronger

influence on the Ediacaran shale. This could be

related to deeper burial (larger vitrinite reflec-

tances for the Ediacaran shales) but also to the

origin of silica (biogenic vs. abiogenic) as silica

biomineralizers were likely not the main source

of silica prior to the Cambrian. A lower

diffusion efficiency of the Ediacaran shales

when compared to the Silurian shales was

observed from gas uptake data of high-pressure

methane sorption experiments. This observation

can be regarded as a first indication of a less

favorable pore structure of the Ediacaran shales

with respect to long-term production when

compared to the Silurian shales.

(4) The influence of thermal maturity on maximum

methane sorption capacities of organic matter

was investigated by comparison of shales with

vitrinite reflectances ranging from 0.5 to 4.24%

and TOC contents ranging from 2.2 to 45.0

wt.%. A clear relationship of maximum sorption

capacity of organic matter and thermal maturity

could not be identified as combined variations of

sorption capacity due to sample preparation

(particle size), sample heterogeneity, burial

history and most importantly false estimations

of clay mineral contribution to overall sorption

capacity are larger than potential trends due to

thermal maturity.
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