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Samples of the low-maturity New Albany Shale (Middle and Upper Devonian to Lower Mississippian) and Mowry
Shale (Late Cretaceous), both containing kerogen Type II, and samples of Wilcox Coal (Eocene), containing
kerogen Type III, were heated to 60, 100, and 200 °C at hydrostatic ambient pressure, 100, or 300 MPa for 6 or
12 months in sealed glass and gold cells to investigate temperature and pressure eﬀects on porosity and thermal
maturity. In addition, lithostatic experiments were conducted in a hydraulic press at 100 MPa and 100 °C over a
period of 6 months. Porosimetric characteristics of samples before and after experiments were investigated by
using low-pressure gas adsorption and scanning electron microscope (SEM).
An increase from ambient temperature to 200 °C caused increases in random vitrinite reﬂectance (Ro) for all
samples, with Mowry Shale showing the largest increase from 0.57% to 0.65% and Wilcox Coal showing the
smallest increase from 0.39% to 0.41%. For Mowry Shale and New Albany Shale, speciﬁc surface areas did not
change in any notable way with an increase in temperature; speciﬁc surface area values for Mowry Shale ranged
from 2.0 to 3.2 m2/g, and for New Albany Shale from 13.7 to 15.6 m2/g. Diﬀerences in Barrett-Joyner-Halenda
(BJH) speciﬁc mesopore volumes and average mesopore size for the shales were also small to negligible.
Considering the values of the original samples, we propose that these small diﬀerences are related to internal
inhomogeneity of samples rather than to any temperature eﬀect. Temperature-related changes in Wilcox Coal
were more distinct. Speciﬁcally, there was a marked decrease in BET surface area, from 4.9 m2/g at 60 °C to
1.5 m2/g at 200 °C, and a decrease in both BJH mesopore volume and average mesopore size. The Wilcox Coal
sample had large micropore surface areas (110–148 m2/g) compared to both shales, which had micropore
surface areas below 10 m2/g. While Wilcox Coal showed a drop in micropore volume between 60 °C and 200 °C,
no distinct or regular changes in micropore volume with temperature were documented for the other two
samples.
A sustained hydrostatic pressure increase from ambient to 300 MPa for 6 to 12 months resulted in insignificant changes in vitrinite reﬂectance values. Small diﬀerences in Brunauer-Emmett-Teller (BET) speciﬁc surface
areas, micropore surface area, and volume may be related to internal sample heterogeneity rather than pressure
treatment. Similar to the temperature eﬀect, the Wilcox Coal sample experienced more pronounced changes
compared to the shales. SEM observations on shales did not reveal porosity-related changes between the original
and treated samples. No marked changes were documented for lithostatic pressure conditions at 100 MPa and
100 °C. We conclude that elevated isotropic hydrostatic or lithostatic pressure is unable to signiﬁcantly aﬀect the
pore structure and pore-size distribution of shales, but it can make some modiﬁcations in the micropore and
mesopore pore characteristics of low-rank coal.

1. Introduction
The eﬀects of temperature and pressure on the thermal maturity of
organic matter have been widely discussed both for natural and
⁎

experimental conditions. It is well accepted that temperature plays the
dominant role, as demonstrated for areas that experienced regional
thermal maturation (e.g., Stadler and Teichmüller, 1971; Hower and
Gayer, 2002), short-term contact thermal maturation (e.g., Kisch and
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Taylor, 1966; Mastalerz and Jones, 1988; Quaderer et al., 2016), and
simulated maturation in laboratory experiments (e.g., Huang, 1996). In
turn, there are conﬂicting opinions about the inﬂuence of pressure. It is
well demonstrated that eﬀective stress promotes physical changes but
generally is thought to retard chemical reactions during thermal maturation (Huck and Patteisky, 1964; Bostick, 1973; Carr, 1999; Carr,
2000; Day-Stirrat et al., 2012).
Eﬀective stress-related physical changes are most important during
sediment consolidation and early sediment compaction, resulting in the
decrease of total porosity (e.g., Day-Stirrat et al., 2012). Afterwards,
with an increase in thermal maturation, hydrostatic and lithostatic
pressures are thought not to promote but rather retard temperaturerelated chemical reactions (e.g., Huck and Patteisky, 1964; Bostick,
1973). Dalla Torre et al. (1997), conducting experiments over pressure
range of 0.5 (50 MPa) to 20 kbar (2000 MPa) at temperatures of 200 to
350 °C showed that increasing pressure resulted in suppression of vitrinite reﬂectance. Other researchers emphasized that increasing static
ﬂuid pressure is a major controlling factor in organic matter thermal
maturation, and high hydrostatic pressure has been implicated to cause
retardation of organic matter maturation (Price and Wenger, 1992; Zou
and Peng, 2001). Other laboratory experiments suggested that shear
stress and strain could promote structural changes, causing ordering of
organic matter and ultimately leading to graphitization (Taylor, 1971;
Mastalerz et al., 1993; Wilks et al., 1993; Bustin et al., 1995).
While the inﬂuence of temperature and pressure on the thermal
maturity of coal and shale has been studied extensively and frequently
discussed in the literature, their impact on porosity and pore-size distribution during diagenesis is not well understood. It has been well
documented that clay-rich sediments experience large volume loss with
an increase in eﬀective stress. Dewhurst et al. (1998) in their experimental studies of compaction eﬀects on weakly consolidated mudstones
having 43 to 48% porosity exposed to 33 MPa eﬀective stress documented a decrease in total porosity but no change in the speciﬁc surface
area. They suggested that pores with pore throats smaller than 20 nm in
radius were essentially responsible for all surface area, and pores with
throats smaller than 4 nm contributed > 50% of the total surface area.
They also documented a decrease in the modal pore throat size from
30 nm to 15 nm in radius between 2 and 33 MPa for a clay-rich sample,
whereas in a silt-rich sample, original trimodal pore throat-size distribution (with peaks at ~5–6 μm, 700–800 nm, and 6 nm in radius)
transformed to unimodal distribution, resulting in the disappearance of
the modes centered at 5 to 6 μm and 700 to 800 nm at 33 MPa. Yang
and Aplin (1998) also documented decreases in porosity of mudstones
from 27 to 12% with an increase in eﬀective stress from 16 to 28 MPa,
because of the collapse of pores larger than 15 nm. Day-Stirrat et al.
(2012), studying mudstones to ~600 m below the sea ﬂoor, documented a decrease in total porosity with depth from about 80% at the
sea ﬂoor to 37% at 612 m below the sea ﬂoor. In their study, the decrease in total porosity was accompanied by a shift in the pore-size
distribution toward smaller pores. Speciﬁcally, a reduction in porosity
from 49 to 37% caused a loss of pores > 110 nm in radius and the
creation of pores having pore throats between 10 and 110 nm in radius.
A further decrease in total porosity to 31% resulted in a further reduction of pore sizes to < 70 nm.
In all those studies, the original mudstones were weakly consolidated, had high porosities, and even after exposure to high pressure,
their porosities were still relatively high, higher than in mature shales
in sedimentary basins. The purpose of this study is to investigate experimentally if elevated temperature and high pressure modify surface
area and micropore (pore size < 2 nm) and mesopore (pore size
2–50 nm) characteristics in low-porosity shales and coal, and if so,
whether these modiﬁcations are similar to those in high porosity clayrich sediments undergoing compaction or, in other words, if there is a
disconnect between thermally immature mudrocks and well consolidated mudrocks of higher maturity. Our investigation utilized high
experimental pressures of up to 300 MPa that are rarely associated with

Table 1
Characteristics of the samples used in experiments.
Rock unit
name

Stratigraphic Age

Location

TOC
(wt%)

Random
Ro (%)

Total
porosity
(%)

Mowry Shale
New Albany
Shale
Wilcox Coal
Springﬁeld
Coal

Cretaceous
Devonian

Colorado
Indiana

2.5
1.2

0.57
0.42

8
9

Paleocene
Carboniferous

Texas
Indiana

58.0
72.0

0.39
0.51

23
15

economically important shales and coals, yet extreme experimental
conditions are necessary to arrive at measurable responses in rocks
from laboratory experiments that cannot be extended over geologic
time.
2. Materials and methods
This study used low-maturity Mowry and New Albany Shales and
Wilcox Coal having random vitrinite reﬂectance (Ro) values ranging
from 0.39 to 0.57% and various total organic carbon (TOC) contents
(Table 1). Springﬁeld Coal (Ro 0.51%) was used only in lithostatic experiments to substitute for Wilcox Coal. Porosimetric properties of
original samples were determined using helium porosimetry (total
porosity), low-pressure N2 adsorption (surface area and mesopore
characteristics), low-pressure CO2 adsorption (micropore characteristics), and mercury intrusion capillary pressure (MICP, for pore throat
analysis). Our classiﬁcation of micropores (< 2 nm diameter), mesopores (2–50 nm diameter), and macropores (> 50 nm diameter) follows
that of the International Union of Pure and Applied Chemistry (Orr,
1977). Details about porosimetry techniques can be found in Mastalerz
et al. (2013).
Experimental details of heating coal and shale samples in sealed
glass or gold cells at various temperatures and hydrostatic pressures are
presented in Wei et al. (2018). In brief, rocks were crushed to 1 to 3 mm
chip-size fractions, evacuated at room temperature for 2 days, and
ﬂooded with nitrogen gas to limit the amount of oxygen in pore spaces.
For experiments at ambient pressure, 0.5- to 1-g aliquots of rock chips
were sealed together with 0.5 mL of water in 9-mm glass tubes under
vacuum. The internal pressure was regulated by steam partial pressure
and gas production. For high-pressure experiments, 0.5- to 1-g aliquots
of rock chips were placed with water in 6-mm o.d. gold tubes. After
sealing the gold tubes with an argon arc welder, we loaded them into
pressure containers that were hydrostatically pressured to 100 or
300 MPa (i.e., depth equivalent of ~5 to 15 km). Combinations of
pressures (ambient, 100, 300 MPa) and temperatures (ambient, 60,
100, 200 °C) were used in experiments lasting from 6 to 12 months (Wei
et al., 2014). The conditions for the samples selected for this study are
listed in Tables 2, 3, and 4. The ﬁnal temperature was achieved within a
few minutes and the sample remained at this temperature for the entire
experiment duration.
At the end of each heating period, the glass tubes and gold cells
were retrieved and connected to the evacuated inlet system of a glass
vacuum line to extract and collect gas that had been liberated during
experiments (Gao et al., 2014). Solid residues from the experiments
were analyzed for vitrinite reﬂectance and low-pressure gas adsorption
porosimetry. A Leica DM 25000 P Microscope with a TIDAS PMT IV
attachment was used to collect reﬂectance measurements, whereas
ASAP2020 porosimeter was used to perform low-pressure adsorption
analysis. In addition, SEM imaging was performed on select samples to
visualize pore distributions.
In addition to hydrostatic pressure experiments, to compare the
inﬂuence of hydrostatic versus lithostatic pressure, splits of Mowry
Shale and New Albany Shale were heated at 100 °C for 6 months at a
21
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3. Results

Table 2
Changes in random vitrinite reﬂectance (Ro), BET speciﬁc surface area (sa), and
mesopore and micropore characteristics with increases in temperature.
BET = Brunauer-Emmett-Teller;
BJH = Barrett-Joyner-Halenda;
DR = Dubinin-Radushkevich; D-A = Dubinin-Astakhov.
N2 adsorption

D-R
micro
sa
(m2/
g)

D-A
micro
volume
(cm3/g)

Average
micropore
size (nm)

Mowry Shale [ambient pressure]
Original 0.57
2.7
0.0104
60
0.57
2.4
0.0106
100
0.63
2.0
0.0105
200
0.65
3.2
0.0132

16.1
18.0
22.0
17.0

7.5
8.3
12.5
7.7

0.0057
0.0102
0.0034
0.0087

0.8
1.1
0.9
1.3

New Albany Shale [100 MPa]
Original 0.42
14.7 0.0243
60
0.41
13.7 0.0241
100
0.43
14.6 0.0249
200
0.44
15.6 0.0272

7.2
7.9
7.5
7.5

7.7
8.9
7.9
8.6

0.0098
0.0176
0.0137
0.0166

1.4
1.3
1.4
1.3

Wilcox Coal [ambient pressure]
Original 0.39
3.0
0.0148
60
0.39
4.9
0.0167
200
0.41
1.5
0.0061

20.8
23.1
17.5

140.4
148.2
110.2

0.0572
0.0630
0.0484

1.5
1.5
1.4

Ro (%)*

BET
sa
(m2/
g)

Three low-maturity samples used in experiments with elevated hydrostatic pressures (Table 1), including New Albany Shale and Mowry
Shale (containing kerogen Type II) and Wilcox Coal (kerogen Type III)
ranged in TOC content from 1.2 wt% in New Albany Shale to 58 wt% in
Wilcox Coal. In addition, Springﬁeld Coal, having 72 wt% TOC, was
employed in experiments using elevated lithostatic pressure. The total
porosity of samples ranged from 8 to 23% (Table 1). Gas adsorption and
MICP porosimetric data demonstrate that the total pore volume is
˂0.05 cm3/g for the shales and ~2 cm3/g for Wilcox Coal (Fig. 1A, B).
MICP data indicate that mesopores (2–50 nm diameter) are dominant in
the shales (Fig. 2A, B), whereas macropores (> 50 nm diameter)
dominate in coal; Fig. 2C. Because MICP cannot access pores ˂3 nm, no
micropores (< 2 nm diameter) are reported by this technique. In turn,
low-temperature gas adsorption suggests that micropore volumes account for approximately 20% of the total pore volumes of all samples
(Fig. 1A).
Pore-throat-radius distributions (Fig. 2) are drastically diﬀerent
among shales and coal. The Wilcox Coal sample had the largest fraction
of mercury (Hg) intruded into macropore throats ranging from 100 to
1000 nm in radius (Fig. 2C), whereas the shales expressed a distinct
maximum of Hg intrusion into (i) mesopore throats slightly above
10 nm radius for New Albany Shale (Fig. 2B), and (ii) dominantly into
˂8 nm pore throats in Mowry Shale (Fig. 2A). Pore throats of macropore
size (˃50 nm diameter, ˃25 nm radius) are clearly rare in the shales,
which agrees with other studies, including those on New Albany Shale
(Mastalerz et al., 2013), whereas the prominence of macropore-sized
throats in the Wilcox Coal sample supports the general macroporous
nature of low-rank coals (e.g., Gan et al., 1972).
The three samples studied diﬀer greatly regarding their Hg injectivity. Wilcox Coal had > 50% Hg injected before the pressure
reached 6.9 MPa (1000 psi), whereas a 50% Hg saturation required
68.9 MPa (10,000 psi) for New Albany Shale and an even much higher
pressure for Mowry Shale (Fig. 3). These diﬀerences are due to contrasting pore size, pore connectivity, and permeability, with Wilcox
Coal having the largest pores and permeability and Mowry Shale being

CO2 adsorption
Average
mesopore
size (nm)

T (°C)

3.1. Original samples

BJH
meso
vol
(cm3/
g)

Note: Ro represents average values of at least 25 measurements with standard
deviation below 0.02 for all samples.

lithostatic pressure of 100 MPa. Because of a shortage of Wilcox Coal,
Springﬁeld Coal was used in these experiments. A Carver hydraulic
press 3851–9 was used for the lithostatic experiments. For these experiments, approximately 2 g of moist sample chips were wrapped in
lead foil, and magnesium oxide was used as an external ﬂuid pressure
medium. Moist samples were used to avoid artiﬁcial fracturing caused
by increased pressure.

Table 3
Changes in random vitrinite reﬂectance (Ro), BET speciﬁc surface area (sa), and mesopore and micropore characteristics with increasing hydrostatic pressure.
BET = Brunauer-Emmett-Teller; BJH = Barrett-Joyner-Halenda; D-R = Dubinin- Radushkevich; D-A = Dubinin-Astakhov.
N2 adsorption

CO2 adsorption

T (°C)

Ro (%)*

BET sa
(m2/g)

BJH mesopore
volume (cm3/g)

Average mesopore
size (nm)

D-R micropore surface
area (m2/g)

D-A micropore
volume (cm3/g)

Average micropore
size (nm)

Mowry Shale
Original
0.1
6
100
6
300
6

20
60
60
60

0.57
0.57
0.58
0.59

2.7
2.4
2.6
2.7

0.0104
0.0106
0.0125
0.0123

16.1
18.0
19.5
18.8

7.5
8.3
5.1
8.8

0.0057
0.0102
0.0201
0.0098

0.8
1.1
0.7
1.3

New Albany Shale
Original
0.1
6
100
6
300
6
0.1
6
100
6
300
6

20
60
60
100
200
200
200

0.42
0.42
0.41
0.42
0.49
0.44
0.45

14.7
13.5
13.7
14.6
15.3
15.6
15.6

0.0243
0.0248
0.0241
0.0248
0.0274
0.0272
0.0281

7.2
7.9
7.6
7.4
7.8
7.5
7.7

7.7
10.0
8.9
7.5
8.0
8.6
8.3

0.0098
0.0227
0.0176
0.0125
0.0145
0.0166
0.0138

1.4
1.3
1.3
1.4
1.3
1.3
1.3

Wilcox Coal
Original
0.1
6
100
12
0.1
6
100
6

20
60
60
200
200

0.39
0.39
0.41
0.41
0.41

3.0
4.9
3.8
1.5
3.2

0.0148
0.0167
0.0192
0.0061
0.0168

20.8
23.1
20.9
17.5
22.1

140.4
148.2
145.9
110.2
120.5

0.0572
0.0630
0.0606
0.0484
0.0500

1.5
1.5
1.5
1.4
1.4

P (MPa)

Time
(months)

Note: Ro represents average values of at least 25 measurements with standard deviation below 0.02 for all samples.
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Table 4
The eﬀect of 100 MPa lithostatic pressure and 100 °C over 6 month period. Comparison of random vitrinite reﬂectance (Ro), speciﬁc BET surface area (sa), and
mesopore and micropore characteristics between original and pressurized samples. BET = Brunauer-Emmett-Teller; BJH = Barrett-Joyner-Halenda; D-R = DubininRadushkevich; D-A = Dubinin-Astakhov.
N2 adsorption
Ro (%)*

BET surface area
(m2/g)

CO2 adsorption
BJH mesopore volume
(cm3/g)

Average mesopore size
(nm)

D-R micropore surface area
(m2/g)

D-A micropore volume
(cm3/g)

Average micropore size
(nm)

Mowry Shale [100 MPa]
Original 0.57
6.6
100
0.59
5.6

0.0212
0.0175

13.4
12.7

8.6
7.6

0.0065
0.0074

1.4
1.4

New Albany Shale [100 MPa]
Original 0.58
6.6
100
0.6
11.4

0.0190
0.0256

11.7
9.4

11.7
9.7

0.0105
0.0082

1.2
1.3

Springﬁeld Coal [100 MPa]
Original 0.51
9.2
100
0.51
8.8

0.0174
0.0143

8.2
7.0

98.8
100.6

0.0467
0.0418

1.4
1.4

T (°C)

Note: Ro represents average values of at least 25 measurements with standard deviation below 0.02 for all samples.

the tightest of all three samples and likely having abundant closed pores
(Fig. 2).
3.2. Temperature eﬀect
An increase in temperature from room temperature to 200 °C increased Ro most strongly for Mowry Shale (from 0.57 to 0.65%), less for
New Albany Shale (from 0.41 to 0.44%), and the least for Wilcox Coal
(from 0.39 to 0.41%) (Table 2, Fig. 4A).
For the shale samples, BET speciﬁc surface areas did not change
notably after heating and stayed within 2.0 to 3.2 m2/g for Mowry
Shale, which is close to the values of the original samples (Table 2,
Fig. 4B). In comparison, New Albany Shale has a signiﬁcantly larger
speciﬁc surface area (possibly because of mineralogical diﬀerences)
ranging from 13.7 m2/g at 60 °C to 15.6 m2/g after heating to 200 °C at
a pressure of 100 MPa (Table 2). The slight increase in speciﬁc surface
area in New Albany Shale in heating from 60 to 200 °C is likely related
to internal inhomogeneity rather than thermal maturation when we
consider the even larger speciﬁc surface area of 14.7 m2/g of the unheated original New Albany Shale. The only notable change was recorded for Wilcox Coal—a decrease in BET speciﬁc surface area at
200 °C to 1.5 m2/g from 3 cm2/g in the original sample.
BJH mesopore volume data mirror the changes observed for speciﬁc
surface areas where values for New Albany Shale top those of other
samples (Table 2). Considering possible internal sample heterogeneity,
we did not detect signiﬁcant changes during heating to 60 and 100 °C,
although at 200 °C both shales express increased mesopore volumes,
while Wilcox Coal drastically lost mesopores (Table 2). After heating to
200 °C, the average size of mesopores was like that in the original
sample for New Albany Shale (7.5 nm versus 7.2 nm), but decreased in
Mowry Shale and Wilcox Coal.
Wilcox Coal exhibits a large micropore surface area of 110 to
148 m2/g compared to ˂10 m2/g for the shales (Table 2). Upon heating,
the New Albany Shale micropore surface area maintained a narrow
range of 7.7 to 8.9 m2/g, whereas Mowry Shale's micropore surface area
ﬁrst increased at 100 °C and later decreased at 200 °C. In contrast,
Wilcox Coal's micropore surface area dramatically decreased between
60 and 200 °C. There is no information for Wilcox Coal at 100 °C because the sample was lost during experiment. While Wilcox Coal
showed a large drop in micropore volume between 60 and 200 °C, no
distinct parallel changes in micropore volume were documented for the
shales (Fig. 4C).

Fig. 1. Pore volumes of original samples as determined by gas adsorption (A)
and MICP (B). NAS – New Albany Shale.

3.3. Pressure eﬀect in hydrostatic conditions
Experiments at elevated hydrostatic pressures up to 300 MPa for 6
23
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Fig. 2. Graphs showing MICP-derived pore-throat-size distributions of the samples used in experiments: (A) Mowry Shale; (B) New Albany Shale, and (C) Wilcox
Coal.

surface area was observed between the original coal and the sample
after heating to 60 °C at ambient pressure (3.0 versus 4.9 m2/g;
Table 3). New Albany Shale may have been more susceptible to hydrostatic pressure because its BET speciﬁc surface area increased from
13.5 m2/g (60 °C, ambient pressure) over 13.7 m2/g (60 °C, 100 MPa) to

to 12 months caused insigniﬁcant changes in (i) vitrinite reﬂectance
within the precision of Ro measurements (Table 3, Fig. 5), and (ii) in
BET speciﬁc surface areas, which may have resulted from the internal
inhomogeneity of samples (Fig. 5A). Inhomogeneity is suspected speciﬁcally for Wilcox Coal; the diﬀerence of 1.9 m2/g in BET speciﬁc
24
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Fig. 3. Mercury (Hg) saturation curves for samples of Mowry Shale, New
Albany Shale, and Wilcox Lignite. The contact angle between mercury and pore
is 130 °C, and the injection pressure ranges from ambient to 413 MPa.

14.6 m2/g (100 °C, 300 MPa). However, BET speciﬁc surface areas of
New Albany Shale after heating to 200 °C are similar in experiments
using diﬀerent hydrostatic pressures, testifying against the inﬂuence of
the pressure alone. (See Fig. 5.)
Like the speciﬁc surface areas, the BJH mesopore volumes of the
shales express limited sensitivity to pressure during experiments. In
contrast, the BJH mesopore volume in Wilcox Coal increases during
heating at 60 °C and even more dramatically at 200 °C (Table 3,
Fig. 5B). No trend in average mesopore size with pressure has been
revealed for any sample (Table 3). Similarly, there is no clear pressure
eﬀect on micropore surface and micropore volume (Table 3, Fig. 5C),
where the observed small changes could easily be related to sample
inhomogeneity, as suggested by values for original untreated samples.
3.4. Pressure eﬀect in lithostatic conditions
Comparing micro- and mesopore characteristics of original and lithostatically pressurized samples (Table 4) shows a marked diﬀerence
only for the New Albany Shale under pressure in terms of (i) increased
BET speciﬁc surface area and mesopore volume, and (ii) decreased
micropore volume. Mowry Shale and Springﬁeld Coal did not show
notable changes in mesopore or micropore characteristics.
3.5. SEM observations
Comparative SEM observations were carried out on New Albany
Shale samples before and after experiments. SEM imaging identiﬁed
phyllosilicate framework (PF) pores as the dominant pore type, where
pores usually occur as triangular openings deﬁned by platelets of clay
minerals (Fig. 6A–D). Pores vary in size from several nanometers to
several micrometers and can be open or ﬁlled with organic matter.
Carbonates typically contain dissolution pores with irregular shapes
and uneven corroded grain margins. Intragranular dissolution pores are
less frequently observed within carbonate grains. Other types of intragranular pores were found in pyrite framboids and rarely in organic
matter.
A comparison of SEM images of New Albany Shale samples that
were either (i) untreated, (ii) heated to 200 °C for 6 months at ambient
pressure, or (iii) heated to 200 °C for 6 months at 300 MPa hydrostatic
pressure revealed no obvious diﬀerences in terms of pore types or size
(Fig. 6E–H). PF pores in the original samples look like those in the
samples heated to 200 °C at ambient pressure and at 300 MPa hydrostatic pressure. Although no pores were visible in New Albany Shale
organic matter after heating at ambient pressure, some pores were
observed after experiments at 300 MPa hydrostatic pressure. The
ﬁnding of some organic pores in the original untreated samples suggests

Fig. 4. Temperature eﬀect on (A) random vitrinite reﬂectance, (B) BET speciﬁc
surface area, and (C) D–A micropore volume of Wilcox Coal, Mowry Shale, and
New Albany Shale.

that any absence of such pores in select samples was due to internal
heterogeneity.
4. Discussion
While there are well-deﬁned changes in total porosity and pore-size
distribution during early compaction of porous sediments at low maturity (Dewhurst et al., 1998; Yang and Aplin, 1998; Day-Stirrat et al.,
2012), changes in porosity-related characteristics during advanced diagenesis of ﬁne-grained sediments are more diﬃcult to predict. This
study provides insights about the parameters that are less susceptible to
changes versus the porosity-related modiﬁcations that can be expected
in low-porosity shales and coal with increasing temperature and effective stress (Fig. 7).
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around intrusions. Around the intrusive dike, Quaderer et al. (2016)
show that Springﬁeld Coal experienced an increase in vitrinite reﬂectance from 0.65% at ~100 °C to ~1.5% at 200 °C. In that study,
approximately 100 °C was the regional coaliﬁcation temperature of that
coal. Although that study showed that clastic sediments associated with
the coal recorded a lower increase in reﬂectance compared to the coal
(speciﬁcally, marine shale above the coal increased its vitrinite reﬂectance from the original 0.55% to ~0.70% at 100 °C, and to ~1.3%
at 200 °C), those thermal maturity increases are still much more prominent that in our study for a similar temperature range and not much
diﬀerent thermal maturity of the original samples. This very modest
increase in vitrinite reﬂectance may be related to the retardation eﬀect
of pressures as high as 100 and 300 MPa. We also note that the combined eﬀects of temperature and pressure caused by volcanic intrusions
into coal caused signiﬁcant decreases in surface areas and micropore
volumes in Springﬁeld Coal (Mastalerz et al., 2009), in contrast to very
limited changes of this study.
The main objective of our study was to explore the modiﬁcation of
mesopore and micropore systems as a result of increasing temperature
and pressure. For coal, it has been well documented that the pore
structure changes with increasing coaliﬁcation and micropore volume
increase relative to volumes of macropores and mesopores (e.g., Gan
et al., 1972; Clarkson and Bustin, 1996). For the samples studied,
however, there is only a minimal increase in thermal maturation, and
therefore no signiﬁcant changes were expected because of this small
increase.
The only notable temperature-related changes are decreasing speciﬁc surface area, mesopore volume, and micropore volume between
60 °C and 200 °C for Wilcox Coal (Table 2; Figs. 4, 7). For the shales,
small and irregular diﬀerences could be explained by internal heterogeneity of the samples, as suggested by the porosimetric diﬀerences
between the original samples and those at 60 °C. The original sample of
Wilcox Coal was characterized by a much larger pore volume than the
shales (Fig. 1); both macropores (> 50 nm in diameter) and micropores
(< 2 nm) and the more pronounced temperature eﬀect suggest that
abundant organic matter pores experienced temperature-related
shrinkage. Changes in much less abundant organic pores in shales were
likely not large enough to inﬂuence overall surface areas and meso- and
micropore volumes. We note that large decreases in surface areas and
micropore volumes were documented where Springﬁeld Coal was close
to a volcanic dike (Mastalerz et al., 2009), clearly an eﬀect of high
temperature.
Changes in mesopores and micropores with increasing pressure
were of special interest in this study because 1) pressure has been
known to aﬀect the physical properties of rocks, and low-maturity organic matter should be especially susceptible to such changes; and 2)
some changes in porosity characteristics in coals and shales are being
explained as pressure eﬀects. For example, Mastalerz et al. (2008)
analyzed mesopore and micropore characteristics of the Pennsylvanian
Seelyville Coal Member from the Illinois Basin and suggested that an
increase in the depth of burial and corresponding hydrostatic pressure
could reduce surface areas and mesopore volume of the coal, but less so
in terms of micropore volume. Our study using a hydrostatic pressure
range from ambient to 300 MPa did not reveal any notable changes in
mesopores or micropores for shale samples. No changes in macropores
for shales were revealed by SEM either. The only notable change was an
increase in BET surface area, mesopore volume, and micropore surface
area for Wilcox Coal (Table 3, Fig. 7). Based on experimental studies of
weakly consolidated sediments, it has been demonstrated that the
dominant porosity loss in mud occurs through the collapse of larger
pores (> 15 nm), with smaller pores being rather unaﬀected (Dewhurst
et al., 1998; Yang and Aplin, 1998). As shown by gas adsorption and
MICP measurements of the samples in this study, Wilcox Coal had
highest contribution of large pores (> 100 nm in diameter); perhaps
shrinkage of macropores into mesopores caused the increase in the
mesopore volume of the coal (Fig. 5B). This suggestion is consistent

Fig. 5. Hydrostatic pressure eﬀect on (A) BET speciﬁc surface area, (B) BJH
mesopore volume, and (C) D–A micropore volume of Wilcox Coal, Mowry
Shale, and New Albany Shale.

In this study, the temperatures used in the experiment are low
(room temperature, 60, 100, and 200 °C), lower than in most laboratory
experiments; however, they were selected to be comparable to the
temperature regime in many natural systems. We note that for the
original samples used in this study, the maximum temperature during
thermal maturation assessed from vitrinite reﬂectance (Barker and
Pawlewicz, 1994) was ~60 °C for Wilcox Coal, ~65 °C for New Albany
Shale, and ~80 to 90 °C for Mowry Shale. As such, an experimental
temperature of 60 °C was not expected to make any modiﬁcations of
thermal maturity. Indeed, only temperatures of 100 °C and 200 °C
(higher than thermal maturation temperatures) caused increases in
thermal maturity during the 6 months of the duration of the experiment
(Table 2). This increase in thermal maturity is very small, however; it is
much smaller than that experienced, for example, by organic matter
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Fig. 6. (A–D) SEM images of the original untreated
New Albany Shale samples, and (E–H) of treated
New Albany Shale samples. (A) typical view; (B)
dolomite rhomb surrounded by cracks that may be
related to clay dehydration or dissolution of dolomite; small phyllosilicate framework (PF) pores are
also present; (C) dolomite crystals with dissolution
pores and organic matter (OM) along grain boundaries; organic matter appears nonporous; (D) closeup of (C) where pores in organic matter become
visible; (E) PF pores, 200 °C, 6 months, ambient
pressure; (F) organic matter devoid of pores, 200 °C,
6 months, ambient pressure; (G) PF pores and subhorizontal expansion cracks, 200 °C, 6 months,
100 MPa; (H) pores in organic matter, 200 °C,
6 months, 300 MPa.

with the large increase in all ranges of pores of 2 to 100 nm in diameter
(Fig. 8A), likely because of shrinkage of macropores larger than
100 nm. The pores of the 2- to 5-nm-diameter range experienced the

relatively largest increase at 100 MPa compared to Wilcox Coal at
ambient pressure. It has been further suggested that pores smaller than
100 nm in diameter are generally stronger and more resistant to
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Fig. 7. Temperature and pressure eﬀects on the porosimetry and thermal maturity of the samples studied. (A) Hydrostatic conditions; (B) Lithostatic conditions.

independent of eﬀective stress up to at least several tens of MPa
(Vasseur et al., 1995; Dewhurst et al., 1998), because most of the surface area is contributed by very small pores that are not aﬀected by
eﬀective stress. Therefore, even though total porosity may decrease,
any expected decrease in surface area is compensated by the larger
pores shrinking to a smaller size and a consequent decrease in pore sizes
(e.g., Day-Stirrat et al., 2012). For our Wilcox coal sample, surface areas
increased signiﬁcantly for pores throughout the 2 to 100 nm range at
100 MPa, with the highest increase recorded for the 28 to 100 nm range

mechanical compaction than larger pores (Loucks et al., 2009; Milliken
and Curtis, 2016).
In our samples, pores larger than 100 nm were present in signiﬁcant
quantities only in Wilcox Coal (Fig. 2C), but the stronger nature of
smaller pores is consistent with minimal to no change in pore volumes
of 2 to 100 nm range in the shales (Fig. 8B). No change in the surface
area of the shale samples also suggests that if there were any changes in
pore volume, it would have had to be for the largest existing pores. It
has been documented experimentally that speciﬁc surface area is
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Fig. 8. Graphs showing diﬀerences in pore volumes (A, B) and speciﬁc surface areas (C, D) between ambient pressure and 100 MPa for Wilcox Coal and between
ambient pressure and 300 MPa for Mowry Shale.

diﬃculty to apply the results to the natural systems (Lundegard and
Land, 1986; Katsube and Williamson, 1994). We note that under the
conditions of our experiments, the samples have not reached the “oil
window” maturity and, therefore, no eﬀect of the ﬂuid removal on
porosimetric properties could be observed. Such eﬀects can be prominent in higher maturity mudrocks (Wei et al., 2014).

(Fig. 8C). This increase is much less pronounced for the shale samples,
exempliﬁed by the Mowry Shale sample (Fig. 8D).
Comparing hydrostatic conditions to experimental results using lithostatic pressure on splits of Mowry Shale and New Albany Shale at
100 MPa and 100 °C suggests that lithostatic pressure does not change
micro- and mesoporosity in any signiﬁcant way (Table 4, Fig. 7),
probably because of the small pore sizes present in the shales studied.
Of the two shales, the micro- and mesoporosities of New Albany Shale
were aﬀected more than those of Mowry Shale (Table 3), a reﬂection of
the diﬀerent original pore-size distributions and likely the diﬀerent
contributions of closed pores (Fig. 2A, B). Although from the values
listed in Table 4 it may appear that the pressure-related changes in
lithostatic conditions are more notable than those observed in hydrostatic conditions (Table 2), a direct comparison cannot be made because
the samples used for experiments diﬀer in their surface area and mesopore characteristics compared to those used earlier in hydrostatic
experiments.
This experimental work and observations coming from pore size
distribution are in general agreement with those documented on
weakly consolidated clay rich sediments subjected to high pressures
(Dewhurst et al., 1998; Day-Stirrat et al., 2012), suggesting that there is
no major disconnect between the two, and that the porosimetric
changes observed in our experiments are of compaction-type nature.
The changes are just of a smaller magnitude because of the low original
total porosity of the studied samples. As such, the results obtained can
help to understand compaction related porosity modiﬁcation through
maturation, but their extrapolations into natural mudrock systems
needs to be done with caution. The inability of experimental work to
account for time-related eﬀects such as creep, cementation, mineral
dissolution, or other processes taking place during maturation, creates a

5. Conclusions
This study results in the following conclusions:
1. Experimental temperatures of 60, 100, 200 °C and pressures of
100 MPa and 300 MPa caused only minimal changes in maturity of
coal and shales over the period of 6 to 12 months.
2. The Wilcox Coal sample experienced a more pronounced temperature eﬀect on porosity than the shale samples, suggesting that
abundant organic matter pores underwent temperature-related
shrinkage. Porosity changes in the shales, which had much fewer
organic pores, were likely not large enough to inﬂuence overall
surface areas and meso- and micropore volumes.
3. A hydrostatic pressure up to 300 MPa did not cause signiﬁcant
changes in the shale samples. The most notable change was an increase in mesopore volume for Wilcox Coal, likely a result of pressure-related shrinkage of macropores into mesopores.
4. A lithostatic pressure of 100 MPa did not change micro- and mesoporosities in the shale samples in any signiﬁcant way. Of the two
shales, the New Albany Shale was slightly more aﬀected than
Mowry Shale, likely because of the greater abundance of closed
pores in the latter.
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