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Gas storage capacity and gas producibility of shale gas reservoirs are critically limited by shale porosity. In spite of
its importance, porosimetric characterization of shale remains challenging due to highly heterogeneous struc-
tures, small average pore sizes, and wide pore size distributions. This study utilizes low-pressure N2 and CO2

gas adsorption porosimetry to investigate the evolution of micro- and mesopores in a suite of 11 New Albany
Shale samples across a wide range of thermal maturity corresponding to vitrinite reflection Ro values from
0.35 to 1.41%. Mesopore volumes follow a nonlinear evolutionary path starting with a maximum in immature
shale (sample 472-1). Subsequent intermittent minima in mesopore volumes during early and late maturity
are consistent with the transformation of kerogen during the early mature stage (sample 554-2) and secondary
cracking of bitumen/oil at the late mature stage (sample IL2), respectively. Micropore volumes display a varying
trend throughout thermal maturation, and are significantly controlled by total organic carbon contents. Both
meso- and micropore volumes are positively correlated with clay content and tend to decrease with an increase
in feldspar content.
A reduction in grain size of shale samples for gas adsorption porosimetry prominently enhances mesopore vol-
umes, whereas the effects on micropore volumes are variable. These findings may be associated with the fact
that smaller particles are able to attain complete adsorption equilibrium quickly, which in turn reduces experi-
mental artefacts during gas adsorption porosimetry. Crushing of shale not only alters the shape of gas adsorption
hysteresis loops, but also tends to tighten the openings of hysteresis loops by enhancing the connectivity of pores
and reducing the likelihood of gas being trapped during desorption.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Successful exploration and recovery of natural gas from low-
permeability unconventional reservoirs such as shales require an un-
derstanding of rock porosity. In spite of this importance, accurate
porosimetric characterization of shales remains challenging due to
highly heterogeneous structures acrossmacro- tomicroscales, small av-
erage pore sizes, andwide pore size distributions (Chalmers et al., 2012;
Kuila and Prasad, 2013; Loucks et al., 2009;Mastalerz et al., 2012, 2013).
The quantification of pores in shales by gas adsorption techniques is fur-
ther complicated by limited pore connectivity and partial filling or
blocking of pores with water or bitumen (Clarkson et al., 2012;
Mastalerz et al., 2013).

Even bioturbated, seemingly homogeneous shales typically express
heterogeneous distributions of organic and inorganic moieties with as-
sociated pores when viewed at a magnification that is commensurate
l Sciences, Indiana University,
with the small pores in fine-grained rocks (Schieber, 2010, 2011). Spa-
tial variations in mineralogical composition and organic matter (OM)
content across short distances in sediment cores are typically paralleled
by variances in pore volumes and pore size distributions. For instance,
carbonate-rich intervals of Gordondale Shale (Lower Jurassic, north-
eastern British Columbia, Canada) typically have lower total porosities
than adjacent carbonate-poor and clay-rich mudrocks (Ross and
Bustin, 2007). The presence of clays of the illite–smectite type is mainly
responsible for micro- and mesopores in shales (Kuila and Prasad,
2013). Porous OM is an important contributor to total porosity in
organic-rich shales and can host substantial micropore volumes that
usually correlate positively with the total organic carbon (TOC) content
(Chalmers et al., 2012; Loucks et al., 2009; Strąpoć et al., 2010).Mineral-
and OM-associated pores show contrasting geometries and morphol-
ogies. For example, cross-sections of mineral-associated pores in
Haynesville Shale are predominantly slit-like, whereas OM pores in
the Barnett and Horn River shales are typically round or elliptical
(Curtis et al., 2012).

Pores in OM have attracted growing interest as a significant compo-
nent of pore systems in gas-bearing shales (Bernard et al., 2012; Curtis
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et al., 2012; Loucks et al., 2009; Mastalerz et al., 2013). While some OM
pores are a legacy of the cellular structure of precursor biological tissues
(Loucks et al., 2012), much OM-associated pore space seems to relate to
thermal transformations of kerogen, (pyro)bitumen, and liquid and gas-
eous hydrocarbons (Jarvie et al., 2007;Mastalerz et al., 2012, 2013; Ross
and Bustin, 2009; Strąpoć et al., 2010). Understanding the evolution of
OM porosity during thermal maturation is critical for predicting the
ability of shales to produce and store fluid hydrocarbons (Curtis et al.,
2012).

Pores are generally classified according to their diameters as micro-
pores (b2 nm), mesopores (2–50 nm), and macropores (N50 nm; Sing
et al., 1985). Based on their associationswithmineral and organic parti-
cles, pores can also be classified as intergranular mineral pores,
intragranular mineral and OM pores, and fracture pores (Loucks et al.,
2012). Limitations of individual porosimetric methods to sections of
the wide spectrum of pore sizes in shales make it necessary to use
more than one porosimetric method in order to measure pore sizes
from micropores to macropores (Sing et al., 1985). Various gas adsorp-
tion techniques using helium, nitrogen (N2) and carbon dioxide (CO2)
are available to quantify surface areas and pore characteristics of shales
(Lowell et al., 2004). Additional porosimetric approaches include small
angle X-ray and neutron scattering (SAXS, SANS, and USANS; Cui
et al., 2009;Mastalerz et al., 2012), mercury intrusion capillary pressure
(MICP) porosimetry (Clarkson et al., 2013; Mastalerz et al., 2013), high
resolution scanning and transmission electron microscopy (SEM, TEM;
Chalmers et al., 2012; Loucks et al., 2012; Schieber, 2010), and Nuclear
Magnetic Resonance (NMR; Borchardt et al., 2013). Although traditional
SEM and TEM can theoretically image nanopores with diameters down
to 1 nm, in practice such small pores cannot be adequately imaged
electron-microscopically (Walters, 2013). Porosimetry of small pores
from 0.35 nm to 300 nm typically relies on gas adsorption techniques
for assessment of pore sizes, including the complete range of micro-,
meso-, and macropores (Cui et al., 2009; Mastalerz et al., 2013).

Although gas adsorption porosimetry has been used broadly for the
characterization of porosity in shales,mudrocks and other porousmate-
rials, surprisingly little is known about the influence of some fundamen-
tal parameters like the grain size of used rock material. Lab-based
standardizations of grain size by individual research groups serve to
generate reproducible data within each lab. Unfortunately, the use of
different standard grain sizes calls into question direct comparisons of
published data from different laboratories. A compilation of findings
from recent gas adsorption-related studies (Table 1) documents con-
flicting conclusions from laboratories that used different particle sizes.

Following our previous investigation on porosity in New Albany
Shale (NAS;Mastalerz et al., 2013), this study aims to (1) systematically
explore the influence of particle size on porosimetric characterization of
NAS via gas adsorption. Additional goals are to (2) improve the charac-
terization on the evolution of NAS's porosity across a wider range
of thermal maturity by including additional NAS samples with
Table 1
Summary of recent porosimetry via low-pressure N2 and CO2 gas adsorption techniques.

Literature Particle size Sample information

Mastalerz et al. (2013) 4 mesh (4.75 mm) New Albany Shale, USA
Strąpoć et al. (2010) 60 mesh (250 μm) New Albany Shale, USA

Ross and Bustin
(2009)

60 mesh (250 μm) Western Canadian Sedimentary Basin, Ca

Chalmers et al. (2012) 60 mesh (250 μm) Barnett, Woodford, Haynesville, Marcellu
Chalmers and Bustin
(2012)

60 mesh (250 μm) Shaftesbury Formation in northeastern B
Canada

Tian et al. (2013) 60–80 mesh
(250–178 μm)

Lower Silurian shales in the Chuangdong
southwestern China

Mastalerz et al. (2012) 60 mesh (250 μm) Springfield coal and New Albany Shale
intermediate maturities, and (3) to characterize the influence of miner-
alogical and organic compositions on the NAS pore system.

2. Experimental section

This study utilizes 11 NAS samples across wide ranges of thermal
maturity (Ro 0.35 to 1.41%) and TOC contents (2.37 to 21.5 wt.%) for
porosimetric measurements, X-ray diffraction (XRD), organic petrogra-
phy, and other analyses. Total porosity of the samples ranges from 1.0 to
9.1 vol.% (Table 2). NAS samples originate from coring locations shown
in Fig. 1. Cores without signs of weathering or oxidation have been ar-
chived by the Indiana Geological Survey and the Illinois State Geological
Survey.

2.1. Low-pressure gas adsorption measurements

Each of the 11 shale samples was carefully hand-crushed and sieved
to generate three size fractions of 4, 20 and 60 mesh. The resulting 33
samples were subsequently analyzed via N2 and CO2 low-pressure gas
adsorption on a Micromeritics ASAP-2020 apparatus to obtain informa-
tion aboutmesopores andmicropores, respectively. Shale sampleswere
automatically degassed at ~110 °C in vacuo for about 14 h to remove
adsorbed moisture and volatile matter. Degassed sample aliquots
weighing 1–2 g were exposed to N2 at the temperature of liquid nitro-
gen (−196 °C) or to CO2 near 0 °C along a series of precisely controlled
gas pressures. N2 and CO2 adsorption volumes were measured over the
relative equilibrium adsorption pressure (P/Po) range of 0.050–0.995,
where Po is the condensation pressure of N2 or CO2 at laboratory condi-
tions, and P is the actual gas pressure.

N2-based adsorption data collected on shale size fractions were
interpreted using Brunauer–Emmett–Teller (BET) analysis for surface
area and Barrett–Joyner–Halenda (BJH) analysis for pore size distribu-
tions (Mastalerz et al., 2013). CO2-based adsorption data were
interpreted using Dubinin–Astakhov (D–A), Dubinin–Radushkevich
(D–R), and density functional theory (DFT) pore size distribution
models (Gregg and Sing, 1982). These calculations can be generated au-
tomatically by the instrument's computer software.

2.2. Organic petrography and X-ray diffraction analysis

Vitrinite reflectance Ro (%) measurements (maximally 25 points)
were performed with a Leica optical microscope and an MSP200 pho-
tometry system. Total organic carbon (TOC) concentrations were quan-
tified using a Leco analyzer. Independent quantitative mineralogical
analyses of pulverized shale samples (ground wet with a micronizer
to a grain size 5 μm) were performed with a Bruker D8 Advance XRD
in the Department of Geological Sciences at Indiana University. The
XRD was equipped with a Sol-X solid-state detector and a Cu X-ray
tube operated at 40 kV and 30 mA. Shale powders were scanned from
Relationship with total organic carbon (TOC)

No relationship between TOC content and pore volume
D–A micropore volume and total gas content correlate
positively with TOC content

nada Significant correlation between micropore volume and TOC
content for Devonian–Mississippian shale but not for Jurassic
shale.

s, and Doig shales No correlation between TOC content and micropore volume
ritish Columbia, Positive correlation between TOC content and porosity

Thrust Fold Belt, Total porosity increases with increasing TOC and clay contents

Mesopore and micropore volumes increase with increasing
TOC content



Table 2
Total porosity (vol.%) and mineralogical compositions (wt.%) of shale samples.

Sample Ro

(%)
TOC
(wt.%)

Total
porosity

Quartz Dolomite Calcite Ankerite All
carbonates

Illite
/smectite

Kaolinite Chlorite All
clays

Albite Sanidine All
feldspars

Pyrite

472-1 0.35 2.37 9.1 14.5 15.5 22.0 9.4 46.9 21.9 0.4 1.7 24.1 2.1 8.2 10.3 1.8
634-1 0.5 21.54 2.3 22.9 0.0 0.6 0.0 0.6 38.3 1.4 0.4 40.1 11.0 2.1 13.1 1.7
MM4 0.55 13 4.1 33.8 0.3 0.7 0.0 1.0 32.9 1.9 0.4 35.2 4.2 11.4 15.6 1.5
554-2 0.61 6.53 1.0 26.3 1.0 0.7 6.9 8.5 42.4 0.7 0.0 43.1 10.0 3.5 13.5 2.0
NA2 0.65 5.3 5.1 37.5 1.4 0.9 2.8 5.1 26.5 2.5 0.5 29.5 6.3 12.9 19.2 3.4
IL6 0.7 6.01 n.d. 35.4 0.4 1.1 0.0 1.5 36.1 1.8 0.2 38.1 5.5 12.8 18.3 0.8
IL4 0.83 6.2 1.1 24.8 3.5 1.2 0.0 4.7 39.3 2.1 0.1 41.6 5.0 16.3 21.3 1.4
IL5 1.15 4.29 1.5 27.8 18.1 10.5 0.0 28.5 23.4 0.0 0.0 23.5 5.3 8.6 13.9 2.0
IL3 1.27 5.5 2.5 35.7 0.1 1.6 0.0 1.7 36.5 0.1 2.4 39.0 3.9 13.3 17.2 0.9
IL2 1.3 3.3 3.5 22.3 4.9 0.0 0.0 4.9 0.0 0.5 1.1 1.5 33.9 32.7 66.6 1.4
IL1 1.41 6.29 3.5 19.9 11.7 0.0 0.0 11.7 1.2 0.7 0.7 2.7 25.2 27.0 52.2 7.3

n.d. = not determined.
Bold numbers indicate total concentrations of all carbonates, clays and feldspars.
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2° to 70° using a count time of 2 s per 0.02° step.Multicomponent quan-
tificationswere achieved by Rietveld refinements using TOPAS software
(Bruker, version 4.0).

3. Experimental results

3.1. Mineralogy

At the lower end of the wide spectrum of maturity represented in
this study, the immature shale sample 472-1 features abundant carbon-
ates (calcite, dolomite, and ankerite) but is lean in quartz and feldspar
(Table 2). The sequence of shales with increasing maturity from 634-1
toMM4, 554-2, NA2, IL6, IL4, and IL3 exhibits rather consistentmineral-
ogical compositions with low carbonate (b10 wt.%), intermediate feld-
spar (10–20 wt.%), and high quartz and clay (20–40 wt.%) contents.
The pattern is broken by sample IL5 containing similar contents of
quartz, clays, and carbonate (~25wt.%), and slightly lower feldspar con-
tent (14 wt.%). The most mature shales IL2 and IL1 distinctively differ
Fig. 1. Origin of New Albany Shal
mineralogically from lower-maturity shales by their remarkably high
feldspar (N50 wt.%) and low clay contents (Table 2).

3.2. Pore volume and pore size distribution

Micro- andmesopore volumes detected by low-pressure CO2 and N2

adsorption porosimetry are summarized in Table 3 and Fig. 2. Different
particle sizes of the same shales express contrasting D–Amicropore and
BJH mesopore volume characteristics. The following paragraphs de-
scribe porosity characteristics of 60-mesh shales in detail, which are
themost commonly used in related research, followed by a comparison
among particle sizes.

3.2.1. Pore characteristics of 60-mesh samples as a function of thermal
maturity

The evolution of BJH mesopore volumes (Vmeso-60) along increasing
thermal maturity follows a nonlinear path with multiple intermittent
minima (Fig. 3). The mesopore volume is largest in the least mature
e samples used in this study.



Table 3
Micropore and mesopore volumes of particle size fractions of shale samples.

60 mesh 20 mesh 4 mesh

Sample D–A
micropore
volume
(cm3/g)
(Vmicro-60)

BJH
mesopore
volume
(cm3/g)
(Vmeso-60)

D–A
micropore
volume
(cm3/g)
(Vmicro-20)

BJH
mesopore
volume
(cm3/g)
(Vmeso-20)

D–A
micropore
volume
(cm3/g)
(Vmicro-4)

BJH
mesopore
volume
(cm3/g)
(Vmeso-4)

472-1 0.0103 0.0265 0.0108 0.0222 0.0085 0.0208
634-1 0.0183 0.0177 0.0177 0.0097 0.0086 0.0032
MM4 0.0125 0.0153 0.0075 0.0030 0.0167 0.0080
554-2 0.0080 0.0112 0.0080 0.0033 0.0129 0.0002
NA2 0.0092 0.0149 0.0049 0.0043 0.0138 0.0052
IL6 0.0109 0.0137 0.0060 0.0041 0.0174 0.0005
IL4 0.0074 0.0141 0.0052 0.0033 0.0159 0.0002
IL5 0.0086 0.0130 0.0052 0.0023 0.0055 0.0004
IL3 0.0076 0.0140 0.0060 0.0051 0.0045 0.0026
IL2 0.0033 0.0055 0.0040 0.0037 0.0047 0.0019
IL1 0.0078 0.0095 0.0068 0.0044 0.0062 0.0036 Fig. 3. Relationships between 60-mesh meso- and micropore volumes (Vmeso-60 and

Vmicro-60) and vitrinite reflectance (Ro, %). The Ro ranges of different thermal maturation
stages refer to Peters and Cassa (1994) and Mastalerz et al. (2013). Dashed lines were
drawn to guide the eye.
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sample 472-1, decreases intermittentlywith increasing thermalmaturi-
ty and reaches the first minimum value in shale 554-2 (Ro 0.61%). Fur-
ther maturation within the oil window witnesses an intermittent
increase in mesopore volume, followed by a strong decrease to the ab-
soluteminimum in shale IL2 (Ro 1.3%). A final reversal raises N2 adsorp-
tion in the most mature sample IL1. The N2 adsorption isotherms are of
type IV and exhibit hysteresis between relative pressures 0.420 and
0.995 in all 60-mesh shales (Fig. 4A). BJH mesopore size distributions
are similar for all measured 60-mesh shale samples and are dominated
by the pore size range of about 20–100 nm (Fig. 4B).

Micropore volumes (Vmicro-60) express a varying trendwithmatura-
tion (Fig. 3, Table 3). Themost organic-rich shale 634-1 shows the stron-
gest CO2 adsorption as a proxy for largest Vmicro-60 (Fig. 5A) and the
largest DFT cumulative CO2 adsorption volume (Fig. 5B). The patterns
of DFT micropore size distribution across the pore size range from 0.4
to 1.1 nm are similar for all shales, with a distinct volumetric pore-
width maximum at 0.82 nm (Fig. 6).
Fig. 2.Mesopore volumes (A) andmicropore volumes (B) from varying particle size fractions pl
volumes and R0 (C and D). Trend lines were drawn to guide the eye. Dashed lines in panels C a
With increasingmaturity, BET surface areas of 60-mesh samples de-
termined by N2 and CO2 adsorption follow the nonlinear responses of
Vmeso-60 and Vmicro-60, respectively (Table 4). The largest CO2 BET equiv-
alent surface area is apparent in the most organic-rich shale 634-1,
whereas minima are observed in late mature IL4 and post mature IL2
(Table 4). CO2 BET surface areas are mostly 0.2–2.3 times higher than
those measured by N2 adsorption, highlighting the strong contribution
of micropores to surface areas in NAS samples. The average mesopore
sizes in 60-mesh shales display a convex trend over increasing thermal
maturity and possibly over increasing TOC content, while the average
micropore sizes express respective concave profiles (Fig. 7).

3.2.2. Pore characteristics of 60-mesh samples as a function of mineralogy
Both micro- and mesopore volumes tend to be enhanced with in-

creasing clay and decreasing feldspar contents (Fig. 8A, D), and show
otted over vitrinite reflectance (R0) aswell as the relationships between differences in pore
nd D indicate zero difference.



Fig. 4. (A) low-pressure N2 adsorption isotherms of 60-mesh shale samples. Note that the largest volume of adsorbed N2 occurs in the least mature sample 472-1, followed by the most
organic-rich sample 634-1. (B) Cumulative mesopore volumes of 60-mesh shale samples obtained by low-pressure N2 adsorption. STP stands for standard temperature and pressure.
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no clear relationshipwith quartz and carbonate abundances (Fig. 8B, C).
Similarly, BET surface areas tend to increase with clay contents, and de-
crease with carbonate and feldspar amounts (except in shale 472-1;
Fig. 9). No apparent relationship is observed between average micro-
and mesopore sizes and mineralogical compositions (data not shown).

3.3. Comparison of gas adsorption data from 4-, 20-, and 60-mesh shales

Comparative low-pressure gas adsorption porosimetry of particle
size fractions yields the following observations:

(1) Mesopore volumes generally increase as particle size decreases,
following a trend of Vmeso-4 Vmeso-20 Vmeso-60, except that MM4
and NA2 contain higher Vmeso-4 than Vmeso-20 (Fig. 2A, C, Table 3).
The evolutionary trends of mesopore volumes with increasing
thermal maturity are generally similar for all three shale size frac-
tions (Fig. 2A, C).

(2) Particle size has a stronger relationship with mesopore volume
than with micropore volume (Table 3). Twenty- and 60-mesh
sizes of shales express similar micropore volumes (Fig. 2B) and
thereby differ from 4-mesh fractions with relatively larger micro-
pore volumes in early to intermediately mature samples (Ro

0.55–0.83%).
(3) The TOC content seems to exert stronger control on pore volumes

in 20- and 60-mesh samples than in coarser 4-mesh samples. Ad-
ditionally, the linear regression lines ofVmeso-20 andVmeso-60 versus
TOC share similar slopes (Fig. 10).
Fig. 5. (A) Low-pressure CO2 adsorption isotherms of 60-mesh shale samples. Note that the larg
micropore volumes of 60-mesh shale samples obtained by low-pressure CO2 adsorption techn
(4) Hysteresis loops of N2 adsorption isotherms tighten or even close
their openings at low P/Po from coarsest 4-mesh to finest 60-
mesh shale particles (Fig. 11).

4. Discussion

4.1. New Albany Shale pore systems in relation to TOC and mineralogy

The grain size of shale particles used for gas adsorption porosimetry
should not strongly affect measurements of meso- and micropore vol-
umes as long as efficient gas transport into and out of the center of
each particle allows the entire rock to efficiently reach adsorption equi-
libriumwith gas. With increasing grain size, eventually the core of low-
permeability and dense shale fails to reach equilibriumwithin the time
allotted for gas adsorption porosimetry (Clarkson and Bustin, 1999).
Consequently, the resulting porosimetric data of larger particle sizes
are increasingly biased and reflect mixed signals from an equilibrated
periphery and partially equilibrated or non-equilibrated interior rock.
The effect of grain size on themeasuredporosity is clearly demonstrated
by the relationships between grain size, porosity, and the abundance of
pore-containing OM (Fig. 10). The lack of significant correlations be-
tween TOC content (i.e. a proxy for the presence of organic pores) and
pore volumes for large 4-mesh particles contrasts against significant
correlations for smaller 20-mesh and 60-mesh particle size fractions of
the same shales. Moreover, micro- and mesopore volumes of 20-mesh
est volume of adsorbed CO2 occurs in themost organic-rich sample 634-1. (B) Cumulative
ique. STP stands for standard temperature and pressure.



Fig. 6. Incremental micropore volumes of 60-mesh shale samples obtained by low-pressure CO2 adsorption.
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and 60-mesh particles exhibit similar increasing gradients or regression
slopes over TOC. It follows that (i) optimized gas adsorption
porosimetry uses sufficiently small grain sizes to limit the length of
gas flow paths, and (ii) denser, less permeable rocks require smaller
grain size samples for valid gas adsorption porosimetry.

We can estimate the contributions ofmineral-associatedmicropores
to total micropore volumes by extrapolating the linear regression lines
of micropore volume versus TOC to TOC=0 (Fig. 10), yieldingmineral-
ogical micropore volumes of 0.0035 and 0.0052 cm3/g for 20-mesh and
60-mesh organic-free shales, respectively. OM-associatedmicropores in
the organic-rich shale 634-1 account for more than 70% of the total mi-
cropore volume. Similarly, OM-associated mesopore volumes contrib-
ute more than half of the total mesopore volume in 634-1.

The influence of TOC content on pore volume is also evident in a
comparison of micropore and mesopore volumes in samples IL1 and
Table 4
Comparison between BET surface areas and average pore sizes derived from N2 and CO2

sorption.

60 mesh 20 mesh 4 mesh

Sample N2-BET CO2-BET N2-BET CO2-BET N2-BET CO2-BET

472-1 12.2 8.4 11.0 8.3 10.4 8.8
634-1 6.5 21.5 4.6 21.3 1.9 12.9
MM4 4.5 7.9 0.8 7.4 0.2 16.8
554-2 3.3 7.2 0.9 5.5 0.0 21.0
NA2 4.1 5.3 1.2 5.1 0.6 5.9
IL6 5.1 6.2 1.6 5.1 0.3 13.5
IL4 3.7 4.2 0.7 2.6 0.0 1.7
IL5 4.1 5.0 0.7 3.6 0.1 1.9
IL3 3.9 9.4 1.4 8.3 0.5 6.5
IL2 2.7 4.0 2.2 3.4 1.4 3.4
IL1 3.1 8.4 1.6 7.7 0.9 7.4
IL2 that share similar thermalmaturity andmineralogical compositions,
except that IL1 contains twice as much TOC as IL2 (Table 3). The elevat-
ed TOC content in IL1 almost doubles D–Amicropore and BJHmesopore
volumes compared to IL2. Strong contributions of OM-based pores in
gas shales were also reported from the Mississippian Barnett Shale of
the Fort Worth Basin, Texas (Loucks et al., 2009, 2012), the Mowry
Shale in the Powder River Basin of Wyoming (Modica and Lapierre,
2012), the Chuandong Thrust Fold Belt from southwestern China (Tian
et al., 2013), and other shale formations (Jarvie, 1991, Jarvie et al.,
2007). The strong influence of TOC on pore volumes underscores the
importance of sorption capacity of OM-associated micropores and
their collective large pore surface area.

It is interesting to compare the pore volumes of samples 634-1 and
MM4 that share similar Ro values and mineralogical compositions, al-
though 634-1 contains almost twice asmuch TOC asMM4. The elevated
TOC content in 4-mesh 634-1, however, translates only into ~50% of the
measured micro- and mesopore volumes in 4-mesh 634-1 (Fig. 2,
Table 3). Plausible reasons include (i) problematic porosimetric mea-
surements of 4-mesh samples due to excessive particle size delaying
gas adsorption equilibration, (ii) analytical uncertainties rooted in the
intrinsic heterogeneity of shale, and (iii) artefacts induced by grain
crushing and sieving. These uncertainties will be discussed in
Section 4.4.

The ratios ofmicropore surface area versus TOC from0.3 to 5.1 cm3/g
in our shales are lower than in Mississippian-Devonian shales in the
Western Canadian Sedimentary Basin as reported by Ross and Bustin
(2009). In spite of the importance of organic carbon to porosity in
shale, obviously there are additional factors such as mineralogy and
thermal maturity affecting porosity. Our suite of samples indicates
that meso- and micropore volumes as well as surface area tend to
increase with higher clay abundance and decrease with enhanced feld-
spar content (Figs. 8, 9). Clay-associated pores are known to contribute
to microporosity in shales (Kuila and Prasad, 2013; Ross and Bustin,



Fig. 7. Relationships between average pore width ofmesopores (squares) andmicropores
(circles) of 60-mesh particles with thermalmaturity (A) and TOC content (B). Polynomial
regressions were performed to fit the data.
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2009; Strąpoć et al., 2010) depending on the degree and type of packing
and size of clay crystals (Aylmore and Quirk, 1967).
4.2. Evolution of New Albany Shale pore systems during thermal
maturation

The influence of increasing thermal maturation and concurrent geo-
chemical transformation of NAS is reflected by intermittent minima of
porosity. An early decrease in mesopore volume from an immature to
early mature stage is likely attributed to physical compaction and pref-
erential crushing of mesopores due to increasing pressure of overbur-
den (Mastalerz et al., 2013). The following increase in mesopore
volume during the early oil window is associated with the generation
of new pores during the thermal degradation of OM (‘kerogen crack-
ing’). The oil window's generation of liquid hydrocarbons (bitumen,
oil) eventually supplies enough liquids during the late mature stage to
cause a decrease in mesopore volume due to the blocking and filling
of pore bodies and throats with bitumen, thus restricting the flow of
gas and decreasing access to pores. At even higher thermalmaturity, on-
going cracking within the gas window generates gaseous hydrocarbons
at the expense of oil and bitumen (‘secondary cracking’), thereby
unblocking bitumen-clogged pores and generating new porosity as
non-porous liquid bitumen transforms to solid, porous pyrobitumen
(Jarvie et al., 2007;Mastalerz et al., 2013). The generation of new poros-
ity during secondary cracking is witnessed by increased micropore and
mesopore volumes in post mature shale IL1 (Fig. 3).
4.3. Effect of particle size on measured pore characteristics

Crushing of shale and the use of smaller particle size fractions in gas
adsorption porosimetry result in significantly elevatedmeasuredmicro-
and mesopore volumes, which can be explained by positioning more
pores closer to the surface of particles and increasing the portion of
pores that are accessible to the gases used in porosimetry. The effect is
demonstrated by comparing DFT micropore distributions of grain size
fractions of sample IL4 (Fig. 12) where significantly larger micropore
volumes and wider micropore size ranges are detected after grinding
shales to smaller 20- and 60-mesh sizes.

A close examination of measured micropore volumes along increas-
ing TOC concentrations demonstrates that 20- and 60-mesh samples
follow a different evolutionary pattern than coarser 4-mesh samples
from the same shales (Fig. 10B). The microporosity in shale should not
be significantly affected by manual mild crushing and sieving. The ob-
served differencemust therefore be an artefact due to incomplete equil-
ibration of the interior of larger shale particles during gas adsorption
porosimetry (Clarkson and Bustin, 1999).

Measurements of micropore volumes via gas adsorption in larger
particles may partially includemeso- or evenmacropore volumes. As il-
lustrated in Fig. 13, a large segment of rock contains interconnected
pore systems inwhich largemeso- ormacropores are connected tomul-
tiple micropores. Some of these pore systems may have entrances and
interior connecting passages that are too narrow for N2 but passable
for CO2. Such restrictive situations becomemore abundantwith increas-
ing rock size. Selective access for CO2 to pore systems that includemeso-
and even macropores mimics an overly large abundance of micropores.
The combined effects of inability to reach adsorption equilibrium and
CO2-selective access to pore networks can weaken the validity of pore
volume measurements in large particles.

Based on the results of this study, we suggest that an appropriate
rock particle size should be selected for gas adsorption porosimetric
measurements. Suarez-Rivera et al. (2012) suggested that crushing of
shale to particles of 6 mm diameter effectively removes the influence
of coring-induced microcracks on permeability measurements. This
conclusion should also apply to porosity measurements of shales.
Considering the difficulty to achieve adsorption equilibrium in large 4-
mesh samples in a reasonable amount of time (especially for N2 adsorp-
tion at 77K),we suggest that a particle size below20mesh (i.e. 0.85mm
diameter) is preferable for achieving gas adsorption equilibrium and
providing a consistent surface area for porosimetry measurements.
Excessively small grain size should also be avoided to limit experimen-
tal artefacts associated with prolonged crushing. Consistent crushing
and sieving should be applied to all samples in order to maintain com-
parability. Published data from gas adsorption porosimetry should be
accompanied by analytical details to facilitate inter-laboratory compar-
isons of porosity measurements.

4.4. Gas adsorption hysteresis loop

Hysteresis at relative gas pressures from 0.420 to 0.995 indicates
capillary condensation at low temperatures within mesopores
(Clarkson and Bustin, 1999; Gregg and Sing, 1982; Mastalerz et al.,
2013). The lower limit of 0.42 for P/Po is attributed to the surface tension
of liquid N2 adsorbate reaching an unstable state at a specific pressure
(Sing et al., 1985). A close examination of hysteresis loops
(e.g., Fig. 11) of our samples reveals that they indicate pores of types
H2 and H3 that are usually characterized by narrow necks and wide
bodies (referred to as inkbottle-shaped pores), and slit-shaped or
spherical pores, respectively (Sing et al., 1985). Caution is advised
when adopting this generalizing interpretation for natural shales with
structurally more complex pores (Schmitt et al., 2013). Clarkson et al.
(2013) reported that the assumption of slit-shape pores inferred from
hysteresis loop shapes is not consistent with SANS scattering results. It
is now recognized that the role of network effects must be taken into



Fig. 8. Relationships between micropore volumes (triangles) and mesopore volumes (squares) in 60-mesh shale samples with distinct mineralogical compositions.
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account when interpreting hysteresis loop shapes in terms of pore
shapes (Naumov, 2009).

Open hysteresis loops found formany shale samples (Fig. 4) are like-
ly due to trapped gases in narrow pore throats and/or swelling that fur-
ther constrict pore throats (Gregg and Sing, 1982). Evidence for tighter
hysteresis loops associatedwith smaller particle size (Fig. 11) is possibly
related to improved gas transport through pore networks with shorter
flow paths and a reduced likelihood of gas being trapped in pore net-
works during desorption.
Fig. 9. BET surface areas of 60-mesh shales as a function of distinct mineralogical
compositions.
4.5. Uncertainties

The downsizing of particles generally increases measured micro-
and mesopore volumes by enhancing pore accessibility. However, this
observation is not valid for all samples. Crushing of MM4 and NA2
from 4 mesh to 20 mesh reduced the mesopore volumes (Fig. 2C), and
crushing from 4 mesh to 20 or 60 mesh decreased the micropore vol-
umes ofMM4, 554-2, NA2, IL6, and IL4 (Fig. 2D).We suspect that the ob-
served deviations are likely associated with less reliable porosimetric
data for larger 4-mesh particles, as well as with experimental uncer-
tainties in terms of shale heterogeneity and sample preparation.

The intrinsic heterogeneity of shale in terms of organic and mineral
composition, texture, fabric, etc., makes it fundamentally impossible to
prepare petrologically and chemically identical size fractions. Nonethe-
less, the impact of this bias should be limited because (i) bulk shale sam-
pleswere crushed into chips andwell homogenized before division into
three aliquots and final crushing into three size fractions, (ii) a relatively
large ~2-g amount of samplewas used for eachmeasurement, (iii) mul-
tiple sub-sampling and crushing of bulk shale allowed independent re-
peat experiments of size fractions with comparable porosimetric
results.

Crushing uses compression and shear forces to induce fracture prop-
agation and generate smaller fragments (Mowar et al., 1996). Changes
in structure and fabric at the microscopic level inevitably alter surface
properties andmay entail pore collapse or the generation of new poros-
ity (Lee, 2012; Liu et al., 2012) along with experimental errors in
porosimetry (Boudriche et al., 2014; Lee, 2012). Our slowmanual grind-
ing of shales for less than 20min in an agatemortar should have limited
such artefacts because the associated mechanical forces are unlikely to
provide the critical stress needed for pore collapse (40MPa for Cordoba
Cream limestone, Texas, US; Mowar et al., 1996) and significant pore
volume change.



Fig. 10. Relationships of mesopore volumes (A) and micropore volumes (B) of varying particle sizes with TOC contents. Linear regressions were performed for 20- and 60-mesh particle
sizes, and trend lines of 4-mesh shales were drawn to guide the eye.
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5. Conclusions

Pore structure analyses have been applied to a suite of 11 New
Albany Shale samples with different thermal maturities to constrain
fundamental controls on gas adsorption capacities in fine-grained
shales, and by extension to mudstones. The followingmain conclusions
have been reached:

1. Primary cracking of kerogen and secondary cracking of bitumen
along increasing thermal maturity cause mesopore volumes to fol-
low a nonlinear path with multiple intermittent minima. In contrast,
micropore volumes seem to be controlled dominantly by the abun-
dance of organic matter. Clay and feldspar contents exert additional
effects on microporosity, mesoporosity, and surface areas.

2. The rock particle size used for gas adsorption porosimetry strongly
influences porosimetric results. Measured pore volumes generally
increase with decreasing particle size, especially with particle sizes
20mesh. Gas adsorption hysteresis loops tend to be tightened or re-
main close with decreasing particle size at low P/Po because shorter
gas transport paths facilitate access to pores and diminish the possi-
bility of gas remaining trapped during desorption.
Fig. 11.N2 adsorption isotherms of different size fractions of shale sample 634-1. Note that
the openings of hysteresis patterns get tighter from coarsest 4-mesh to finest 60-mesh
shale particle sizes. The hysteresis pattern shifts from type H2 in 4-mesh and 20-mesh
samples (i.e. inkbottle-shaped and polymorphic pores hindering gas transport) to type
H3 for 60-mesh samples (i.e. slit-shaped or spherical pores). STP stands for standard tem-
perature and pressure. The arrows indicate the directions of pressure change during ad-
sorption and desorption.
Complex pore structures and pore size distributions in shales com-
plicate experimental porosimetric characterizations. Reliable predic-
tions of adsorbed gas capacities of shales cannot be based on single
attributes but need to be based jointly on the organicmatter (or total or-
ganic carbon) content, mineralogy, and thermal maturity. It is impera-
tive to select a suitably small particle size for rock fragments in gas
adsorption porosimetry to limit analytical bias due to incomplete equil-
ibration of larger particles. Future research on porosity in shales will re-
quire a multidisciplinary approach to evaluate the influence of
additional reservoir parameters, for example kerogen type, the possible
presence ofmigrated hydrocarbons, lithostatic pressure (grain-support-
ed) by overburden, reservoir temperature, the presence of formation
water, the salinity of formation water, and mineral diagenesis.
Fig. 12. Comparison of micropore volume distributions in varying size fractions of sample
IL4.



Fig. 13. Adsorption measurements are influenced by porosity networks featuring inter-
connectedmesopores (a, b),macropores (c), andmicropores (d). Pore (e) is a closed pore.
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