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ABSTRACT

The nanometer-scaled pore systems of gas shale reservoirs
were investigated from the Barnett, Marcellus, Woodford, and
Haynesville gas shales in the United States and the Doig For-
mation of northeastern British Columbia, Canada. The pur-
pose of this article is to provide awareness of the nature and
variability in pore structures within gas shales and not to
provide a representative evaluation on the previously men-
tioned North American reservoirs. To understand the pore
system of these rocks, the total porosity, pore-size distribu-
tion, surface area, organic geochemistry, mineralogy, and im-
age analyses by electron microscopy were performed. Total
porosity fromheliumpycnometry ranges between2.5 and6.6%.
Total organic carbon content ranges between 0.7 and 6.8 wt. %,
and vitrinite reflectance measured between 1.45 and 2.37%.
The AAPG Editor thanks the following reviewers
for their work on this paper: Richard B. Koepnick
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The gas shales in the United States are clay and
quartz rich, with theDoig Formation samples being
quartz and carbonate rich and clay poor. Higher
porosity samples have higher values because of a
greater abundance of mesopores compared with
lower porosity samples. With decreasing total po-
rosity, micropore volumes relatively increase whereas
the sum of mesopores and macropore volumes
decrease. Focused ion beam milling, field emis-
sion scanning electron microscopy, and transmis-
sion electron microscopy provide high-resolution
(∼5 nm) images of pore distribution and geome-
tries. Image analysis provides a visual apprecia-
tion of pore systems in gas shale reservoirs but is
not a statistically valid method to evaluate gas
shale reservoirs. Macropores and mesopores are
observed as either intergranular porosity or are
confined to kerogen-rich aggregates and show no
preferred orientation or align parallel with the
laminae of the shale. Networks of mesopores are
observed to connect with the larger macropores
within the kerogen-rich aggregates.
INTRODUCTION

The ability to economically produce gas and light
liquid hydrocarbons from rocks that have tradi-
tionally been considered both the source and seals
to conventional reservoir rocks has forced a para-
digm shift in our understanding of the pore struc-
ture of low-permeability rocks. Understanding
the pore structure of these rocks has been hin-
dered by our lack of tools to investigate their pore
structure. The application of tools and techniques
used to characterize traditional reservoir rocks
provides consistent, albeit commonly erroneous,
results for shale reservoirs. In addition, it is diffi-
cult to generalize about the pore structure of these
so-called shales because rocks that are being re-
ferred to as gas shales or oil-producing shales
(shale oil) include lithologies of various degrees of
diagenesis and include rocks that are true shale,
mudstones, limestones, dolomite, porcellenites,
and sandstones to name a few. Shale is defined as
laminated fine-grained argillaceous rock (Potter
1100 Characterization of Gas Shale Pore Systems
et al., 2005; Boggs, 2012). Because geology is par-
ticularly a visual discipline, geologists have been
strongly motivated to image the pore structure of
shales although the scanning electron microscope
cannot image a large proportion of the finest pore
structure of shales (Marschall et al., 2005). In other
disciplines, such as chemical engineering and sur-
face chemistry, the study of microporous material
is more advanced and some of these methods are
portable to the study of shales, albeit the techniques
are not in the tool box of most shale geologists or
engineers. In this article, we bring together several
state-of-the-art methods of characterizing micro-
porous materials to provide an appreciation for
the pore structure of some important gas shales.
Here, we examine samples from producing strata
of the Barnett, Marcellus,Woodford, Haynesville,
and Doig units that represent a range of lithol-
ogy and maturity. We do not propose to repre-
sent these formations by these samples in as much
as these units are heterogeneous and the sample
size is small, but instead we attempt to provide
awareness of the nature and variability in pore
structure.

The nanometer-scaled pore systems of gas shales
are an important control on hydrocarbon storage
capacity and fluid transmissivity to fracture net-
works. The ability to produce, store, and transmit
hydrocarbons are fundamental properties of eco-
nomically producing self-sourced reservoirs like gas
shales. Poreswithin gas shale reservoirs are an order
of magnitude smaller (nanometer scale) than pores
within conventional carbonate and sandstone res-
ervoirs (micrometer scale; i.e., Nelson, 2009). Pre-
vious work on describing the pore-size distribution
in gas shale has been ad hoc, with pores being
loosely classified as nanopores in some studies (i.e.,
Javadpour, 2009; Loucks et al., 2009). A pore clas-
sification system already exists for materials that
contain nanometer-scaled porosity that categorizes
pore sizes based on physical adsorption properties
and capillary condensation theory (Gregg and Sing,
1982; IUPAC, 1994; Zdravkov et al., 2007). Pores
are subdivided into the three categories: macro-
pores (>50 nm), mesopores (2–50 nm), and micro-
pores (<2 nm) (IUPAC, 1994). The lower limit of
micropores will depend on the kinetic diameter of



the probing gas molecule (i.e., 0.35 nm for carbon
dioxide). These pore categories are important when
considering unconventional gas reservoirs (organic-
rich shales and coals) because a significant part of the
gas can be found in the sorbed state within the
mesopores andmicropores (Gan et al., 1972;Marsh,
1987; Unsworth et al., 1989; Lamberson and Bustin,
1993; Clarkson and Bustin, 1996; Chalmers and
Bustin, 2007, 2008; Ross and Bustin, 2007, 2008).
An inverse relationship exists between pore size
and surface area (Beliveau, 1993), and research has
shown that micropores contribute more to the to-
tal surface area (sorption site for methane) than
mesopores, whereas macropores contribute the
least. For example, studies in organic-rich sludge
(Lu et al., 1995), coals (Beliveau, 1993; Mastalerz
et al., 2008), and shales (Chalmers and Bustin,
2007, 2008; Ross and Bustin, 2009) show surface
area increases with a greater volume ofmicropores.
Porosity develops within kerogen during thermal
decomposition and generation of hydrocarbons (i.e.,
Jarvie et al., 2007). Microporosity increases within
the kerogen with increasing maturity (Chalmers
and Bustin, 2008; Ross and Bustin, 2009) and with
the simultaneous development of microporous sur-
face area and hydrocarbons, little to no migration of
hydrocarbons is necessary (i.e., self-sourced reser-
voir). Further research is needed to identify whether
gas shale micropores are water wet. Mesopores and
micropores are economically important to gas shale
production because of their large contribution to
shale porosity (Keller et al., 2011) and storage sites
(surface area) for sorbed methane. Methane trans-
port mechanisms within the nanometer-scaled pore
system include both diffusion (molecular flow) and
advection (Darcy flow) (Schlomer andKrooss, 1997).

Transmitted and reflected light microscopy
cannot image mesopores and micropores because
of low power of magnification (1000×) compared
with electron microscopy (500,000×). Rock chips
in a scanning electron microscopy (SEM) cannot
be used to observe mesopores and micropores
because of the irregular surface topography. Be-
cause these techniques cannot adequately char-
acterize the nanometer-scale pore systems in gas
shale reservoirs, proxies like gas adsorption anal-
yses, nuclear magnetic resonance (i.e., Sigal and
Odusina, 2011) and mercury porosimetry are used
to define the pore-size distribution (PSD). The PSD
of mesopores and macropores using gas adsorption
analyses are based on the Brunauer, Emmett, and
Teller (BJH) (Barrett et al., 1951) model using ni-
trogen as a probe gas with carbon dioxide used for
determining the PSD of micropores based on the
Dollimore and Heal (Dollimore and Heal, 1964)
model. Both models assume cylindrical-shaped
pores. Physisorption (van der Waal forces) and
capillary action occur in microporosity and meso-
porosity, with the latter being more common with
themesopore size fraction (Gregg and Sing, 1982).
Atomic force microscopy has been used to image
mesopores in fine-grained rocks (Javadpour, 2009);
however, resolution of these pore structures is poor
whereas micropores have not been imaged. Inno-
vations in electron microscopy have led to the de-
velopment of the focused ion beam (FIB) milling
technique, higher magnification (800,000×) field
emission SEM (FE-SEM), and transmission elec-
tronmicroscopy (TEM), which has provided a tool
for visualization of pore systems thatwere too fine to
observe by other methods of microscopy. The FIB
milling techniques remove topographic features
and produce flat surfaces (Keller et al., 2011) for
high-magnification FE-SEMandTEMobservations.
This combination allows the observation of fine
macropores andmesopores within shale reservoirs.
Keller et al. (2011) show both two-dimensional
and three-dimensional (3-D) pore structures using
a similar milling technique in the mesopore and
macropore size ranges. Transmission electron mi-
croscopy is an imaging technique that is depen-
dent on the interaction of the electron as it moves
through thematerial. The changes in contrast within
a TEM image are based on the electron density
differences because of either the thickness or the
composition of the material and has been used in
many geologic materials (i.e., Dong and Peacor,
1996; Fisher et al., 2003;Nemeth et al., 2007). The
TEM provides images of pore structures within
thinlymilled thin sections (<100 nm), and because
of this thinness, a single image can capture macro-
pores and mesopores throughout the thickness of
the thin section and provide a pseudo–3-D struc-
ture of the pore system.
Chalmers et al. 1101



The purpose of this article is to provide both
quantitative and visual qualitative analyses of the
gas shale reservoir pore system. Quantitative anal-
yses by mercury porosimetry and low-pressure gas
adsorption were used to determine the PSD of five
North American gas shales and identify relation-
ships between the PSD and the fabric, texture,
composition, and geochemistry of the shale. The
PSD is between 3 nm and 123 mm based on mer-
cury porosimetry and between 0.35 and 300 nm for
gas adsorption analysis. A qualitative approach to-
ward TEM and FE-SEM image analyses is required
as a quantitative reservoir characterization by FE-
SEM image analysis would result in significant er-
rors because of upscaling to a laterally and strati-
graphically highly variable reservoir. This article
will also discuss the limitations of the use of FE-
SEM and TEM image analyses in the character-
ization of the shale reservoir pore system.
1102 Characterization of Gas Shale Pore Systems
METHODOLOGY AND
ANALYTICAL LIMITATIONS

Six samples obtained from drill cuttings, one each
from the Barnett, Marcellus, Woodford, and Haynes-
ville units and two from the Doig Formation were
analyzed to characterize pore structure, geometry,
and distribution. Only drill cutting samples were
available for this study, and no comparison can be
madewith petrographic thin sections. The location
of each sample is shown in Figure 1. The two Doig
Formation samples differ in lithology with a fine-
grained clay- and carbonate-rich sample referred to
as theDoig phosphate and a coarser grained quartz-
rich sample referred to as the Doig siltstone. The
total porosity, PSD, mineralogy, organic geochem-
istry, organic petrology, FE-SEM and TEM image,
and energy-dispersive spectrometry (EDS) analyses
were performedon each sample. Themineralogical
Figure 1. Geographical loca-
tion of the subcrop boundaries
of the Barnett, Doig, Haynesville,
Marcellus, and Woodford
shales.



composition adjacent to pore structures is iden-
tified using elemental analysis (EDS) and bulk
mineralogy from x-ray diffraction. We separated
the mesopore-size fraction into coarse (25–50 nm),
medium (25–10nm), and finemesopores (2–10 nm)
to aid the description of each sample. To image
mesopores, samples were not coated, and a low
voltage (i.e., 1 kV) was used to prevent sample
charging. Under those conditions, backscatter elec-
tron microscopy was not suitable.
Pore-Size Distribution

Pore-size distribution of gas shales is measured
using both mercury porosimetry and low-pressure
gas adsorption analyses. Samples are crushed (2–
4 mm) and oven dried (110°C), evacuated to 1 ×
10−4 psia, and intruded with mercury from 1.5 to
60,000 psia using a Micromeritics™ Autopore IV
9500 series apparatus. Themeasured pressure range
equates to the pore diameter range of 3 to 1.2 ×
105 nm. The minimal pore diameter limit of 3 nm
is within the mesopore range, and mercury porosi-
metry cannot detect micropores within the pore
system.

Low pressure (<18.4 psia) gas adsorption anal-
yses using both nitrogen and carbon dioxide probe
gases have been used to measure the PSD be-
tween the pore diameters of 0.35 and 300 nm
(Quantachrome, 2008). Although carbon dioxide
is being used as the probe gas, the PSD limit of
0.35 nm is still relevant to methane (kinetic diam-
eter of 0.38 nm). Between 1 and 2 g of ground
sample (<250 mm) is degassed at 70°C for 12 hr
before analysis. Samples need to be crushed to less
than 250 mm to reach the vacuum threshold to
begin the gas adsorption analysis. The PSD will
differ slightly between the two techniques (porosi-
metry and gas adsorption analyses) because of
sample preparation. Carbon dioxide (CO2) adsorp-
tion is coupled with the N2 adsorption analysis to
examine the micropore size fraction as the analyt-
ical temperature of N2 adsorption analyses is too
low (−196°C) for nitrogen molecules to access
the fine micropores (Unsworth et al., 1989). The
analytical temperature used for CO2 adsorption
analysis (0°C) provides the necessary kinetic energy
for the CO2 molecule to access the micropores.
The surface area of micropores was determined by
CO2 adsorption using the Dubinin-Radushkevich
(D-R) equation and using the cross sectional area
of the CO2 molecule of 0.253 nm2 (Clarkson and
Bustin, 1996).
Total Porosity

Total porosity is determined by mercury immer-
sion (bulk density) coupled with helium pycnom-
etry (skeletal density). Samples (30 g) are crushed
between 20 and 30 mesh sizes (841 and 595 mm)
and dried at 110°C to determine the skeletal den-
sity by helium pycnometry at pressure less than
25 psia. The total porosity is calculated from the
difference between the bulk and skeletal densities.
Focused Ion Beam Milling and Field Emission
Scanning Electron Microscopy

Scanning electron microscopy was performed on
the Barnett and Haynesville samples at the Nano-
fabrication Laboratory at the University of West-
ern Ontario, Canada and the Doig,Woodford, and
Marcellus samples at the Advanced Microscopy
Facility at the University of Victoria, Canada. The
Barnett and Haynesville samples were placed onto
aluminummounts using carbon adhesive tabs. The
FIB system focuses a beam of gallium ions to mill a
region of interest with nanometer-scale precision,
whereas imaging was performed using an accel-
erating voltage of 1.0 kV. A LEO (Zeiss) 1540 XB
FE-SEM, equipped with an FIB system, was used
to section the samples and examine shale porosity.
An Oxford Instruments’ INCA x-sight EDS, with
an operating voltage of 10 kV, was used for ele-
mental analysis. The Doig, Woodford, and Mar-
cellus samples were carbon cemented on carbon
mounts and milled on a Hitachi FB-2100 FIB sys-
tem using an accelerating voltage of 2.0 kV. The
FE-SEM was performed on a Hitachi S-4800 FE-
SEM microscope with an accelerating voltage of
1.0 kV. The EDS was measured using a Bruker
Chalmers et al. 1103



Quantax EDS spectrometer with accelerating volt-
age of 13 kV.

The FIB system at the University of Western
Ontario was also used to create a thin section of
the Barnett Shale for examination using TEM. The
surrounding substrate was removed using the FIB
to create a 1-mm thick section that was subse-
quently lifted from the sample using a nanomanip-
ulator and thinned using the FIB to an approximate
thickness of 100 nm. Imaging was conducted at the
Biotron Imaging andData Analysis Facility at the
University ofWestern Ontario using a Philips CM-
10 TEM set at an accelerating voltage of 100 kV,
with images being captured using a Hamamatsu
digital camera.

Limitations of FE-SEM and TEM nanometer-
scaled pore image analyses include (1) trench size
and upscaling, (2) the grain size of samples, and (3)
the unconfined (no effective stress) state of pore
structures. Because of cost and time constraints, only
one or two trenches measuring 30 × 40 mm were
cut for each sample. Limiting the observations to
these dimensions cannot be representative of the
sample or upscaled to a shale reservoir because of
(1) the large reservoir volumes of gas shale plays
(i.e., one frac stage ∼3 × 10−6 m3 or 1 × 10−8 ft3)
and (2) the small-scaled (millimeter to centimeter)
stratigraphic and lateral heterogeneity of shale
strata. To visually quantify the PSD, the FIB and
FE-SEM technique would require a large number
of trenches per sample (500,000 trenches cover a
2 × 3 cm thin section) from a representative suite of
samples to become statistically valid. At the cur-
rent trench dimensions, samples that are coarser
1104 Characterization of Gas Shale Pore Systems
grained than mudrock or shale will have less min-
eral grains and associated pores exposed compared
with finer grained samples. For instance, a siltstone
has greater than two thirds of its grain size rang-
ing between 2 and 62.5 mm (Folk, 1980), with the
trench sizes at approximately 40 × 30 mm; a silt-
stone can be dominated by only one or several
mineral grains. The size of the kerogen particles can
also cause sampling problems. Dispersed organic
matter in gas shales can be large particles of amor-
phous kerogen or fragments of land plants, and de-
pending on the location of the trench, the kerogen
can take up a large proportion of themilled surface.
Samples are at a very low pressure (i.e., 3 × 10−9

psia) during image analysis, and because organic-
rich shales have a high compression ratio, it is as-
sumed that the observed pore geometries, partic-
ularly in organic matter, are different from the
pore geometries at in-situ pressures within the
reservoir. The creation of microfractures may also
occur once a sample is removed from the in-situ
conditions during core retrieval.
Organic Geochemistry and Petrology

Organic geochemistry was determined by a Rock-
Eval II apparatus with total organic carbon (TOC)
module. The TOC is calculated from the amount
of CO2 evolved during hydrocarbon generation
and also during oxidation at 650°C. Maturity of
the samples was determined from Tmax values in
degrees Celsius, which is the temperature at the
S2 peak maximum. The S2 peaks were too small
or nonexistent to determine maturity for all but
Table 1. Reservoir Characteristics of the Sample Suite*
Shale Sample

Depth
(m)
Total
Porosity (%)
Mesopore/Macropore
Volume (mL/100 g)
Micropore Volume
(mL/100 g)
Median Pore
Diameter (nm)
TOC
Content (%)
 % Ro
Haynesville
 4000
 6.2
 2.6
 0.1
 4.9
 4.2
 2.37

Doig siltstone
 2728
 6.6
 2.6
 0.2
 55
 0.7
 1.45

Woodford
 3721
 4.7
 1.9
 0.6
 5.5
 2.0
 1.51

Marcellus
 2583
 3.7
 1.4
 0.8
 3.9
 3.8
 1.56

Barnett
 1957
 3.0
 1.3
 0.4
 4.0
 3.2
 2.25

Doig phosphate
 2793
 2.5
 1.0
 0.7
 15.5
 6.8
 1.45
*Include the total porosity, the sum of the mesopore and macropore volumes, the micropore volumes, the median pore diameter, the total organic carbon (TOC) content,
and the maturity (% Ro).



one sample, and mean random vitrinite reflectance
(Ro) on the dispersed organic matter (50 points)
was performed in accordance with the ASTM
D2798-99 standard.
Mineralogy

Crushed samples (<250 mm) were mixed with eth-
anol, hand ground in a mortar and pestle, and then
smear mounted on glass slides for x-ray diffraction
analysis. A normal-focus Cobalt x-ray tube was
used on a Siemens® Diffraktometer D5000 at
40 kV and 40 mA. A semiquantitative estimation
of the mineral content of samples was determined
using Reitveld analysis (Rietveld, 1967), which fits
a polynomial curve to the diffractograms.

RESULTS

Results from the total porosity, organic geochem-
istry, porosimetry, vitrinite reflectance, and surface
area analysis are shown in Table 1 with the min-
eralogy of all samples shown in Table 2 and sum-
marized in a ternary diagram (Figure 2).

The Barnett, Marcellus, and Woodford sam-
ples are clay and quartz rich, with the Marcellus
also enriched in feldspar (Table 2; Figure 2). The
Table 2. Mineralogical Composition of the Sample Suite*
Sample ID
 Quartz
 Illite
 Kaolinite
 Chlorite

Total
Clay
 Feldspar
 Gypsum
 Pyrite
 Apatite
 Calcite
 Siderite
Chalmers
Dolomite
et al.
Total
Carbonate
Haynesville
 24.1
 43.2
 0.9
 0.6
 44.7
 6.6
 0.0
 2.5
 0.0
 17.9
 0.0
 3.0
 20.9

Doig siltstone
 58.5
 5.5
 0.0
 0.0
 5.5
 15.2
 0.0
 0.6
 1.2
 1.8
 0.0
 17.3
 19.1

Woodford
 32.0
 41.0
 1.4
 3.4
 45.8
 9.0
 0.0
 3.1
 0.0
 6.2
 0.0
 3.9
 10.1

Marcellus
 28.7
 33.6
 3.4
 6.0
 43.0
 21.3
 0.0
 0.6
 0.0
 3.5
 3.0
 0.0
 6.5

Barnett
 46.7
 31.4
 3.8
 1.1
 36.3
 3.8
 1.0
 3.0
 1.5
 5.7
 0.9
 1.2
 7.8

Doig phosphate
 20.4
 10.5
 0.0
 0.0
 10.5
 18.3
 0.0
 2.1
 3.9
 22.4
 0.0
 22.6
 45.0
*From x-ray diffraction and Reitveld Refinement (Rietveld, 1967).
Figure 2. The mineralogical
ternary diagram summarizes the
composition based on the nor-
malized data from Table 2.
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Haynesville sample is also clay and quartz rich but
contains a greater amount of calcite than the other
gas shale samples in the United States. The Doig
samples are both clay poor and quartz and feld-
spar rich; however, the Doig phosphate is domi-
nated by the carbonate minerals, calcite and do-
lomite. Mean random Ro ranges between 1.45
and 2.37% (Table 1). The Doig, Woodford, and
Marcellus samples have similar values approxi-
mately 1.45 to 1.51%. The Barnett and Haynesville
have similar maturity, with mean random Ro of
1106 Characterization of Gas Shale Pore Systems
2.25 and 2.37%, respectively. All these shales are
within the dry gas generation window.

The total porosity ranges between 2.5 and
6.6% (Table 1). Parameters derived from the PSD
analyses include the sum of the mesopore and
macropore volume, the micropore volume, and
the median pore diameter (Table 1). Samples with
the highest total porosities contain the greatest vol-
ume of the sum of mesopore and macropore vol-
umes (i.e., Haynesville and Doig siltstone; Table 1).
Total porosity decreases with decreasing mesopore
Figure 3. Pore-size distribution defined
by the pore volume from porosimetry
analyses. Pore diameter ranges between
3 nm and 100 mm. The boundaries be-
tween micropores, mesopores, and macro-
pores are highlighted by bold dashed lines.
Figure 4. Pore-size distribution defined
by the pore (surface) area from porosi-
metry analyses. Pore diameter ranges be-
tween 3 nm and 100 mm. The minimum
pore diameter is caused by the limitations
of the instrument. The boundaries be-
tween micropores, mesopores, and mac-
ropores are highlighted by dashed lines.



and/or macropore volume and with an increase in
micropore volume, with the exception of the Bar-
nett sample. No correlation exists between the TOC
content and the micropore volume (Table 1). The
PSD by mercury porosimetry is plotted as incre-
mental pore volume (mL/g; Figure 3) and incre-
mental pore (surface) area (m2/g; Figure 4). All
samples show a significant volume of pores with
a diameter between 10 and 100 mm (Figure 3);
however, these pores do not contribute to the sur-
face area of the reservoir as significantly as the finer
pores (i.e., Doig siltstone; Figure 4). Samples with
higher surface area contain higher micropore vol-
umes (i.e.,Haynesville Formation) than samples that
have low surface area measurements (i.e., Doig
siltstone). Artificial intergranular porosity caused
by partial filling of the penetrometer during the
preparation stage of analysis may contribute to the
pore volumes between 10 and 100 mm.

The Barnett, Haynesville, Marcellus,Woodford,
and the Doig phosphate samples show a significant
part of the pore volume between the diameters of
3 and 50 nm (mesopore size fraction) that con-
tributes to most of the surface area measured by
Figure 5. Pore-size distribution defined
by differential pore volume using low-
pressure gas (N2 and CO2) adsorption
analyses. Pore diameters range between
0.3 and 300 nm.
Figure 6. Pore-size distribution defined
by differential pore (surface) area using
low-pressure gas (N2 and CO2) adsorption
analyses. Pore diameters range between
0.3 and 300 nm.
Chalmers et al. 1107
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porosimetry (Figure 3). The Doig siltstone con-
tains a significant part of the pore volume in the
macropore and coarse mesopore size ranges, par-
ticularly in the 10- to 400-nm pore diameter range.
A subtle difference in the PSD exists within the
mesopore size fraction between the finer grained
samples, with the Haynesville and Woodford sam-
ples containing a larger part of coarse and medium
mesopores (10–50 nm) and the Barnett, Doig
phosphate, and Marcellus samples containing a
larger part of finer mesopores (3–10 nm). The
Haynesville and Woodford samples have the high-
est illite contents within this study, and the illite
may increase the pore volume between 10 and
50 nm.

The PSD of the mesopores and micropores is
illustrated from the gas adsorption analyses using
pore volume (Figure 5) and pore area (Figure 6).
All samples show an increase in pore volume and
surface area with decreasing pore diameter, par-
ticularly within the micropore range (<2 nm). The
Marcellus sample contains the largest micropore
Figure 8. Field emission scanning electron microscope (FE-SEM) images of the Doig siltstone. Macropores dominated this siltstone with
some coarse mesopores observed in (C) and (D). This siltstone shows limited porosity in comparison with the other samples that may
reflect the larger grain size. Kerogen and quartz are identified adjacent to the pore structures from elemental analysis at 10 kV. The working
distance is 6 mm, and the accelerating voltage is 1 kV. OM = organic matter.
Figure 7. Field emission scanning electron microscope (FE-SEM) images for the Haynesville sample. The trench cut (A) with the focus
on the three areas (B, E, and G). Macropores have developed because of both dissolution and reprecipitation (C), as intergranular pores (D,
E, and F), induced(?) fractures (G), and with mesopores concentrating in kerogen aggregates (D and H). The working distance is 4 mm, and
the accelerating voltage is 1 kV. OM = organic matter.
Chalmers et al. 1109



Figure 9. Field emission scanning electron microscope (FE-SEM) images of the Woodford sample. The milled surface has exposed a clay
and kerogen aggregate (A and B) (elemental analysis: aluminum, silicon, carbon, oxygen, potassium). Mesopores (2–50 m [6.6–164 ft])
concentrate within the aggregate (C), and the fracture surface within the aggregate exposes fine mesopores (D; 2–10 nm). Macropores
show interconnection between mesopores (E) and fracture surfaces can be either regular or irregular (F). The working distance is 5.8 mm, and
the accelerating voltage is 1 kV. OM = organic matter.
1110 Characterization of Gas Shale Pore Systems



and fine mesopore volumes (Figure 5) and the
largest surface area between the pore diameters of
0.3 and 10 nm compared with the other samples.
The most significant contribution to surface area is
from the pore diameters less than 1 nm (Figure 6).
The Woodford sample contains the second largest
Figure 10. Field emission scanning electron microscope (FE-SEM) images of the Marcellus sample. Macropores and mesopores are
located within the framboidal pyrite (B, E, and F) and are also aligned with laminations (dashed line in B). Networks of mesopores are
observed with macropores (D). Note that the milled surface is not orthogonal to the detector. The working distance is 5.6 mm, and the
accelerating voltage is 2 kV for (A); the working distance is 5.5 mm, and the accelerating voltage is 1 kV for (B) to (F). OM = organic matter.
Chalmers et al. 1111



1112 Characterization of Gas Shale Pore Systems



micropore and fine mesopore volumes and surface
area, the Doig phosphate and Barnett samples
showing moderate volumes and surface area, and
theHaynesville andDoig siltstone contain the least.
The gas adsorption analysis illustrates the impor-
tance of micropores with respect to containing the
greatest amount of surface area.

The FE-SEM image and EDS analyses were
performed on the Haynesville sample (Figure 7),
the Doig siltstone (Figure 8), the Woodford sam-
ple (Figure 9), the Marcellus sample (Figure 10),
and the Barnett sample (Figure 11). The TEM im-
age analysis was performed on the Barnett sample
(Figure 12). The FE-SEM image and EDS anal-
yses were also performed on the Doig phosphate
sample (Figure 13). The FE-SEM and TEM images
(Figures 7–13) are presented in descending order
of both total porosity and sum of mesopore and
macropore volumes (refer to Table 2). The mi-
cropore volume increases from Figures 7–13.

The FE-SEM image and EDS analyses of the
Haynesville sample illustrate a large volume of
channel and vuggy macropores that may have
resulted from the process of carbonate dissolution
and reprecipitation (Figure 7B, C). Orientations
of these macropores are either horizontal, parallel
to laminae, or subhorizontal (white dashed lines
in Figure 7A). Macropores are also created from
dissolution of carbonatematrix or cement, creating
intergranular porosity around quartz grains, clay,
and kerogen (Figure 7D–F). Most of the coarse,
medium, and fine mesopores (Figure 7D, H) are
associated with kerogen aggregates (mixture of
kerogen, clay, and carbonate). The EDS analyses
show that kerogen aggregates are composed of
carbon, aluminum, calcium, and silicon elements
that may indicate that the kerogen contains car-
bonates and clay.

The quartz-rich Doig siltstone shows limited
porosity with most in the macropore (Figure 8A–
C) and coarse mesopore (Figure 8C, D) size frac-
tions. Macropores have no preferred orientation
that may reflect the boundaries of large (silt-size)
mineral grains. No kerogen-rich aggregates were
observed within the trench, and results from EDS
analysis (carbon, oxygen, and silicon) suggest that
the kerogen is disseminated within a very fine
quartz matrix (Figure 8B).

The Woodford samples show that most of the
macropores to fine mesopores are associated within
the clay and kerogen aggregates (Figure 9A–D).
The sample contains one set of horizontal orientated
fractures and one set of near-vertical fractures
(Figure 9A, F). Horizontal fractures show an irreg-
ular surface compared with the subvertical frac-
tures (Figure 9F). Within kerogen aggregates, fine
mesopores are exposed within a horizontal fracture
(Figure 9D), and coarse mesopores are observed to
interconnect within macropores (Figure 9E).

Macropores and mesopores within the Mar-
cellus sample are either aligned parallel with lam-
inae (Figure 10B) or as intergranular pores be-
tween pyrite grains in framboids (Figure 10E, F).
The intergranular space between pyrite grains con-
tains either clay, kerogen, or pore space (Figure 10E,
F). Similar to observations in the Woodford sam-
ple,macropores show interconnectionswith coarse
to fine mesopores (Figure 10C, D).

Macropores and kerogen aggregates align par-
allel to laminae in theBarnett sample (Figure 11A),
and a large part of macropores to fine mesopores is
observedwithin the kerogen aggregates (Figure 11B–
H). A second trench revealed kerogen and clay ag-
gregates that contain a large volume of macropo-
rosity, with long fibrous aggregates of clay and
residual kerogen subdividing a network of macro-
pores (Figure 11F, G). The TEM image analysis
on the Barnett sample reveals that macroporosity
is also associated within clay sheets (Figure 12B)
and as intergranular porosity between clays and
quartz grains (Figure 12C). The shale matrix
contains clay, pyrite, and quartz grains as small as
15 nm (Figure 12C). Coarse to fine mesopores
were identified by density changes to interconnect
Figure 11. Field emission scanning electron microscope (FE-SEM) images of the Barnett sample. Macropores and kerogen aggregates
align with the laminae plane (white dotted line in A) and most of the mesopores and macropores are associated with the kerogen (B–G).
From elemental analysis, kerogen is composed of aluminum, silicon, carbon, oxygen, and potassium. The working distance is 3.9 mm and
the accelerating voltage is 1 kV. OM = organic matter.
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Figure 12. Transmission electron microscope (TEM) images of focused ion beam (FIB) milled 100 nm thick slab of the Barnett sample.
Changes in contrast are caused by electron density changes, with darker areas being denser than lighter shaded areas. Density changes
are caused by either compositional changes or thickness changes. Macropores are identified between clay layers (B) and as intergranular
pores (C). Complex interconnections between mesopores are observed (D, E). The lighter shaded areas on the left side in (E) may be fine
mesopores (2.5 nm) that create the irregular surface seen within the pore wall. Accelerating voltage is 100 kV.
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with macropores in the TEM photomicrograph in
Figure 12D. Coarse to fine mesopores are also seen
in Figure 12F and also highlighted by changes in
the electron density of the sample. The differences
in electron density are likely a result of changes in
sample thickness from the presence of fine meso-
pores instead of changes in sample composition.
The TEM thin section also allows the observation
of the irregular surface of pore walls (Figure 12E),
with some of the indentations measuring approxi-
mately 2.5 nm in diameter. Micropores may cause
these irregular surfaces in larger pore walls.

Macropores and mesopores are almost entirely
restricted to the kerogen, clay, and carbonate
aggregates within the Doig phosphate sample
(Figure 13A–H). The EDS results identify carbon,
aluminum, silicon, calcium, oxygen, and potassium
within the aggregates. The aggregates are com-
posed of either (1) kerogen, clay, and carbonate or
(2) kerogen and carbonate.Most of themacropores
andmesopores are associatedwith the kerogen and
carbonate. A subhorizontal fracture through the
kerogen, carbonate, and clay aggregate exposes the
finest mesopores observed in this study (∼5 nm in
diameter; Figure 13E). A diagram of the diameters
for the largest mesopore and micropore is super-
imposed in Figure 13F to highlight the difference
between these two categories. Another section of
the fracture surface shows interconnected meso-
pores and macropores, with pore throats measur-
ing 20 nm wide (Figure 13G, H), resulting in a
complex network of macropores and coarse meso-
pores and are also shown in Figure 13H.
DISCUSSION

The Haynesville and Doig siltstone samples con-
tain the largest volume of total porosity and have
the largest mesopore and macropore volumes and
the smallestmicropore volumes (Table 1; Figures 3–
6). The large volume of macropores are created by
dissolution of carbonate in the Haynesville sample
and illustrates the importance of paragenetic pro-
cesses on the submicrometer scale. Because of the
dissolution process, the macropores are well con-
nected throughout the trench and would be im-
portant in the storage of free gas and the matrix
permeability. Mesopores are observed in kerogen-
rich parts of the Haynesville sample and have open
communication with the intergranular macropores
(Figure 7E, F).

Observations in the Doig siltstone were lim-
ited, which is caused by silt-size quartz grains re-
ducing the number of exposed mineral grains and
reducing the proportion of porosity. The Doig
siltstone shows microporosity from CO2 adsorp-
tion analyses and mesoporosity from the N2 ad-
sorption analysis (Figures 5, 6), and these pores
are most likely to be associated with the dissem-
inated kerogen. The EDS analysis indicates that
the kerogen is finely disseminated with the quartz
of the Doig siltstone (Figure 8C, D).

In general, the FE-SEM image and EDS anal-
yses have shown that most of the macropores and
mesopores are associated with either (1) kerogen
and clay aggregates or (2) kerogen and carbonate
aggregates. The association between mesopores and
micropores with kerogen has been identified in
both coalbed methane and gas shale studies (i.e.,
Marsh, 1987; Unsworth et al., 1989; Larsen et al.,
1995; Clarkson and Bustin, 1996; Chalmers and
Bustin, 2006, 2008). A large volume ofmacropores
is also found within the kerogen of the Barnett
sample (Figures 11F, G; 14). The Barnett Shale is
within the dry gas window (Ro = 2.2%), and the
macropores are the result of the generation of hy-
drocarbons and associated volume loss of the ker-
ogen. The reduction in kerogen volume is caused
by organic thermal decomposition that results in
the formation of hydrocarbons, residual kerogen,
and increased porosity (Jarvie et al., 2007). The
residual carbon-rich kerogen is observed in both
photomicrographs (Figure 14A, B) and the FE-
SEM images (Figure 11G, F). The reflected-light
microscopic photomicrograph in Figure 14 can
only distinguish large macropores.

Macropores and mesopores within the Haynes-
ville, Barnett, and Marcellus samples concentrate
along laminae. Most of the long axes of slit-shaped
macropores are parallel to the laminae (Figures 7B,
10B, 11A). In the case of the Barnett sample, slit-
shaped macropores are found associated with the
interlayered spaces of clay particles (Figure 12B) as
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well as along grain boundaries between clay and
quartz grains (Figure 12C). The anisotropic fabric
of shale has a large impact on permeability, with a
higher permeability measured parallel to the lam-
inae and lower permeability orthogonal to lami-
nations (i.e., Kwon et al., 2004). The alignment of
platy mineral grains (i.e., clay and mica) is a domi-
nant control on the anisotropy and the orientation
of themacropores. Fabric does not control the pore
distribution in all shale samples. Macropores in the
Woodford and Doig phosphate samples are con-
fined to kerogen aggregates and show no preferred
orientation. The alignment, distribution, and geo-
metry of pores should be considered in fracture
stimulation programs to maximize the intersec-
tion between macropores and induced fractures.

Networks of mesopores that connect with
macropores were identified in the Woodford
(Figure 9E), Marcellus (Figure 10C, D), and Doig
phosphate (Figure 13G, H) samples. The TEM
images of the Barnett sample provide a view of
the interconnected pore structures, illustrating the
complex connections between coarse to fine meso-
poreswithinmacropores (Figure 12D). Keller et al.
(2011) identified fine pores (1.5–10 nm) linking
larger pores (>10 nm) in the Opalinus Clay of
Switzerland. Open fractures through kerogen ag-
gregates expose macropores and coarse, medium,
and fine mesopores in kerogen aggregates (i.e.,
Doig phosphate sample). Interconnection between
micropores, mesopores, macropores, and fractures
is an important control on thematrix permeability
and access to the large proportion of surface area
(methane sorption sites) is located within the
micropores.

Resolution of FE-SEM images on these shale
samples is approximately 5 nm (Figure 13E, F).
The finest mesopores (5–10 nm) were observed in
the Doig phosphate andMarcellus samples. These
two samples have the highest proportion of fine
mesopores andmicropores in the suite of shales. The
highly irregular surface of the macropore wall was
observed by TEM imaging of the Barnett sample,
with indentations having a measured width of
2.5 nm (Figure 12E). The irregular surface could
be caused by the presence of fine mesopores and
Figure 14. White-light microscopy illustrates the limitations to visual identification of pores to macropore size fraction (>50 nm). The
porosity associated with the kerogen within the Barnett sample may be caused by secondary porosity produced during thermal de-
composition and the formation of hydrocarbons. OM = organic matter; FE-SEM = field emission scanning electron microscopy.
Figure 13. Field emission scanning electron microscope (FE-SEM) images of the Doig phosphate sample. This carbonate- and kerogen-
rich sample shows some of the finest mesopores from the sample suite. Similar to the Woodford sample, a large part of macropores and
mesopores are found within the kerogen-carbonate-clay aggregate (A–H). Along the fracture surface, the finest mesopores are exposed
(C–H). Complex interconnections exist between macropores and mesopores, as illustrated in (H). The working distance is 5.7 mm, and
the accelerating voltage is 1 kV. OM = organic matter.
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micropores that increase the surface area of the
macropore structure. No microporosity (<2 nm)
was observed in the FE-SEM or TEM images.
Carbon dioxide gas adsorption analysis is still the
most efficient technique to assess microporosity
in organic-rich sediments (Table 1).
CONCLUSIONS

Sample preparation using FIB milling coupled with
high-magnification electron microscopy has pro-
vided an opportunity to image nanometer-scaled
porosity in gas shale reservoirs. The FIB milling re-
duces surface roughness and topography to allow
high-magnification imaging. Because of time and
expense, this technique exposes only small areas of
observation (30 × 40 mm) and cannot provide ade-
quate sampling to characterize the sample nor the
shale reservoir. The FE-SEM imaging does, how-
ever, provide a visual appreciation of pores that
were once too small to observe and only proxies like
gas adsorption analysis could measure and charac-
terize.Themost significant outcomes fromFE-SEM
and TEM image analyses follow:

1. Aggregates of kerogen, clay, and/or carbonate
contain most of the macropores and mesopores
in all samples.

2. Macropore development by carbonate dissolu-
tion and reprecipitation in the Haynesville sam-
ple highlights the importance of understand-
ing the paragenesis of (carbonate-rich) shale
reservoirs.

3. Macropores are either aligned parallel with lam-
inae (anisotropic shale fabric) or show no pre-
ferred orientation as intergranular pores or within
kerogen aggregates. Pore distribution and ori-
entation will impact fracture stimulation design
programs.

4. Images highlight complex pore structures in
residual kerogen. A large volume of pores re-
sults from hydrocarbon generation in mature
shale reservoirs.

5. The FE-SEM and TEM images provide an ap-
preciation of the complexity of the pore net-
works, confirming the interconnection between
1118 Characterization of Gas Shale Pore Systems
macropores with both coarse to fine mesopores.
Samples with greater interconnectiveness will
improve access to the surface area of the finer
mesopores (and micropores) and enhance the
matrix permeability of the reservoir.
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