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ABSTRACT: The production of natural gas has become increasingly important in the United States because of the development
of hydraulic fracturing techniques, which significantly increase the permeability and fracture network of black shales. The pore
structure of shale is a controlling factor for hydrocarbon storage and gas migration. In this work, we investigated the porosity of
the Union Springs (Shamokin) Member of the Marcellus Formation from a core drilled in Centre County, PA, USA, using
ultrasmall-angle neutron scattering (USANS), small-angle neutron scattering (SANS), focused ion beam scanning electron
microscopy (FIB-SEM), and nitrogen gas adsorption. The scattering of neutrons by Marcellus shale depends on the sample
orientation: for thin sections cut in the plane of bedding, the scattering pattern is isotropic, while for thin sections cut
perpendicular to the bedding, the scattering pattern is anisotropic. The FIB-SEM observations allow attribution of the anisotropic
scattering patterns to elongated pores predominantly associated with clay. The apparent porosities calculated from scattering data
from the bedding plane sections are lower than those calculated from sections cut perpendicular to the bedding. A preliminary
method for estimating the total porosity from the measurements made on the two orientations is presented. This method is in
good agreement with nitrogen adsorption for both porosity and specific surface area measurements. Neutron scattering
combined with FIB-SEM reveals that the dominant nanosized pores in organic-poor, clay-rich shale samples are water-accessible
sheetlike pores within clay aggregates. In contrast, bubblelike organophilic pores in kerogen dominate organic-rich samples.
Developing a better understanding of the distribution of the water-accessible pores will promote more accurate models of water−
mineral interactions during hydrofracturing.

1. INTRODUCTION

Growing energy needs and improved extraction capability
around the world are motivating enhanced production of
natural gas resources.1,2 In 2011, natural gas was the fuel source
for 24.8% of the electricity production and 30.0% of the
primary energy production in the United States, and these
proportions are expected to remain constant or increase over
the next 25 years.2 To meet the growing demand for energy,
“unconventional” production techniques have been developed
to access hydrocarbons in source rocks. The most successful
new approach is the development of shale gas driven by the
rapidly developing techniques of horizontal drilling and
hydraulic fracturing. These techniques allow extraction of the
natural gas that is present in the shales in fine pores.3−5 A better
understanding of the pore structures in gas shales could
influence how both storage and transport of gas are managed
and improve our ability to develop shale gas more effectively
and safely.
Mesopores (2−50 nm) and micropores (<2 nm) are

economically important to gas shale production because they
constitute a large fraction of the shale porosity, and some of the
pores may be filled with gas.6,7 In addition, all of the pores
provide surface sites for methane adsorption. The shape of the
pores may also play an important role in gas/liquid transport,
since round pores are much less likely to collapse from external
pressure than cracklike or penny-shaped pores.8,9 The structural
integrity of pores also depends upon orientation.10 Finally, the

connectivity of pores is an essential factor to control gas
transport pathways through shales.11,12

The Marcellus Shale is the most expansive shale gas play in
the United States, covering six states in the northeastern region.
It extends from upstate New York to Maryland and Virginia in
the south and Ohio in the west, underlying 70% of
Pennsylvania and much of West Virginia.13 Few papers have
reported the pore structure and distribution in this shale,14,15

although other shales have been investigated.4,11,16 The major
difficulty in determining pore structures in low-porosity
sedimentary and crystalline rocks is the small scale of the
pores. For example, scanning electron microscopy (SEM) or
transmission electron microscopy (TEM) photographs offer a
resolution approaching 1 nm, but only small areas are scanned.
Therefore, the areal coverage that is possible using this method
is very small. Moreover, pore sizes and distributions from SEM
images are difficult to quantify. In contrast, small-angle neutron
scattering (SANS) and ultrasmall-angle neutron scattering
(USANS) allow analysis of the pore structure averaged over
centimeter-sized samples for pores from nanometers to
micrometers in equivalent diameter.17,18 Therefore, combining
the electron microscopy and neutron scattering techniques
leads to a more thorough assessment of the pore structures.
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Jin and co-workers reported the first observations of pore
networks in Marcellus shale using neutron scattering.19 They
focused on samples from an outcrop of the shale in
Huntingdon, PA, where they observed that the porosity
increases significantly during shale weathering.19 In the present
work, we used the combination of SANS and USANS as well as
focused ion beam SEM (FIB-SEM) to characterize the pore
systems of Marcellus shale drilled at 300 m depth from central
Pennsylvania. The drilled core allowed the investigation of
samples with various organic content and mineralogy.

2. METHODS

Samples. In this study, we use the informal name Union Springs
Member for the organic-carbon-rich basal unit of the Marcellus
Formation (called the Shamokin Member in the literature).20 This
member is currently the most prominent drilling and production target
for shale gas in Pennsylvania. Samples of the Union Springs Member
were obtained from a core drilled in Bald Eagle State Park in Howard,
PA, by the Appalachian Basin Black Shales Group at the Pennsylvania
State University in conjunction with the Pennsylvania Topographic
and Geologic Survey. The drill site (longitude −77.6562720, latitude
41.0317780) lies at the intersection of the Allegheny Plateau and the
Valley and Ridge Province of the Appalachian Mountains, about 20 km
east of the nearest shale gas wells (Figure 1). The Bald Eagle core is

overmature with vitrinite reflectance (Ro) values of 2.2% (measured by
the National Petrographic Service). Five samples were selected from
the core: BE810, BE850, BE874, BE896, and BE910, where the
numbers refer to the sampling depth below land surface in feet.
Previous research identified the bulk chemistry of these samples.19

This core was drilled to assess the extent and nature of Marcellus shale
just outside of the major drilling areas in PA.
Neutron Scattering. To prepare samples for scattering, the cores

were cut parallel and perpendicular to the bedding. The samples were
uniformly cut to be 250 μm thick on quartz slides as double-polished
thick sections, as described previously.21,22 The sections were
sufficiently thin with high neutron transmission such that the multiple
scattering was less than 10% for most samples.
SANS measurements were conducted on the NG7 spectrometer at

the National Center for Neutron Research (NCNR) of the National
Institute of Standards and Technology (NIST) (Gaithersburg, MD,
USA). A neutron wavelength (λ) of 8.09 Å was used.23 The scattering

intensity (I) in units of cm−1 was measured at sample-to-detector
distances of 1.0, 4.0, and 15.0 m. The momentum transfer is defined by
Q = 4πλ−1 sin (θ/2), where θ is the scattering angle and λ is the
wavelength of the monochromatic neutron beam. Each thin section
was mounted on a cadmium plate with a 1.27 cm aperture that defined
the neutron beam incident on the sample.

USANS data were obtained on the perfect crystal BT5 USANS
instrument at NCNR NIST.24 The data were corrected for
background,22 and the normalized USANS data were desmeared and
merged with the SANS data in absolute intensities according to the
protocol of NIST.25 The effect of multiple scattering was determined
from the sample transmission (measured by BT-5) as discussed by
Mang and Hjelm.26 This multiscattering effect was eliminated using
the MUX routine,27 which is based on the theory developed by
Schelten and Schmatz.28 The range of measured Q values for SANS
was 0.001 to 0.4 Å−1, while the range for USANS was 3 × 10−5 to
0.003 Å−1. For polydisperse porous media, Radlinski and co-workers
found that the dimension of scatterers that contribute most to
scattering at a given Q value is approximately 2.5/Q.29 Thus, for
combinations of SANS and USANS (covering the range of Q from 3 ×
10−5 to 0.4 Å−1), the corresponding size range is 10 to 80 000 Å.

The intensity of scattered neutrons is proportional to the number of
scatterers and the difference in scattering length density (SLD)
between the phases. The SLD of phase j is given by

∑ρ* =
N d

M
s b

j
j i

i i
A

(1)

where NA = 6.022 × 1023 mol−1 is Avogadro’s number, d is the grain
density (in g/cm3), Mj is the molecular weight (in g/mol), si is the
abundance of nucleus i in phase j, and bi is the coherent scattering
amplitude for nucleus i.30 For a wide range of substances, the SANS
data for geological materials and porous media can generally be
interpreted using a two-phase approximation, where the two phases
are the solid matrix and the pore space. Most minerals and rocks have
SLDs on the order of (3.5−4.5) × 10−6 Å−2, while the SLD of gas is
close to 0. The SLD of the mineral matrix for the Marcellus shale
samples was calculated from the elemental composition following
procedures described in our previous study on Rose Hill shale22 using
the NIST SLD calculator (http://www.ncnr.nist.gov/resources/
activation/). This calculation is based on the chemical composition
and grain density of the bulk rock. The bulk chemical composition was
calculated using the stoichiometry determined from the elemental
chemistry of the bulk core samples (Table 1), and the grain density
was calculated from the mineral composition (Table 2). It is notable
that the SLD value of kerogen in the shale is similar to the SLD values
of the mineral matrix (Table 1), so the organic and mineral phases
may be treated as the same phase in the neutron scattering calculation.

Contrast-matching experiments were performed to assess water-
accessible versus total porosity. Upon saturation of a rock sample with
a mixture of H2O and D2O designed to have the same SLD as the rock
matrix, the scattering due to matrix−pore contrast is lost,22 and the
scattering from water-accessible pores is eliminated (the D2O:H2O
mass ratio used for each sample is shown in Table 1). Because the
variations in SLD within minerals are small (Table 1), the observed
difference between the scattering intensities of the dry and wet
(soaked) samples is attributed to water-accessible porosity. To soak
samples, they were equilibrated with contrast-matched fluid for 1 week
in a quartz−sample−quartz “sandwich” as described previously.22

The intensity I(Q) of SANS from many geological systems has been
found to be inversely proportional to Q raised to an exponent n:

= +I Q
A

Q
B( ) n (2)

where B is the Q-independent background. This power law
relationship is well-known to be related to the fractal dimension of
disordered systems.31,32 A value of n between 2 and 3 represents a
mass fractal with fractal dimensionality Dm = n, whereas a value of n
between 3 and 4 characterizes a surface fractal with a fractal
dimensionality Ds equal to 6 − n.3,30,33,34 A surface fractal is an

Figure 1. Map showing the location (tan color) of the Marcellus
Formation in the subsurface of Pennsylvania (based on data from the
Pennsylvania Department of Conservation and Natural Resources:
http://www.dcnr.state.pa.us/topogeo/econresource/oilandgas/
marcellus/marcellus_maps/index.htm). The Bald Eagle well (indi-
cated by the star) was drilled in the Valley and Ridge Province by the
Appalachian Basin Black Shales Group at the Pennsylvania State
University.
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object of dimension L whose surface area varies as LDs, where Ds is a
noninteger. A mass fractal is an object whose mass varies as LDm, where
Dm is a noninteger.30

The dependence of the scattering intensity on the scattering angle is
determined by the geometry of the pore−matrix interface at various
length scales. This can be translated into a pore size distribution if the
shape of individual pores is known or can be reasonably assumed.
Under the assumption that the pores are spherical, a polydisperse
spherical pore (PDSP) model has been applied to sedimentary
rock.30,35 However, we cannot obtain information about the pore
shape and pore size distribution simultaneously by fitting the one-
dimensional scattering data alone. Because of the lack of unique
information about the pore size and shape from scattering, a
combination of focused ion beam (FIB) milling and field-emission
scanning electron microscopy (FE-SEM) was also used to obtain
information about the size and shape of the pores, mineralogy, and the
organic phase.
FIB-SEM. The core samples were cut using a low-speed saw and

polished using sandpaper. Samples were mounted on SEM stubs using
carbon paste. To achieve smooth faces for the cross-sectioned samples,
a layer of platinum was deposited over the area to be milled using the
FIB deposition system (FEI Quanta 200 eD Dual Beam FIB at
Materials Characterization Laboratory, The Pennsylvania State
University). During milling, the Ga+ ion beam was maintained normal
to the sample surface with the electron beam at an angle of 52° from
the ion beam. The acceleration voltage for Ga+ was 30 kV, and the
beam current was 2.5 nA.
After the FIB milling, FE-SEM was performed on an FEI NanoSEM

630 FESEM microscope with an accelerating voltage in the range of
3−4 kV, and a landing energy in the range of 2−3.5 kV. The milled
surface was maintained orthogonal to the detector. We used the
backscattered electron (BSE) imaging mode with a vCD detector
(low-voltage, high-contrast detector) to distinguish minerals, organic
matter, and pores on the basis of differences in mean atomic number.

The samples were also probed using energy-dispersive X-ray
spectroscopy (EDS).

The biggest limitation of FIB-SEM is the observation scale. Because
of cost and time constraints, only one or two trenches measuring 15
μm × 30 μm were cut for each sample, i.e., we analyzed only 8.85 ×

10−5 of the area observed in our neutron scattering experiments (using
a 1.27 cm diameter aperture). In view of the heterogeneities in the
shale, the selected area viewed under FIB-SEM may not be
representative.4 However, SEM is the most advanced technique
available that can image the pore system within shale.36,37

Nitrogen Adsorption. Nitrogen adsorption measurements were
performed on a Micromeritics ASAP 2020 instrument (Micromeritics
Instrument Corporation, Norcross, GA) at Materials Characterization
Laboratory, The Pennsylvania State University, to analyze the surface
area and porosity. The samples were degassed under vacuum at 105
°C for at least 8 h prior to measurement. The surface area was
calculated according to Brunauer−Emmett−Teller (BET) theory,38

and the pore volume distribution was calculated using density
functional theory (DFT).39 All of these calculations were completed
using the Micromeritics software.

3. RESULTS

FE-SEM Observations on FIB Sections. The ion beam
milling produced smooth and damage-free surfaces (Figures 2
and 3). XRD analysis demonstrated that Marcellus Formation
shales largely contain quartz, illite, chlorite, and carbonates with
minor but sometimes locally abundant pyrite (Table 2). In the
BSE images, EDS analysis documented differences between the
dark-gray areas, which apparently are kerogen (rich in carbon),
the black areas, which are pores, and the light-gray areas, which
are minerals. Qualitatively, the kerogen particles were observed
to be more abundant in the organic-rich sample BE910 than in
the other samples. Consistent with this, BE910 contained 7.3

Table 1. Calculated Scattering Length Densities

sample relative elemental compositiona density (g/cm3) scattering length density (Å−2) D2O:H2O mass ratiob

BE810 Si107Al36Fe9Ti1Mg4Ca3K9Na2C22H45O314S4 2.73 3.94 × 10−6 69:31

BE850 Si103Al35Fe8Ti1Mg4Ca11K8Na2C31H45O328S4 2.73 4.00 × 10−6 69:31

BE874 Si111Al33Fe8Ti1Mg4Ca5K8Na3C21H42O322S3 2.72 3.96 × 10−6 69:31

BE896 Si57Al14Fe4Mg2Ca93K3Na1C101H18O415S2 2.70 4.40 × 10−6 73:27

BE910 Si125Al18Fe7Mg4Ca11K4Na1C76H51O336S5 2.57 4.03 × 10−6 69:31

kerogen C10H5O 1.50 3.43 × 10−6 −

quartz SiO2 2.65 4.19 × 10−6 −

calcite CaCO3 2.71 4.69 × 10−6 −

pyrite FeS2 5.01 3.81 × 10−6 −

albite NaAlSi3O8 2.62 3.97 × 10−6 −

chlorite (Fe0.49Mg0.14Al0.31)6(Si0.73Al0.27)4O10(OH)8 2.65 3.21 × 10−6 −

illite K0.72(Al1.65Fe0.28Mg0.21)(Si3.23Al0.77)O10(OH)2 2.77 3.78 × 10−6 −

aThe elemental compositions were previously reported by Jin and co-workers.19 bFor contrast matching experiment.

Table 2. Mineral Content of the Marcellus Shale As Determined by X-ray Diffractiona

sample quartz plagioclase carbonate pyrite illite chlorite amorphous + others TOC

BE810 31.1 5.4 3 4.9 48.1 3 4.5 2.3

BE850 29.4 4.7 8.6 3.8 39.5 6.9 7.1 2.3

BE874 45.4 6.4 4.1 3.7 34.2 0.7 5.5 1.9

BE896 14.5 − 65.3 2.8 11.6 0.5 5.3 NMb

BE910 52 2.4 11.6 3.9 25.7 0.6 3.8 7.3
aX-ray diffraction (XRD) analysis was performed on powder samples (<150 μm) in a PANalytical Empyrean X-ray diffractometer at the Materials
Characterization Laboratory, The Pennsylvania State University. The mineralogy was quantified by Rietveld analyses using the Jade software, and the
concentration values reported here are mass percents normalized to 100%. Total organic carbon (TOC) contents were measured on a CHNS-O
elemental analyzer (model EA 1110, Leco, St. Joseph, MI) at Penn State Agricultural Analytical Services Laboratory using ground samples (inorganic
carbon was first removed using 2 N hydrochloric acid). The mineralogy data for BE810 and BE910 were previously published by Jin and co-
workers.19 bNM: not measured.
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wt % total organic carbon (TOC) while the other samples
contained 1.9−2.3 wt % (Table 2).
The organic matter observed in the Marcellus shale was

mainly composed of amorphous kerogen, occurring as irregular
patches or filling spaces between mineral grains (Figures 2 and
3). The sizes of kerogen particles were observed to vary from
less than 1 μm to several microns. In contrast to the isolated
kerogen aggregates observed in organic-poor samples (BE850),
kerogen in the high-TOC sample (BE910) is homogeneously
dispersed in the mineral matrix in the intergranular spaces
(Figure 3A,B). For samples cut parallel to the bedding, the clay
mineral platelets are randomly oriented (Figure 2A,B), while
for samples cut perpendicular to the bedding, the clay mineral
platelets are elongated parallel to the bedding (Figures 2C and
3D). Pyrite was observed to be present both as separated
crystals (Figure 2D) and as fine-grained clusters of small
octahedra in a framboid structure (Figure 3B).
Both pores in the mineral matrix and pores within the

organic matter (OM) were observed in all of the Marcellus
shale samples in this study. Framework pores aligned around
rigid grains (quartz, calcite, or pyrite) with elongated shapes
(Figures 2D and 3A,D), and triangular pores defined by clay
mineral platelets (Figures 2A−C and 3C) are ubiquitous.
Intragranular pores can be seen within pyrite crystals (Figure

2D). A few dissolution features were observed on carbonate
grains (Figures 2A and 3D).
A large number of small, round OM pores on the order of a

few nanometers to tens of nanometers in diameter were
observed randomly dispersed within the kerogen of the organic-
poor sample, making the OM look like a sponge (BE850,
Figure 2). Interestingly, for the organic-rich sample (BE910,
Figure 3A,B), the density of observable OM pores was lower in
the kerogen grains. Consistent with this, Milliken and co-
workers found that Marcellus shale samples with higher TOC
have less detectable porosity within the OM.15

Anisotropy of the SANS Images. The scattering intensity
was observed to be azimuthally asymmetric for sections cut
perpendicular to the bedding but symmetric for parallel
sections. For example, Figure 4 shows SANS data collected
for section BE850 cut in the plane of the bedding, as well as
one cut perpendicular to the bedding (Figure 4B). The plots
are color-coded to show high (warm colors) or low (cool
colors) scattered neutron count rates, as observed on the 2D
detector at a distance of 4 m from the sample. In both plots, the
intensity of neutrons decreases radially from the incident beam
(at the center of the 2D pattern). However, the SANS pattern
for the sample cut perpendicular to the bedding is anisotropic,
indicating preferred orientation of scatterers, while that for the
sample cut parallel to the bedding shows no preferred

Figure 2. Backscattered electron (BSE) images of Marcellus shale sample BE850 cut (A, B) parallel and (C, D) perpendicular to the bedding plane.
Samples were cross-sectioned using focused ion beam milling as described in text. In these images, black depicts pores, dark gray is kerogen, and light
gray is the inorganic shale matrix containing clay, calcite, and quartz. Pyrite appears as the brightest particles. For the sample cut in the bedding plane
(A, B), the clay particles are oriented randomly, while for the sample cut perpendicular to the bedding (C), the particles are roughly parallel to the
bedding. Intraparticle pores in organic matter (A−D) or in pyrite (D) are generally equant, while pores between clay particles are slitlike. OM Pores
are pores in organic matter (i.e., kerogen).
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orientation. Radlinski and co-workers similarly found that the
scattering from coal slices cut in the bedding plane was less
intense than that from slices cut perpendicular to the bedding.40

To aid in quantifying the extent of the anisotropy, azimuthal
scans (0−2π) of these 2D SANS patterns were taken in steps of
0.02π. Figure 5 shows the scattered intensity for sample BE850
at Q = 0.02 Å−1 as a function of the azimuthal angle ϕ. For the
sample cut parallel to the bedding, the scattering intensity is
essentially constant over the whole azimuthal ϕ range (Figure
5A), indicating random orientations of pores within the
bedding plane. For the sample cut perpendicular to the
bedding, the scattering intensity is concentrated at peaks at 0
and π (Figure 5B). The nonuniform intensity in the scattering
pattern documents the preferential alignment of pores in the
shale matrix.
Anisotropy can also be quantified with the Hermans

orientation parameter (H), which provides a quantitative
measure of the anisotropy and orientation of pores.10 This
parameter is defined as

ϕ
=

−
H

3 cos 1

2

2

(3)

where ⟨cos2 ϕ⟩ can be calculated from the integral

∫

∫
ϕ

ϕ ϕ ϕ ϕ

ϕ ϕ ϕ
⟨ ⟩ =

π

π

I

I
cos

( ) cos sin d

( ) sin d

2 0

/2 2

0

/2

(4)

in which I(ϕ) is the scattering intensity as a function of the
azimuthal angle ϕ (as shown in Figure 5). A pore system that
has no preferred orientation (completely random) has H = 0,
whereas H = 1 when the pores are perfectly aligned.
The H values (averaged) for the Marcellus samples cut

parallel to the bedding are close to 0, ranging from 0.00 to 0.01.
In contrast, the H values (averaged) for samples cut
perpendicular to the bedding are significantly larger, ranging
from 0.10 to 0.15 (Table 3). For the organic-poor samples,
documented as blue symbols in Figure 6, the H values for total
pores gradually decrease with pore dimension, indicating that
many of the smaller porespresumably dominated by pores
within clay aggregatesare more oriented than larger pores
(mainly framework pores around rigid grains). In contrast, for
the organic-rich samples, documented as red symbols in Figure
6, the H values increase with pore dimension, suggesting that
the small porespresumably pores in organic matterare
more isotropic than the pores in clay aggregates.
Soaking the sample in a D2O/H2O mixture with the same

SLD as the mineral matrix saturates water-accessible pores,
leaving only water-inaccessible pores to be detected by
scattering. As shown in Figure 6, the H values of the small

Figure 3. BSE images of (A, B) Marcellus shale samples relatively rich in organic matter (BE910) and (C, D) samples rich in carbonate (BE896).
Samples were cross-sectioned using focused ion beam milling. The organic-rich shale sample (BE910) shows finely dispersed kerogen aggregates
embedded in an inorganic matrix that contains pyrite (A, B). The carbonate-rich shale sample (BE896) shows limited porosity (D) in comparison
with all of the other samples. OM Pores are pores in organic matter.
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water-inaccessible pores (0.08 Å−1 > Q > 0.01 Å−1,
corresponding to pore dimensions of 30 to 250 Å) in the
organic-poor samples were 0.04 to 0.06 lower than the values
for the total porosity. In contrast, the total and water-
inaccessible pores in BE910, the sample with highest organic
matter content, exhibited a much smaller discrepancy between
the total and water-inaccessible porosities (0.02). This indicates
that a large fraction of the small pores in BE910 are
subspherical (almost isotropic with H values close to zero),
and do not interconnect in the presence of water. On the basis
of these characteristics, the majority of pores in BE910 are

inferred to be hydrophobic, subspherical, and located in
kerogen.

Quantification of the Pore System. On the basis of the
PDSP model, the size distribution f(r) and then the pore
volume fraction φ within the bin defined by radii [r1, r2] can be
calculated as follows:

∫ ∫φ
π

≤ ≤ = =r r r Vf r r
r
f r r( ) ( ) d

4

3
( ) d

r

r

r

r

1 2

3

1

2

1

2

(5)

With these calculations, the surface area can also be calculated:

Figure 4. (A) Schematics showing the shapes of mineral grains in shale samples cut parallel or perpendicular to the bedding. (B) 2D SANS spectra
for the BE850 sample cut parallel (left) and perpendicular (right): for the bedding-parallel sample, the scattering pattern is isotropic, and that for the
bedding-perpendicular sample is anisotropic. The preferred direction in reciprocal space (the direction of the long axis of the elliptical contours
shown in B) is orthogonal to the preferred direction in real space (the direction of grain alignment). (C) SANS and USANS neutron scattering
intensities for sample BE850 cut parallel and perpendicular to the bedding, plotted as functions of the scattering vector Q. Error bars are too small
relative to the data symbols to be apparent.
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∫ ∫ π≤ ≤ = =S r r r Sf r r r f r r( ) ( ) d 4 ( ) d
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Equations 5 and 6 are based on the implicit assumption that the
pores are spherical. Neutron scattering is sensitive to entities in
the scattering plane, and the resulting calculated porosities and
surface areas are therefore projections onto that plane (entities
include pores and surface bumps on the pore−grain interface).
For samples cut parallel to the bedding, the scattering plane is
the bedding plane: we refer to the porosity and specific surface
area (SSA) calculated on the basis of eqs 5 and 6 as the
“apparent porosity” and “apparent SSA” in the bedding plane,
respectively. Here, f(r) in eqs 5 and 6 is the ratio of the pore
area to the total area in the 2D slice that is the scattering plane.
Similarly, for samples cut perpendicular to the bedding, the

pore information probed by neutron scattering is termed the
apparent porosity and SSA for the plane normal to the bedding.
Of course, for each section the sample has only one porosity;
therefore, these inferred porosities are called “apparent”.
The calculations of apparent porosity and SSA are

summarized in Table 3. The apparent total porosity in
bedding-perpendicular sections is significantly higher than the
apparent total porosity in bedding-parallel sections. One way to
conceptualize these results is to infer that the pores are largely
present between bedding layers: the average apparent porosity
varies from 20.1% for bedding-perpendicular sections to 4.3%
for bedding-parallel sections (Table 3 and Figure 7). This result
highlights that the true porosity can be misestimated from
sections cut in certain orientations.

Figure 5. Plots of scattering intensity as a function of azimuthal angle
(see the text). The 2D patterns in Figure 4B at Q = 0.02 Å−1 (sample-
to-source distance = 4 m) for the BE850 sample cut (A) parallel and
(B) perpendicular to the bedding (also see Figure 4) are plotted here.
The sharp peaks at ϕ = 0 and π for the sample cut perpendicular to the
bedding indicate preferential orientation of the pores.

Table 3. Results from Neutron Scattering Analysis

sample descriptiona Tb Hc n (whole)d n (low Q)e n (high Q)f break (Å−1)g porosity (%)h SSA (m2/g)i

BE810 parallel, dry 0.84 0.01 3.0 2.6 3.2 5.7 × 10−4 4.8 ± 0.7 11.6 ± 3.7

parallel, wet 0.85 0.01 2.9 2.6 3.0 6.2 × 10−4 3.4 ± 0.7 3.7 ± 1.2

perpendicular, dry 0.77 0.13 2.8 2.6 3.0 6.1 × 10−4 24.3 ± 3.9 103.7 ± 21.7

perpendicular, wet 0.78 0.11 2.9 2.7 3.0 5.9 × 10−4 13.2 ± 2.1 35.7 ± 11.2

BE850 parallel, dry 0.93 0.01 3.0 2.6 3.1 5.4 × 10−4 3.1 ± 0.5 8.0 ± 2.8

parallel, wet 0.91 0.01 3.0 2.8 3.1 5.9 × 10−4 2.0 ± 0.3 2.6 ± 0.6

perpendicular, dry 0.71 0.15 2.9 2.7 3.1 6.2 × 10−4 21.0 ± 3.6 86.7 ± 23.4

perpendicular, wet 0.73 0.13 3.0 2.8 3.0 6.1 × 10−4 10.7 ± 1.6 9.9 ± 3.3

BE874 parallel, dry 0.83 0.01 2.9 2.6 3.0 5.8 × 10−4 4.0 ± 0.6 12.2 ± 3.9

parallel, wet 0.89 0.01 3.0 2.8 3.0 5.8 × 10−4 2.3 ± 0.3 2.4 ± 0.6

perpendicular, dry 0.77 0.12 2.9 2.6 3.1 6.4 × 10−4 19.1 ± 3.0 67.9 ± 18.7

perpendicular, wet 0.80 0.10 3.0 2.6 3.0 5.9 × 10−4 9.9 ± 1.5 13.2 ± 4.1

BE896 parallel, dry 1.00 0.00 3.0 2.6 3.1 6.3 × 10−4 2.4 ± 0.4 3.6 ± 0.9

parallel, wet 1.00 0.00 3.0 2.7 3.1 7.3 × 10−4 1.4 ± 0.2 1.2 ± 0.3

perpendicular, dry 0.82 0.11 2.9 2.6 3.1 5.5 × 10−4 11.4 ± 1.7 18.9 ± 4.1

perpendicular, wet 0.88 0.10 3.0 2.8 3.2 4.4 × 10−4 3.9 ± 0.7 4.6 ± 1.4

BE910 parallel, dry 0.82 0.01 2.9 2.7 3.1 5.8 × 10−4 7.2 ± 1.1 38.4 ± 8.7

parallel, wet 0.88 0.01 2.9 2.9 3.1 5.0 × 10−4 5.0 ± 1.1 24.8 ± 9.4

perpendicular, dry 0.62 0.11 3.0 2.6 3.4 5.5 × 10−4 24.5 ± 3.6 127.4 ± 27.9

perpendicular, wet 0.66 0.10 3.0 2.7 3.3 5.3 × 10−4 17.8 ± 2.7 86.7 ± 21.4

aDry refers to measurements on samples before soaking in D2O/H2O. Data represent the total pores. Wet refers to measurements on samples after
soaking in D2O/H2O. Data represent the water-inaccessible pores. Parallel and perpendicular refer to the orientation with respect to the bedding of
the thin section. bT is the sample transmission; values of <0.9 indicate multiple scattering. cH is the Hermans orientation parameter; averaged values
for three sample-to-detector distances are shown. dThe exponent of Q in eq 2 (n) over the entire measurable range of Q (with an uncertainty of 0.1);
2< n < 3 indicates a mass fractal and 3 < n < 4 a surface fractal. eThe exponent n in the low-Q range (with an uncertainty of 0.1) fThe exponent n in
the high-Q range (with an uncertainty of 0.1) gValue of Q at the break in the slope (see the text) hApparent porosity, as determined by the
polydisperse spherical pore (PDSP) model. Uncertainties correspond to one standard error. iApparent specific surface area (SSA), as determined by
the PDSP model, assuming a shale density of 2.6 g/cm3. Uncertainties correspond to one standard error.

Figure 6. Hermans orientation parameters (H) for the perpendicular-
cut samples plotted as functions of pore dimension for samples (A)
before and (B) after soaking in a D2O/H2O mixture designed to
match the average SLD of the rock. BE910 has a much higher TOC
than the other samples.
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We can also calculate the porosity and SSA for the whole
sample using information gathered separately from bedding-
perpendicular and bedding-parallel sections. For the sample cut
parallel to the bedding plane, the incident beam lies along the
normal to the bedding, and the measurement is sensitive to the
pore size distribution in the bedding plane, so that the porosity
φ1 is determined within that plane. For the sample cut in a
plane perpendicular to the bedding, the incident beam lies
within the bedding plane, and the measurement is sensitive to
the pore size distribution in the plane normal to the bedding, so
that the porosity φ2 is determined within that plane. There is
no preferred direction within the bedding plane (Figures 4B
and 5A), and we assume that the pore fraction varies smoothly
with direction. Here we hypothesize that the total porosity of
the sample can be estimated from the geometric average of the
pore fractions in the three principal directions:

φ φ φ= ( )
1
2

2
1/3

(7)

Similarly, the specific surface area can be estimated as

= ·SSA (SSA SSA )1
2

2
1/3

(8)

where SSA1 and SSA2 are the porosities of bedding-parallel and
-perpendicular sections, respectively. This hypothesized meth-
od to calculate SSA from differently oriented sections was
tested by a comparison with the BET surface area as discussed
below.
Total pore size distributions obtained for shale samples are

illustrated in Figure 8. Analysis of the combined SANS/USANS
data provides quantitative pore size distributions in the pore
size range from 10 Å to about 8 μm. In every case, the pore size
distribution is very broad and includes contributions from every
pore size within the entire range. The pore size distributions for
the total pores (dry sample) and water-inaccessible pores (wet
sample) are similar for the organic-rich BE910 sample;
however, for the organic-poor samples, the volumes of water-
inaccessible micropores (<2 nm according to IUPAC (1997)
nomenclature) are much lower than those for total pores.
Quantitative analysis of the pore size distributions shows that

for the organic-poor, clay-rich samples, the micropores
constitute 12.5−14.5% of the total pores; furthermore, 81.6−
93.2% of the micropores are water-accessible. In contrast, for
the organic-rich sample, the micropores constitute 27.8% of the
total pores, and only 35.1% of the micropores are water-

accessible (Table 4). This fact implies that most of the
scattering-detectable micropores in organic-rich shales consist
of isotropic, organophyllic pores in kerogen. Also, micropores
contribute most of the SSA (i.e., from 61.5% to 83.0%) in such
shales (Table 4 and Figure 9). In contrast, for the carbonate-
rich sample BE896, the proportion of micropores (2.1% for
porosity and 19.0% for SSA) is significantly lower than for the
other shale samples. Furthermore, the average pore dimensions
determined by neutron scattering for all of the shale samples
are in the nanometer range (2.9 to 9.8 nm), while the pore
dimensions of the carbonate-rich sample (BE896) are higher
(9.8 nm). For organic-poor, clay-rich samples, the pore
dimensions of the water-accessible pores (2.6 to 2.7 nm) are
smaller than those of the water-inaccessible pores (11.4 to 14.2
nm), which might be attributed to the small, hydrophilic pores
in clay aggregates. In contrast, for the organic-rich samples, the
pore dimensions of the water-accessible pores (2.5 nm) are
similar to the average for the water-inaccessible pores (3.1 nm),
indicating that the sample is dominated by small, organophyllic
pores in kerogen.
The trends in the porosities inferred from N2 adsorption

show remarkable consistency with those in the total porosities
calculated from the SANS/USANS data using eq 7 (Figure
10A). However, the pore size distributions derived from
neutron scattering have more micropores and fewer mesopores
compared with those derived from N2 adsorption. Similar
trends showing lower microporosity based on N2 adsorption
have been observed in other shales and attributed to the limited
accessibility of micropores to N2.

17,41 Some of this discrepancy
may also be related to the sample preparation for N2 sorption,
which includes grinding of the sample (whereas scattering is

Figure 7. Apparent porosities (water-accessible or total as indicated)
calculated from scattering from sections cut perpendicular to the
bedding vs apparent porosities for sections cut parallel to the bedding
for all five samples. Symbols lying closer to the y = x line have
equivalent porosities in the perpendicular- and parallel-cut sections.
Statistical error bars indicate ±1 standard error as reported in Table 3.

Figure 8. Pore size distributions as functions of pore dimension. The
curves represent results obtained by fitting the PDSP model to the
scattering data (blue) and from nitrogen adsorption data (brown).
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completed on a thin section sample).42 Here the samples were
ground to a particle size <150 μm. In contrast to the porosity,
the total SSA values measured by SANS and USANS are larger
than those measured by N2 adsorption (Figure 10B), which
again may largely be attributed to the limited accessibility of

micropores to N2. It is also worth noting that calculation of
porosity and surface area from sorption or scattering data
depends upon models that are based on an implicit assumption
of a pore geometry and can incorporate assumptions about
solid−fluid interactions. Therefore, differences in assumptions
underlying the sorption and neutron scattering models are
another likely contributor to the inconsistencies.

The Fractal Nature of Shale Porosity. The scattering
curves show a power-law dependence in the small-Q range, i.e.,
a plot of log I versus log Q yields data aligned along a nearly
straight line over 4 orders of magnitude in Q. The negative of
the calculated slope of this line is the power exponent in eq 2
(Figure 4C). For Q > 0.1 Å−1, a flat scattering background (B in
eq 2) that is independent of Q was observed and can be
attributed to incoherent scattering from hydrogen nuclei, small-
scale nuclear density inhomogeneities, or both.30 This
scattering contribution was subtracted following standard
procedures before further analysis.30

Regardless of whether the sample was cut parallel or
perpendicular to the bedding plane, all of the samples yielded
fractal dimensions approaching 3. These values indicate very
rough interfaces between the pores and the mineral matrix
(Table 3). Specifically, a scattering object with a fractal
dimension of 3 can be considered either as a surface fractal
with a surface that is so rough that the surface is space-filling or

Table 4. Porosities and Specific Surface Areas (SSAs) of the Marcellus Shale Samples

sample pore type
porosity
(%)a SSA (m2/g)a

micro porosity
(%)a,c

micro SSA
(m2/g)a,d

average pore dimension
(nm)a,e

porosity
(%)b

SSA
(m2/g)b

BE810 total 8.0 ± 0.9 24.0 ± 6.4 1.0 14.8 5.1 6.8 15.7

water- inaccessible 5.2 ± 0.8 7.0 ± 2.6 0.2 2.5 11.4

water- accessible 2.8 ± 1.2 17.0 ± 6.9 0.8 12.1 2.6

BE850 total 5.8 ± 0.8 17.3 ± 5.9 0.7 10.7 5.2 5.2 11.0

water- inaccessible 3.5 ± 0.4 3.9 ± 0.9 0.1 0.8 13.5

water- accessible 2.3 ± 0.9 13.3 ± 6.0 0.7 9.8 2.7

BE874 total 6.7 ± 0.8 21.6 ± 6.2 1.0 14.6 4.8 5.7 10.2

water- inaccessible 3.7 ± 0.4 4.0 ± 1.1 0.1 0.9 14.2

water- accessible 3.0 ± 0.9 17.6 ± 6.3 0.9 13.7 2.7

BE896 total 4.0 ± 0.5 6.3 ± 1.4 0.1 1.2 9.8 2.9 6.6

water- inaccessible 1.9 ± 0.2 1.8 ± 0.4 0.0 0.2 16.2

water- accessible 2.1 ± 0.5 4.5 ± 1.4 0.1 1.0 7.2

BE910 total 10.6 ± 1.3 56.1 ± 12.0 2.9 46.6 2.9 NMf NMf

water- inaccessible 7.5 ± 1.2 37.0 ± 13.0 1.9 30.7 3.1

water- accessible 3.1 ± 1.8 19.1 ± 17.7 1.0 15.8 2.5
aDerived from SANS/USANS data using the PDSP model. Uncertainties correspond to one standard error. bDerived from N2 adsorption data. The
porosity was calculated using DFT, and the surface area was calculated according to BET theory. cPorosity for pores <2 nm in size. dSSA for pores
<2 nm in size. eThe average pore dimension, defined as 4V/A, where V is the pore volume and A is the surface area. fNM: not measured.

Figure 9. Cumulative SSAs calculated as functions of pore dimension
for each of the five samples. The curves represent results obtained by
fitting the PDSP model to the scattering data (blue) and from nitrogen
adsorption data (brown). Organic-rich BE910 has a much higher total
SSA and water-inaccessible SSA compared with the organic-poor
samples.

Figure 10. Comparison of (A) porosities and (B) specific surface areas
obtained from combined SANS and USANS data as well as nitrogen
adsorption. Generally, the porosities and SSAs probed by nitrogen
adsorption are close to those measured by SANS and USANS.
Statistical error bars indicate ±1 standard error as reported in Table 4

Energy & Fuels Article

DOI: 10.1021/acs.energyfuels.5b00033
Energy Fuels 2015, 29, 1295−1308

1303

http://dx.doi.org/10.1021/acs.energyfuels.5b00033


as a mass fractal comprising objects of a range of sizes such that
it is infinitely polydisperse.32

A Kratky plot [i.e., a plot of Q2I(Q) vs Q] can be utilized to
resolve the more subtle details of the scattering curve.43 Figure
11 displays Kratky plots for two representative samples (BE850

and BE910) in wet and dry conditions. The wet samples show
significantly lower scattering intensities than the dry samples
over the whole range of Q. The profiles of the scattering curves
are almost identical for scattering from the wet and dry samples
of BE910, while for BE850, the scattering from the wet sample
at high Q (above 0.08 Å−1) is less intense than the scattering
from the dry sample. Thus, most micropores are water-
inaccessible in organic-rich BE910, but are water-accessible in
organic-poor BE850.
If the scattering followed the simple power law over the

entire range in Q (as in eq 2), the Kratky plot would be a
straight line (we are ignoring the background scattering at high
Q, e.g., >0.1 Å−1). However, a break in the slope occurs at Q ≈

5 × 10−4 Å−1 (see the vertical dashed lines in Figure 11). The
slopes in the low- and high-Q ranges as well as the break in the
slope were calculated using piecewise regression. All of the
samples show similar values of Q at the break in slope of [(5.8
± 0.6) × 10−4 Å−1; Table 3]. This break is far from the overlap
of the USANS and SANS data (0.001 Å−1 < Q < 0.003 Å−1)
and thus is not due to poor statistics in the overlapping region
or resolution effects. At Q values smaller than the break (see
Figure 11), the exponent n (the negative of the slope) is smaller
than 3, documenting a mass fractal. The mass fractal is
attributed to the network of larger pores. At high Q, the dry
samples comprise a surface fractal (n > 3). The surface fractal is
attributed to bumps on pore−mineral interfaces.44

In either the low- or high-Q range, n for the wet sample is
closer to 3 than that of the dry sample, indicating that the
water-inaccessible pores are more polydisperse (or the surface
is more space-filling) than the total pores. The organic-rich
BE910 sample has a significantly higher n (i.e., a lower surface
fractal dimension) at high Q compared with the more organic-
poor samples. We infer this to be consistent with scattering
from pores predominantly in kerogen for BE910. Thus, the
surface of kerogen is less space-filling at the scale of mineral−
water interfacial bumps compared with the surface of the
mineral matrix.

4. DISCUSSION

Anisotropy of Marcellus Shale. In this study, SANS from
the section cut perpendicular to the bedding shows a preferred
orientation along the bedding plane over the whole measurable
size range from a few angstroms to hundreds of nanometers. It
is possible that this anisotropy extends to even larger scales,
though we cannot assess it by USANS because these data are
slit-smeared.
In contrast, scattering from sections cut parallel to the

bedding are azimuthally symmetric. The isotropy of a scattering
object can be explained if either (1) the shape of the pore−
grain interfacial feature is isotropic, or (2) the shape is
anisotropic but randomly oriented. Both cases may happen in
the bedding plane of shale: the intraparticle pores in kerogen,
pyrite, or the rare calcite are isotropic (Figures 2 and 3), while
pores along grain boundaries are elongated but randomly
oriented.
The features that cause asymmetric scattering in the

perpendicular plane are likely present because of depositional
processes for the shale: single particles, flocculates, and
organomineralic aggregates (“marine snow”) generally settle
during mud accumulation to form parallel sheets of aggregates
along the bedding during relatively low energy, stagnant flow,
i.e., the flattened dimensions of the particles are parallel to the
bedding, and the pores are slitlike. These pores are likely
further flattened during burial.37 Elongated grains are deposited
with their long dimensions oriented approximately parallel to
the bedding surface; indeed, the BSE images show that the clay
minerals in Marcellus shale are aligned along the bedding plane
(Figures 2C and 3D). However, the grains may have a random
orientation within the bedding plane. Either way, the shale is
likely to exhibit an isotropic distribution of scatterers within the
bedding plane but an anisotropic distribution perpendicular to
the bedding plane. The presence of symmetric scattering
features in the samples cut parallel to the bedding but
asymmetric features in the samples cut perpendicular to the
bedding are consistent with previous observations on shaley
rock34 and outcrops of Marcellus shale.19

A negative correlation between the degree of anisotropy (H
value) and pore dimension was observed for organic-poor
samples (Figure 6). The anisotropy at the nanometer scale for
the samples that are not organic-rich is most likely due to
alignment of platelet-shaped clay minerals.45 The lower
detection limit of the pore dimension is about 5 nm for
SEM, so the nanopores (<5 nm) within phyllosilicates are not
observable. However, scanning transmission electron micros-
copy (STEM) images from studies on Haynesville shale clearly
show that phyllosilicate pores are elongated along the bedding
at the nanometer scale.36 Larger pores include more isotropic
pores along rigid grains (e.g., quartz, pyrite, and calcite), and
more anisotropic pores along clay and kerogen (Figures 2 and
3). In contrast, for the organic-rich sample, many of the pores
at the nanometer scale are isotropic and are likely subspherical
pores in kerogen.

Pore Types in Marcellus Shale. In this study, a variety of
techniques, including SANS/USANS, nitrogen gas adsorption,
and FIB-SEM, were needed to fully characterize the pore
structure of Marcellus shale. Each of these techniques can
probe pores of a different size range: SANS/USANS (1 to 8000
nm, whole pore), nitrogen gas adsorption (nitrogen-gas-
accessible pores in the size range of 2 to 300 nm), and FIB-
SEM (5 to 2000 nm). Others have reported that porosities

Figure 11. Kratky plots for (A) BE850 and (B) BE910 samples cut
perpendicular to the bedding. In dry samples (before soaking in D2O/
H2O), neutrons scatter from all of the pores (water-accessible and
water-inaccessible), whereas in wet samples (after soaking in D2O/
H2O), neutrons scatter only from water-inaccessible pores. Thus, the
scattering intensity is lower for wet samples.
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derived from SANS/USANS for shales have the same
magnitude as those derived from N2 gas adsorption (Figure
10A), but are significantly higher than those based on image
analysis.4,15

Loucks and co-workers have categorized the pores within
mudrock into three types on the basis of SEM observations: (1)
pores within organic matter (OM pores), (2) pores within
crystalline particles (intraP pores), and (3) pores between
grains (interP pores).4,37 We observed all of these in this study.
Each type of pore may exhibit different neutron scattering
features. As a first approximation, the sizes of the pores
decrease in the order interP pores > OM pores ≈ intraP pores.
Compaction is the most significant process in controlling the
interP pore size and shape.37 During compaction, interP pores
around rigid grains (e.g., quartz, calcite, and pyrite) become
elongated but remain relatively randomly distributed, while
interP pores between soft and ductile grains (e.g., clay,
kerogen) are elongated roughly parallel to the bedding. The
shapes of intraP pores in mechanically strong minerals such as
quartz are mainly controlled by their genesis and are less
affected by compaction. For instance, intraP pores in pyrite
framboids reflect the structure of the pyrite crystals within the
framboid, while intraP pores in clays are sheetlike and roughly
parallel to the bedding. Pores in kerogen are bubblelike or
irregular in shape, generating symmetric scattering. Overall, the
asymmetric scattering in perpendicular bedding results largely
from the pores related to clay minerals (Figure 12).

SANS/USANS is a unique way to characterize the
directionally dependent pore system in sedimentary rocks like
shale. The apparent porosities measured in the sections cut
perpendicular to the bedding are much higher than those
measured in the plane of bedding. However, most studies on
sedimentary rocks using scattering techniques have been
completed on sections cut in one direction only, which may
lead to an overestimation or underestimation of the porosity
and SSA. For example, Clarkson and co-workers reported that
the porosity for Marcellus shale (TOC = 1.57 wt %) cut parallel
to the bedding was 3.55%, which is in the range of apparent
porosity of the organic-poor, clay-rich samples cut parallel to
the bedding in this study (Table 3, range from 3.1% to 4.8%).46

Upon incorporation of the information from perpendicular-cut
sections, the calculated values of total porosity for the same
samples in our study range from 5.8% to 8.0%, indicating that
the values reported by Clarkson and co-workers could be
underestimated.46

The power-law relationship between Q and I demonstrates
the random fractal nature of shale samples over several orders
of magnitude in spatial dimension. A break in slope for the log I
versus log Q plot is observed for all the samples. At low Q
(larger pore dimension), the pore network is a mass fractal with
Dm = 2.6 (on average), whereas at high Q (smaller pore
dimension), the scattering object is a surface fractal with Ds

close to 3. It has been argued that a break in slope may reflect
two narrow distributions of polydisperse scatterers (pores),
whereas no break in slope reflects a wider distribution, like a
power-law distribution, of polydisperse scatterers.47 Such breaks
in slope have been observed in scattering curves of igneous and
meta-igneous rocks44,48 that have been analyzed by SANS/
USANS as well as some shaley rocks.33 However, Jin and co-
workers found that there was no break in slope for Marcellus
outcrop samples19 and Rose Hill shale samples.22 (It should be
noted that the Marcellus samples studied by Jin and co-workers
were from the Oatka Creek member of the Marcellus
Formation,19 whereas the samples in this study were from
the Union Springs member.) Importantly, the outcrop samples
studied by Jin and co-workers were derived from near the land
surface, and thus were weathered and more porous than the
samples studied here.19 Jin and co-workers argued that some of
the organic matter had been oxidized and removed in the Oatka
Creek samples during near-surface weathering.19 In that regard,
both the Rose Hill22 and Oatka Creek samples from
Huntingdon19 can be considered organic-poor shales. We
infer that these differences in organic content result in different
distributions of scatterers, which in turn affect the scattering
profiles.
The pore distribution of the organic-rich BE910 sample is

consistent with a large portion of the micropores occurring
within the kerogen. However, SEM images show that the
samples with high TOC in fact have less detectable porosity
within the kerogen. As SEM can image only 5 nm pores, it is
likely that much of the porosity in the kerogen is too small to
image with SEM. Interestingly, Milliken and co-workers found
a similar decreasing trend of SEM-detectable porosity with
increasing TOC for Marcellus shale samples, while the porosity
probed by N2 adsorption increased with TOC.15 Valenza and
co-workers found that the SSA of the pores in kerogen could be
as high as ∼500 m2/g of TOC in a mature shale,49 again
consistent with the existence of nanometer-sized pores in
kerogen. Further studies based on TEM are being conducted to
investigate nanometer-sized pores in kerogen directly.
Several studies based on SEM and TEM images have

demonstrated that a large portion of the pores in kerogen in
some shales are connected.16,36 In contrast, our data indicate
that pores in kerogen are not accessible to water in these
Marcellus samples (Figure 8E and Table 4). This discrepancy
could be explained if (1) the pores in kerogen are connected
but the connections are not water-accessible because the entire
pore is hydrophobic, and/or (2) the pores in kerogen grains are
connected but the small flow pathway connections are
hydrophobic, i.e., the pores in kerogen are connected at small
scale but unconnected at large scale. It should be noted that the
volume fraction of water-accessible pores in this study is
between 30% and 52%, i.e., lower than the values reported for
the Barnett shale.50 This documents the variability in water
accessibility among gas shale formations.

Implications. Shale contains a large portion of clay
minerals, which are commonly oriented with basal planes
along the bedding during sedimentation. Clays become

Figure 12. Schematic diagram of the pore structure in Marcellus shale.
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increasingly aligned during compaction and diagenesis.51 All of
these processes typically result in anisotropic pore spaces,
which are important contributors to elastic and seismic
anisotropy.52−54 These preferred orientations also affect the
diffusivities of fluids in anisotropic rocks.55,56 On the basis of
the scattering observations reported here, much of this porosity
is likely to be connected and hydrophilic unless the clay
particles are heavily organic-coated. For example, as shown in
Figure 10A, the water-accessible porosities are relatively similar
for different samples of Marcellus shale from different depths,
as if the inorganic matrices of samples (the hydrophilic
porosities) do not vary significantly with depth. In contrast,
the total porosities of the samples vary significantly with depth
(Figure 10A). Thus, the water-inaccessible porosities must vary
with depth. Since much of the porosity in the organic-rich
BE910 sample can be attributed to subspherical pores in
organic matter (Figure 6), we infer that the variations in water-
inaccessible porosity with depth are largely due to variations in
the subspherical pores in organic matter in the shale.
The subspherical nature of the pores in kerogen is consistent

with the burial history of the rock. Specifically, the Marcellus
Shale is thought to have been deposited in an epicontinental
sea 389 million years ago. The organic carbon-rich mudstones
of the Union Springs Member were deposited both as a
hemipelagic basinal facies, and as the distal toe of a prograding
delta clinoform.57 As described by Engelder and Lash,58

temperature and pressure increased during burial until the oil
window was reached about 300 million years ago. By this time,
most of the compaction had occurred, and the formation of
slitlike pores was likely complete. After this period, the gas
window was reached about 250 million years ago. The thermal
decomposition of organic matter during maturation is a
reasonable explanation for the observed intrakerogen porosity.
This process is supported by many observations,49,59 including
experiments60 and modeling.61,62 This history is consistent with
formation of pores in kerogen occurring after most of the
compaction of the inorganic matrix, since the pores in kerogen
are subspherical rather than flattened like the pores in the
matrix (Figure 12).
Techniques such as horizontal drilling and hydraulic

fracturing make the production of shale gas feasible in spite
of the extremely low permeabilities, which are on the order of
nanodarcies. The low water-accessible porosity, especially at
larger pore size, observed in this study is consistent with these
low permeabilities of shale. In the Marcellus Shale formation,
hydrofracturing requires large amounts of water (4 to 5 million
gallons of water per well) to open fractures in the shale.63 After
hydrofracturing, the flowback water is relatively dilute, but
within weeks it generally becomes several orders of magnitude
saltier than the original injectate.64 Balashov et al.64 have argued
that brine is present as formation water, and that salt diffuses
from small pores into the newly opened hydrofractures,
explaining why the salt concentration increases during the
first year of production of aqueous fluids. Such pores filled with
brine are detectable by SANS/USANS, since the SLD of brine
is close to that of gas and much smaller than that of the mineral
matrix. Our observation, that the small pores associated with
clay are water-accessible, is consistent with the interpretation
that the brine is present initially at depth as capillary-bound
water (i.e., immobilized in these very small pores), but
nonetheless may be able to diffuse to fractures after
hydrofracturing. A numerical diffusion model based on this
conceptual model has successfully been used to explain the

observed temporal changes in flowback chemistry for Marcellus
shale-gas wells.64 Thus, we infer that before hydrofracturing the
water-accessible pores are partially filled by brine (±gas) while
the water-inaccessible pores are filled with gas.
In addition, as proposed by Passey et al.,65 there are two pore

types in the shale: hydrophobic (largely in kerogen) and
hydrophilic (largely in minerals or between minerals). In terms
of natural gas, the pores within kerogen likely play the most
important role in storage and permeability.66 The existence of
nanosized kerogen porosity, as suggested by this study, may
mean that the transport of gas is not due to Darcy-type flow but
rather due to diffusion and slip flow.67 The larger SSA of these
nanopores in kerogen will offer attractive sites for gas
adsorption, which is critical in estimating the storage.7

Finally, we speculate that it is possible that the negative
correlation we observed between kerogen pore width and TOC
is consistent with high nucleation rates of gas bubbles relative
to growth of the individual bubbles in the organic matter in the
high-TOC shales. High nucleation rates would be expected in
samples with the highest gas generation capacity and lowest
connectivity of pores for removal of gas, both of which would
be expected in a high-TOC shale. A better understanding of all
these features could result in better techniques for hydraulic
fracturing as well as better capabilities to estimate the gas
storage and production rates. In addition, different hydro-
fracturing fluids might be developed to open hydrophilic
interclay particle pores as opposed to hydrophobic intrakerogen
pores or for use on high-TOC versus low-TOC shales.
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