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ABSTRACT

The Marcellus Formation of Pennsylvania represents an out-
standing example of an organic matter (OM)-hosted pore sys-
tem; most pores detectable by field-emission scanning electron
microscopy (FE-SEM) are associated with OM instead of min-
eral matrix. In the two wells studied here, total organic carbon
(TOC) content is a stronger control on OM-hosted porosity
than is thermal maturity. The two study wells span a maturity
from late wet gas (vitrinite reflectance [R,], ~1.0%) to dry gas
(Ro, ~2.1%). Samples with a TOC less than 5.5 wt. % display a
positive correlation between TOC and porosity, but samples
with a TOC greater than 5.5 wt. % display little or no increase
in porosity with a further increasing TOC. In a subset of sam-
ples (14) across a range of TOC (2.3-13.6 wt. %), the pore vol-
ume detectable by FE-SEM is a small fraction of total porosity,
ranging from 2 to 32% of the helium porosity. Importantly,
the FE-SEM-visible porosity in OM decreases significantly
with increasing TOC, diminishing from 30% of OM volume
to less than 1% of OM volume across the range of TOC. The
morphology and size of OM-hosted pores also vary system-
atically with TOC.

The interpretation of this anticorrelation between OM con-
tent and SEM-visible pores remains uncertain. Samples with
the lowest OM porosity (higher TOC) may represent gas ex-
pulsion (pore collapse) that was more complete as a conse-
quence of greater OM connectivity and framework compaction,
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whereas samples with higher OM porosity (lower TOC) cor-
respond to rigid mineral frameworks that inhibited compac-
tional expulsion of methane-filled bubbles. Alternatively, higher
TOC samples may contain OM (low initial hydrogen index,
relatively unreactive) that is less prone to development of FE-
SEM-detectable pores. In this interpretation, OM type, con-
trolled by sequence-stratigraphic position, is a factor in deter-
mining pore-size distribution.

INTRODUCTION

Pores within organic matter (OM) are widely recognized as a
significant component of pore systems in gas shales (Loucks
etal., 2009; Ambrose et al., 2010; Passey et al., 2010; Sondergeld
et al., 2010b; Curtis et al., 2011a, b; Slatt and O’Brien, 2011;
Milliken et al., 2012a). Although other pore types are also
important in gas shales, and in mudrocks generally (Schieber,
2010; Slatt and O’Brien, 2011; Loucks et al., 2012), the con-
tribution of OM-hosted pores to overall porosity is such that
the total organic carbon (TOC) manifests a positive covariation
with bulk porosity in some gas shale units (Passey et al., 2010;
Milliken et al., 2012a).

The discovery of OM-hosted pore systems sparks many
questions concerning their nature and prediction: To what de-
gree are these pore systems primary (hosted within initially
porous kerogen) versus secondary (formed during diagenesis)? If
secondary, can the evolution of OM-hosted pores be linked
quantitatively to the well-established thermal maturation trends
that are documented for OM? What is the function of OM type
in the occurrence and diagenetic evolution of OM-hosted pore
systems? The answers to these questions are central to making
predictions of rock properties in mudrock-hosted petroleum
systems.

This study applies integrated scanning electron microscope
(SEM) imaging and bulk analysis to assess the qualitative
and quantitative aspects of both mineral- and OM-hosted
pores in siliciclastic-dominated mudrocks of the Marcellus
Formation of northern Pennsylvania. Samples come from two
wells of contrasting thermal maturity (R, of ~1.0% versus
2.1%) and contain a prominent component of OM-hosted
pores. Our results point to some unexpected conclusions
concerning the function of thermal maturation in the evo-
lution of OM-hosted porosity and highlight some deficien-
cies in our understanding of organic petrography at the scale
of SEM observations.
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Figure 1. Locations of the two study wells. Contours depict thermal maturity (contoured on regional averages of vitrinite reflectance
[Ro])- The inset map on the upper left side (modified from Gray and Stamatakos, 1997) depicts the position of the study area relative to
the Alleghanian front of the central Appalachians. NY = New York; PA = Pennsylvania; NJ = New Jersey; MD = Maryland; VA = Virginia;

WVa = West Virginia.

GEOLOGIC SETTING

The Middle Devonian Marcellus Formation, the
basal unit of the Hamilton Group, is a distal marine
mudstone within a westward-prograding foreland
succession deposited in the Appalachian Basin dur-
ing the Acadian orogeny (Ettensohn, 1985; Lash
and Engelder, 2011). Maximum burial was achieved
in the late Paleozoic and was greatest along the
thrust front on the eastern side of the basin (Johnsson,
1986; Beaumont et al., 1987; Roden and Miller,
1989; Evans, 1995; Reed et al., 2005). In the region
of well 1 (Figure 1), maximum burial was on the

order of 3.5 km (2.2 mi) and maximum tempera-
ture was on the order of 120°C, whereas in the region
of well 2, farther to the east, maximum burial and
temperature were on the order of 6 km (4 mi) and
150°C, respectively (Beaumontetal., 1987; Roden
and Miller, 1989). The Marcellus has recently at-
tracted great attention as an important gas-producing
unit (Engelder and Lash, 2009; Zagorski et al., 2010).
Samples used in this study come from the lowermost
part of the Marcellus, and in particular, the deepest
and most TOC-rich samples in well 1 come from
an interval of high gamma-ray response as shown in
Engelder and Lash (2009, their figure 8, p. 68).
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SAMPLING AND METHODS

Fourteen samples (chips from whole core) were
selected from two wells in northern Pennsylvania
(Figure 1)—nine samples from the lower maturity
well (well 1) and five samples from the higher ma-
turity well (well 2). Samples were selected to rep-
resent variation in TOC and to include the higher
end of the range of TOC observed in these wells.
Uncovered polished thin sections for light mi-
croscopy and SEM imaging were produced (by
Spectrum Petrographics) using surface impregna-
tion with a low-viscosity impregnation medium be-
fore the final polish to reduce mechanical damage.
Samples were examined in both transmitted and
reflected polarized light on a conventional petro-
graphic microscope. Carbon-coated thin sections
were inspected using an FEI Nova NanoSEM 430
field-emission SEM (FE-SEM); all samples were
examined using both secondary electron and back-
scattered electron (BSE) imaging. Additional obser-
vations were made using cathodoluminescence
(Gatan ChromaCL detector) and x-ray mapping
(twin 30 mm? Bruker XFlash silicon drift detector
energy dispersive spectroscopy detectors), as needed
for component identification and characterization.
Surfaces for imaging were also prepared by
argon-ion cross section polishing (Leica EM TIC020
mill) using an accelerating voltage of 8 kV, a sample
current of 2.8 mA, and a milling time of 10 hr. A
conductive coating of iridium was applied to assist in
control of charging during high-resolution imaging
on the FEI Nova NanoSEM 430, an FE-SEM. At the
highest magnification used in this study (image field
width = 2 um; machine magnification = 150,000x),
topographic artifacts related to the iridium coating
are visible, appearing as a generally cracked and
scaly surface. For reasons that are poorly under-
stood, but are most likely related to the contrasting
electrostatic properties of different materials under
ion bombardment, this coating artifact is more
strongly developed on mineral surfaces than on OM.
Together with the relatively smaller BSE signal from
OM (note that, on flat polished surfaces, a sub-
stantial part of the total signal contrast relates to BSE
emission even in images made with a secondary
electron detector), the contrast in coating artifact
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Figure 2. Mineral-surrounded pores. (A) Red arrows indicate
pores that have opened between mica cleavage flakes. The red
oval surrounds spaces between phyllosilicate flakes that are un-
compacted beneath a silt particle. Blue arrows indicate a circum-
crystalline pore on the margin of a carbonate particle. See text
for discussion. Backscattered electron image. WD = working dis-
tance. (B) Green arrows indicate pores within crystals of dolomite
(d) and ferroan dolomite (f). Whether these crystals represent
grains, thereby hosting intragranular pores, or whether they are
instead authigenic replacements containing intracrystalline pores
is a matter for debate. Similar dolomite crystals in the Barnett
Shale of central Texas have been interpreted as grains formed by
erosion and reworking of early diagenetic dolomite (Milliken et al.,
2012b). Backscattered electron image.



development assists in the discrimination of OM
and mineral matter on argon-milled surfaces. Im-
aging of argon-milled surfaces was performed on an
FEI NovaNano SEM 430 using an accelerating volt-
age of 10 kV and a spot size (sample current) of 3
(the instrument does not provide a quantitative
readout of sample current; a setting of 3 is in the
lower range of possible sample currents).

The general distribution of pores was examined
in images captured at 19.9-um horizontal field width
(machine magnification = 15,000x; pixel resolu-
tion = 19.4 nm/pixel). Point counts (250 points)
were made to determine the abundance of mineral
crystals, OM, and mineral-hosted pores (Figure 2),
but pores within OM are generally too small to be
discerned at this magnification. Assessment of OM-
hosted pores was made from images collected at
1.99-um horizontal field width (machine magnifi-
cation = 150,000%). These higher magnification im-
ages were obtained at either 1.9-nm or 0.97-nm pixel
resolution, allowing for the reliable detection and
interpretation of pores as small as 7 and 4 nm, re-
spectively. Ten such images were obtained from
randomly selected OM points in the lower magnifi-
cation (15,000x) images. Edges of pores within OM
were interpreted manually using a digital tracing
screen (Wacom Cintiq pen display) and quantified
using the image measurement program JMicro-
vision® (Roduit, 2008). JMicrovision includes rou-
tines for rendering interpreted shapes as objects for
which a wide range of size and shape parameters are
calculated (e.g., area, length, width, equivalent cir-
cular diameter, and others). A total of 28,004 pores
were measured in the 140 images with 150,000x
magnification. Pores were categorized based on size
and shape following a scheme described below.
Manual pore interpretation was used in preference
to automated pore recognition to apply this cate-
gorization scheme and because image gray levels
within pores significantly overlap gray levels dis-
played within sample defects (scratches and induced
fractures) and within topographic artifacts in the
conductive coating.

Observed porosity (SEM-imaged porosity), @qps,
is calculated:

D = (Avg. Doy x OM vol. %) + Dy,

where @, is the fraction of pore space measured
within the overall volume of OM (averaged from
the ten randomly selected regions of OM, imaged at
150,000%); OM vol. % is the volume percent of
OM calculated from the measured bulk TOC
(wt. %) by assuming an OM density of 1.45 g/cm?;
and @,;, is the mineral-hosted porosity (vol. %)
obtained from the point count at 15,000x.
Organic-matter-hosted pores are categorized
into four groups based on size, shape, complexity,
and spatial distribution (Figure 3). Most of the
largest pores (reaching a little more than 1 pm in
apparent diameter) are classed as complex. Com-
plex pores have clearly discernible subparts, sepa-
rated by partitions. Interpreting the boundaries of
such pores necessarily entails encompassing a com-
plex region into a single area that corresponds to
the intersection of the pore with the plane of the
milled surface. Complex pores tend to occur in
clusters with other complex pores. A distinct sub-
type of pore occurs in direct or very close contact
with a mineral surface and is designated a mineral-
associated pore. Discrete spongelike pores lack
the discernible subparts that characterize complex
(and most mineral-associated pores) but still tend
to occur in clusters and to display irregular none-
quant shapes. Discrete spongelike pores range in
size from the midrange of the complex pores
(several tens of nanometers) to small sizes near the
limit of detection (approximately 7 nm). Discrete
isolated pores tend to be equant, widely distributed,
and very small, ranging in size from the midrange
of the discrete spongy pores (20-30 nm) to the
limit of detection. Discrimination of the forgoing
pore types is inherently somewhat subjective but,
as demonstrated in the results section, allows dis-
crimination of pore populations with distinctly
different size distributions. These pore categoriza-
tions are put forth as a practical means of describing
pore types solely for the purposes of this study and
are not proposed as an extension or alternative to
recently published generic pore classifications (Slatt
and O’Brien, 2011; Loucks et al., 2012).
Cumulative distributions of the pore size, ex-
pressed in equivalent circular diameter, are com-
piled on the basis of both pore number and pore
area (a proxy for volume in this two-dimensional
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Figure 3. Qualitative categorization of
OM-hosted pores, illustrated from sec-
ondary electron images (left) with inter-
preted line drawings (right). No scale is
presented because the categories based
on the forms illustrated apply across a

hosted pores

Organic matter-

Organic matter

D Mineral

range of scale. See text for discussion.
Secondary electron images with a sub-
stantial backscattered electron component.

Mineral-associated; some
complex; range into large
sizes

Complex; clearly discernible sub-
parts with partitions; range into
large sizes

Discrete spongelike; nonequant
shapes; tend to be clustered

data set). Data presented as pore number are in-
teresting for comparing the character of the pore
populations in different samples, whereas the data
compiled as pore area yield more direct insight into
how the total pore volume is distributed across
different size classes of pores.

BULK COMPOSITION AND BULK
ROCK PROPERTIES

Data for bulk porosity, permeability, OM type, vi-
trinite reflectance, and whole-rock mineralogy by
x-ray diffraction were obtained from TerraTek, Salt
Lake City, Utah. Porosity and permeability data
were generated by the tight rock analysis (TRA)
procedure of TerraTek (Handwerger etal., 2011),

182 Geohorizon

Discrete, isolated; tend to be
equant; widely dispersed; domi-
nate smallest size range

which is modified from the crushed sample method
of the Gas Research Institute (Luffel et al., 1996).
Many issues and concerns surround the measure-
ment of porosity and permeability in mudrocks, but
the orderly trends observed in this study between
bulk porosity measurements and independently
measured parameters (see results section) indicate
that the TRA data have, at least, relative significance.

RESULTS
Thermal Maturity

The average vitrinite reflectance values for two sam-
plesin well 1 are 0.96 (depth =5011 ft [1527 m])
and 1.03 (depth = 5067 ft [ 1544 m]). Reflected light



observations noted an abundance of amorphinite
as well as solid bitumen. The maturity for a sample
in well 2 was determined by bituminite reflectance.
Jacob’s relationship, Ry = 0.618 Ry + 0.40, where
Ry = vitrinite reflectance and Ry = bituminite re-
flectance, (Jacob, 1989, p. 78) yields an equivalent
R,, of approximately 2.1%. We regard this as a min-
imum value because it is now understood that dif-
ferent populations of pyrobitumen may have higher
or lower reflectances compared to true vitrinite
(Laughrey et al., 2011; slides 58-59).

Petrography

Mineral Components

Mudrocks examined in this study are silt-bearing
mudstones (terminology of Macquaker and Adams,
2003) composed primarily of extrabasinal siliciclas-
tic debris thatincludesillitic clay, mica, quartz, and
feldspars (Figures 4, 5) (Table 1). Minor fossil com-
ponents include conodonts, thin-walled bivalves,
tentaculitids, stylolinids, tasmanitids, and aggluti-
nated foraminifers. Calcite silt is abundant in sam-
ples 1 to 15 and is interpreted as comminuted skel-
etal debris. The most abundant and widespread
authigenic components are pyrite framboids and
euhedral pyrite replacing fossils (Figure 6A); bulk
pyrite content averages 6.4 wt. % in well 1 and
4.2 wt. % in well 2 and ranges from 1.6 to 10.4 wt. %.
Bulk pyrite displays a positive covariation with TOC.
Ferroan dolomite euhedra are common, and many
of these appear to be nucleated on detrital dolo-
mite (Figure 6B). Quartz euhedra locally replace
calcitic fossils (Figure 6C). In high-resolution SEM
images, minute quartz crystals are observed lining
OM-filled spaces (Figure 6D). Minor authigenic
calcite is observed filling spores (see below).

Organic Matter

In light microscopy and in lower magnification SEM
images, OM is observed in the form of particulate
debris. A few samples contain spores that have been
partially compacted (Figure 7A) or partially filled
with calcite cement (Figure 7B). Many OM grains
display sharply defined arcuate edges that are con-
sistent with fragments formed by breakage of the
porous structure of cellulosic (woody) material

(Figure 7C). Organic material of clearly discrete
particulate form but lacking definitive evidence
as to a marine versus terrigenous origin is also ob-
served (Figure 7D).

However, the greater proportion of OM in these
rocks lacks the sharp edges and distinct shapes of
particles. This dominant OM has homogenous tex-
ture, fills intergranular spaces uniformly (Figures 8A,
9B), and occurs within intergranular spaces partially
lined by euhedral crystals (probable pore-filling ce-
ments) (Figure 7D). An effort to remove or par-
tially mobilize this material with an organic solvent
(dichloromethane) following argon-ion cross sec-
tion polishing failed to yield any discernible change
in the texture or porosity within this homogenous OM,
although minor mobilization of OM from mineral-
hosted pores may have occurred (Figure 9). Among the
140 images used for measurement of OM porosity,
138 feature this type of dispersed homogenous OM.

Pores

As discussed in the methods section, diverse pore
types are observed, including both mineral-surrounded
pores (Figure 2) and OM-hosted pores (Figure 3).
Quantification of the subtypes of mineral-hosted pores
was not attempted because these pores are minor
overall (Table 1, data column @,;,) and statisti-
cally significant measures would require point
counting an exceedingly large number of points.
A commonly observed form of mineral-surrounded
pore occurs in association with micas and clays, rep-
resenting spaces where phyllosilicate cleavage planes
have been separated by the bending of a grain, as well
as intergrain spaces held open where mica and/or
clays have failed to compact into parallel arrange-
ments (Figure 2A). Intracrystalline pores (Figure 2B)
and, also, circumcrystalline pores (Figure 2A) are
also common and are associated with carbonate
particles, both calcite and dolomite. It is unknown if
the intracrystalline pores are primary or secondary
or if they are within grains or authigenic crystals,
but the circumcrystalline pores are possibly related
to postcoring dissolution caused by acid generation
by sulfide oxidation. Evidence for this very abrupt
mobilization of calcium from carbonate minerals is
seen in the common calcium-sulfate precipitates
that decorate even the argon-milled surfaces.
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Figure 4. Backscattered elec-
tron images of samples from the
lower maturity well. The num-
bers in the image corners cor-
relate to the sample numbers
in Tables 1 and 2. Overall, the
samples are dominated by sili-
ciclastic grains of quartz and
feldspar (equant) and micas
(elongate), with the exception
of sample 15, which contains
abundant calcite grains. The
darkest regions of the images
are mostly organic matter; the
brightest regions (white) are
pyrite. Det BSED = backscattered
electron detector; HV = accel-
erating voltage; Spot = qualita-
tive measure of beam current;
WD = working distance; Mag =
machine magnification; HFW =
horizontal field width.

Among the OM-hosted pores, a common spa-
tial clustering characterizes the complex, mineral-
associated, and discrete spongelike pores. Many
mineral-associated pores are also complex and tend
to occur in groups and also in close spatial association
with clusters of other larger pores. Linear groupings
of larger pores with no immediately associated min-
eral surfaces are, in some cases, aligned with nearby
mineral surfaces, suggesting that, in fact, these clus-
ters are associated with mineral edges just below the
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plane of the section (Figure 10). Isolated equant
pores, however, do not display the spatial asso-
ciations of the three larger pore types and instead
have a more uniform distribution.

Pores and Pore-Size Distributions

Overall, the Marcellus wells in this study present
solid examples of pore systems that are strongly in-
fluenced by OM-hosted porosity (Figure 11). In
both wells, a strong positive covariation of TOC



(as wt. %) and bulk porosity measured by helium
porosimetry (as part of TRA) exists, the higher
maturity well having somewhat less porosity for a
given TOC content than does the lower maturity
well (Figure 11). Trend lines for TOC versus po-
rosity intersect a TOC of zero at a positive porosity,
suggesting that the magnitude of non-OM-hosted
porosity (i.e., mineral-hosted) in the overall sample
set is approximately 3 vol. % in the low-maturity
well and approximately 1 vol. % in the higher ma-
turity well. The similar slopes of the TOC and bulk
porosity trends at different maturities indicate that
the OM-hosted porosity is grossly similar across the
maturity range so that the greater porosity in the
lower maturity well arises mostly from the greater
content of mineral-hosted pores.

However, the positive covariation between
TOC and bulk volume porosity does not extend to
TOC content above approximately 5.5 wt. %. In
the lower maturity well, at TOC contents above
5.5 wt. %, porosity drops from near 10 vol. % to ap-
proximately 7 vol. % and shows no further systematic

Figure 4. Continued

variation across the remainder of the TOC range. In
the higher maturity well, porosity continues to in-
crease slightly through the higher TOC values, but
above approximately 5.5 wt. %, the increase con-
tinues at a diminished rate with increasing TOC.

Data from high-resolution imaging help explain
and further clarify the nature of the TOC and bulk
porosity trends seen in Figure 11. Rocks of higher
TOC have less detectable porosity within the OM
(Figure 12A). Comparison with bulk porosity mea-
surements indicates that pores above the detection
limit for imaging (the sum of mineral-associated and
OM-hosted pores) comprise only a fraction of the
total pores and, thus, the proportion of total pores
that are too small to image increases significantly
with increasing TOC (Figure 12B). In the higher
maturity well, for a given TOC, the OM-hosted
porosity and the fraction of visible porosity is
lower overall than in the lower maturity samples of
equivalent TOC (Figure 12).

Cumulative pore-size distributions show that
pore size (as mean, modal, and maximum sizes) also
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Figure 5. Backscattered elec-
tron images of samples from the
higher maturity well. The num-
bers in image corners correlate
to the sample numbers in Tables 1
and 2. Overall, the samples are
dominated by siliciclastic grains
of quartz and feldspar (equant)
and micas (elongate). Darkest
regions of images are mostly or-
ganic matter; brightest regions
(white) are pyrite. Det BSED =
backscattered electron detector;
Det TLD = through the lens de-
tector; HV = accelerating voltage;
Spot = qualitative measure of
beam current; WD= working dis-
tance; Mag = machine magnifica-
tion; HFW = horizontal field width.

declines markedly with increasing TOC (Figures 13,
14). The four most TOC-rich samples in well 1
contain pore populations with distinctly fewer big
pores (Figures 13, 14) and smaller median pore size
(Figure 14A). Even apart from these four distinc-
tively low-porosity samples, TOC and pore size
manifest a generally tight and negative correlation
across the entire sample set (Figure 14B).
Pore-size trends are complicated only by sam-
ples 1 to 15 in the lower maturity set and samples 2
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to 28 in the high-maturity set. Samples 1 to 15 are
relatively carbonate rich (Figure 13) (Table 2) and
somewhat coarser grained than the other low-
maturity samples. The pore-size distribution of this
lower TOC sample contrasts from the size distri-
butions in other lower TOC samples, primarily in
terms of the lack of the larger end of the pore-size
distribution (>120 nm). One possibility is that
greater compaction related to pressure dissolution
of carbonate grains has reduced the size of the



¥ 13 NDITUPN

L81

Table 1. Pore Measurements

Depth  TOC TOC Porosity Avg  Std

Well Sample  (ft) (Wt %)* (BV%)* (% BV)*  @Dyn*  DPom bulk™ DPmint  Pinvist  DPinvis/ Poot™  n* Diam*  Dev¥ Max* Min* D10* D50* D90*
1 15 5021 23 43 6.6 16.6 0.71 14 45 68.0 1478 37.2 29.1 327 7.8 84 398 205
1 18 5029 5.1 9.3 9.7 30.9 2.88 0.0 6.8 70.2 3246 309 365 784 6.6 465 825 188
1 22 5036 6.0 11.0 6.8 16.6 1.83 0.0 49 73.0 4209 27.5 225 415 5.8 154 36.8 16.6
1 27 5054 32 5.9 7.0 219 1.30 1.6 4.1 58.5 885 377 553 675 7.8 369 1345 270
1 30 5062 3.8 7.0 75 225 1.58 0.8 5.1 68.4 1213 31.2 547 1123 39  453% 1095 247
1 31 5064 8.1 14.6 6.7 3.03 0.44 0.0 6.3 934 2952 143 104 192 4.1 62 175 8.2
1 32 5066 10.2 18.3 713 1.60 0.29 0.0 7.0 96.0 2681 119 6.6 80 39 24 134 1.7
1 34 5071 12.8 226 6.4 0.6 0.13 0.0 6.3 98.0 1512 11.5 83 159 39 43 119 7.2
1 38 5083 13.6 243 55 04 0.10 0.0 5.4 98.2 612 13.1 112 264 55 149*%* 138 94

Low TOC* 22 1.7 0.8 5.1 68 33 40 665 6 268 81 22

High TOC* 1 0.2 0.0 6.2 96 13 9 174 4 43 14 8
2 25 9246 34 5.9 5.0 11.7 0.69 04 39 783 1919 298 378 568 5.2 1856 562 159
2 26 9266 3.1 48 45 11.0 0.53 0.0 4.0 88.2 820 427 51.7 556 39 2347 734 249
2 27 9272 6.4 10.5 8.0 715 0.79 0.0 7.2 90.2 1380 339 345 433 39 1269 49.1 19.0
2 28 9278 8.3 13.0 8.7 10.8 141 0.0 13 83.8 1553 36.5 50.7 507 44 196.1 908 235
2 36 9302 10.7 16.1 8.6 73 1.17 0.0 74 86.4 3544 242 184 420 6.3 783 245 145

10 09 0.1 6.0 85 28,004 33 39 497 5 164 59 20

*TOC (wt. %) = total organic carbon (wt. %); TOC (BV %) = total organic carbon (bulk volume percent); Porosity (% BV) = helium porosity (bulk volume percent); @,,, = percentage of scanning electron microscopy-visible porosity
within organic matter; @, puk = percentage of organic matter-hosted porosity in the bulk rock; @, = percentage of mineral-hosted porosity in the bulk rock; @;,;s = percentage of total porosity that is not captured by the
imaging determination (Porosity [% BV] = @om buik = Prmin); Pinvis/ Prot = Porosity that is below detection by imaging/bulk porosity; n = number of pores measured; Avg Diam = average diameter of pores based on measurement
of long axes; Std Dev = standard deviation of the pore diameters measured as long axes; Max = largest pore diameter, measured as equivalent spherical diameter; Min = smallest pore diameter, measured as equivalent spherical
diameter; D10 = pore diameter for which 10% of the total pores (by area) are larger; D50 = pore diameter for which 50% of the total pores (by area) are larger, the median diameter; D90 = pore diameter for which 90% of the
total pores (by area) are larger. Low TOC = average for five lowest total organic carbon samples; High TOC = average for four highest total organic carbon samples.

**Samples for which the D10 value was exceeded by a single pore. The size of the largest pore is listed, expressed in equivalent circular diameter.



Figure 6. Authigenic compo-
nents in Marcellus mudrocks.
Det BSED = backscattered electron
detector; Det TLD = through the
lens detector; HV = accelerating
voltage; Spot = qualitative mea-
sure of beam current; WD= work-
ing distance; Mag = machine
maghnification; HFW = horizontal
field width. (A) Pyrite as euhedral
grain replacement (pr) and fram-
boids (pf). Sample 36. Backscat-
tered electron image. (B) Ferroan
dolomite (f) nucleated on a non-
ferroan dolomite silt particle (d).
Sample 27. Backscattered elec-
tron image. (C) Authigenic quartz
with dull red and brownish lumi-
nescence replacing a fossil frag-
ment (as interpreted from light
microscopy). Sample 28. Mixed
secondary-electron and cath-
odoluminescence image. (D) Eu-
hedral borders on quartz crystals
(arrows), surrounded by organic
matter (OM). Other mineral grains
are micas. Sample 36. Second-
ary electron image with a back-
scattered electron component.

intergrain spaces in this sample (Figure 4), limiting
the size of the OM-hosted pores that must nec-
essarily be confined within those spaces. Samples 2
to 28 in the high-maturity sample set are unique in
having relatively abundant and large pores despite
its moderately high TOC content (13 vol. %). No
textural or composition factors that could explain
this anomalous sample have been identified.

Pore-size distributions examined in probability
density plots (pore number data) provide a useful
visual display of the overall similarity of pore-size
distribution across thermal maturity and the prom-
inent changes in the pore population with increas-
ing TOC (Figure 15). In samples with high TOC,
a reduction in the maximum pore size (reduced
right-side tail on the distribution) and a concentra-
tion of the pore population at a strong mode around
8 nm (apparent) exist (Figure 15C).

Given the polymodal character of the aggre-
gated pore sizes suggested in the distributions pre-
sented in Figure 15, correspondence to a particular
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statistical distribution (for example, a log-normal
distribution) cannot be fully assessed. Size distribu-
tions plotted for the pore types defined in Figure 3
demonstrate that, indeed, distinct subsets of pores
of possibly contrasting genetic origins mixed in the
overall pore populations exist (Figure 16). The four
highest TOC samples in the lower maturity well
have overall smaller modal sizes for each pore type.
Isolated equant pores and discrete spongelike pores
in the lower TOC samples have nearly identical
distributions in the two wells. For complex and
mineral-associated pores, the lower TOC samples
in the lower maturity well have alower modal pore
size by pore number despite having a greater me-
dian size by pore area (cf. Figure 16 with Table 1).
Analysis of pore-size distributions using Easy Fit®,
a statistical package for distribution fitting, shows
that most of the distributions presented in Figure 16
are described most precisely by a family of log-
logistic distributions, similar to a log-normal dis-
tribution but with heavier right-side tails. This



distribution likely represents an artifact of the res-
olution of the SEM imaging and the attendant
detection limit. Below 8 nm, the data are censored;
no measurements below 4 nm were obtained. The
use of a conductive coating adds uncertainty to the
detection of very small pores because the coating
may not be uniform across the surface of the sam-
ple or across different samples as a consequence
of nonuniform electrostatic surface properties. An
actual mode below 8 nm cannot be ruled out and,
in fact, seems probable given the abundance of
pores below the detection limit.

DISCUSSION
Overall Trends

A positive covariation between OM and bulk po-
rosity has been noted previously in gas shales (Passey
et al., 2010; Milliken et al., 2012a) and is unsur-
prising given the qualitative character of the ob-

Figure 7. Particulate organic
matter. Det BSED = backscat-
tered electron detector; HV =
accelerating voltage; Spot =
qualitative measure of beam
current; WD= working distance;
Mag = machine magnification;
HFW = horizontal field width.
(A) Collapsed spore. Sample 36.
Backscattered electron image.
(B) Spore that was partially filled
by calcite (c) before compaction.
Sample 36. Backscattered electron
image. (C) Probable wood frag-
ment displaying arcuate edges
representing former cell walls.
The rectangle indicates the region
that is enlarged in Figure 8A.
Sample 36. Secondary electron
image with a backscattered elec-
tron component. (D) Particulate
organic matter of uncertain origin.
This grain has minor pores and
other textural and compositional
inhomogeneity. Sample 28. Back-
scattered electron image.

served pore distribution at the microscale in many
organic-rich rocks (Loucks et al., 2009; Ambrose
et al., 2010; Passey et al., 2010; Schieber, 2010;
Sondergeld et al., 2010b; Curtis et al., 2011a; Curtis
etal., 2011b; Milliken et al., 2012a). Given the pore-
generating potential of the volume loss associated
with OM devolatilizaton during maturation, it is
unexpected to find that, even in the presence of an
overall positive trend between TOC and bulk po-
rosity (Figure 11), detectable pores in these Mar-
cellus mudrocks (1) do not manifest strong trends
in size or abundance across an increase in R, from
1.0 to 2.1% (similar to the findings for two Marcellus
Formation samples at R, values of 1.1 and greater
than 3.0% reported by Curtis et al. (2011c); (2)
decline in volumetric abundance within the OM
with increasing TOC; and (3) decline in size with
increasing TOC; and (4) are mostly below the size
of imaging by FE-SEM and especially so (>90%) in
the highest TOC samples.

The dominance of pores of very small size
(sub-5 nm) within OM has been noted in other
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Det HV  |Spot| Mag W WD
TLD|10.0kV | 3.0 | 60,0 5.2 mm

Det HV [Spot Mag W
BSED|10.0 kV/| 3.0 | 150,000x ' 1.99 ym /5.7 mm

Figure 8. Probable solid bitumen. Det BSED = backscattered
electron detector; Det TLD = through the lens detector; HV =
accelerating voltage; Spot = qualitative measure of beam current;
WD = working distance; Mag = machine magnification; HFW =
horizontal field width. (A) Organic matter with spongelike pores
(OMy) fills intergranular spaces uniformly. The porous structure
of this distributed OM is distinct from that observed within the
wood fragment (w). Area enlarged from Figure 7C. Sample 36.
Secondary electron image with a backscattered electron com-
ponent. (B) Extremely homogeneous texture and distribution of
OM within intermineral spaces. Sample 38. Secondary electron
image with a backscatter electron component.
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Det HV |Spot| Mag | HFW | WD ] [ —
BSED | 10.0 kV| 3.0 | 13,000x |23.0 ym| 5.0 mm

Det | HV |[Spot| Mag | HFW
BSED | 10.0kV | 3.0 | 20,000 |14.9 ym

Figure 9. Sample treated with dichloromethane following argon-
ion milling. Sample 1 to 34. Det BSED = backscattered electron
detector; HV = accelerating voltage; Spot = qualitative measure of
beam current; WD= working distance; Mag = machine magnifi-
cation; HFW = horizontal field width. (A) Pores are dominantly
mineral associated, and the organic matter (OM) appears unaf-
fected by the solvent. (B) Dispersed and texturally homogenous
OM appears unaffected by exposure to the solvent.

studies (Sondergeld et al., 2010a) and conforms
to observations reported in coalbed methane stud-
ies (Beliveau, 1993; Bustin and Clarkson, 1998;
Radlinski et al., 2004; Chalmers and Bustin, 2007),
which, interestingly, also show a general lack of
correlation between pore abundance and character
and thermal maturity and a better correlation with
OM type (Bustin and Clarkson, 1998).



ag
140,000x [2.13

Figure 10. Linear groupings of mineral-associated pores. The
group at the upper center, left side (oval) is clearly associated with
a mineral surface. The group at the center, right side (oval) is
distant from a mineral surface but aligned parallel to the mineral
material that crops out at the sample surface (arrows). The group
at the lower right side (oval) is strongly linear, but the association
with mineral surfaces is unclear. Secondary electron image of an
argon-ion milled surface; has a substantial backscattered electron
component. Det TLD = through the lens detector; HV = accel-
erating voltage; Spot = qualitative measure of beam current; WD =
working distance; Mag = machine magnification; HFW = horizontal
field width.

Organic Matter Type

The foregoing observations raise compelling ques-
tions about the nature of OM in the Marcellus and
the possible control of OM type on the evolution of
OM-hosted pore systems. Small-scale spatial het-
erogeneity in OM-hosted porosity has been noted
at the nanometer to micrometer scale in previous
studies (Loucks et al., 2009; Curtis et al., 2011b)
as well as here (contrast, for example, the pores
within particulate versus pore-filling OM in the
upper image of Figure 8) and is a strong indication
that OM type (kerogens of marine or terrestrial
origin, or solid bitumen) is likely an important con-
trol on pore formation. The trends observed in this
study raise the question of whether variation in the
bulk composition of OM has an impact on the pore-
size distribution of the OM-hosted pore system.
Description of OM type via light microscopy,
particularly reflected light microscopy, has been a

standard practice for many decades (e.g., Stach etal.,
1982; Taylor et al., 1998). By contrast, petrographic
criteria for the identification of OM type using
SEM imaging remain poorly defined. Methods for
the assessment of OM compositional variation at
high spatial resolution offer possible solutions (e.g.,
Bernard et al., 2010a, b; Keleman et al., 2010) but
have not yet been widely applied.

A challenge relates to the established practice
of defining certain OM types based on chemical
instead of petrographic criteria. From a chemical
standpoint, kerogen is defined as OM “that is sol-
uble neither in aqueous alkaline solvents nor in the
common organic solvents” (Tissot and Welte, 1984,
p. 131). By contrast, bitumen is defined, chemically,
as a material that is soluble (Tissot and Welte,
1984). The overall lack of OM mobilization by
dichloromethane in this study (Figure 9) supports
the interpretation of this OM as a kerogen or, al-
ternatively, solid bitumen, a finding that accords
with the stability of the material under vacuum
and electron beam bombardment.

The chemical definition of OM type only
partially overlaps a petrography-based definition,
whereby kerogen is generally understood to be
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Figure 11. Total organic carbon (TOC, wt. %) versus measured
bulk porosity (bulk volume percent [% BV] by tight rock analysis
[TRA] method as described in the methods section) in two wells
of contrasting thermal maturity. Total organic carbon (TOC) values
below 5.6 wt. % display a positive covariation with bulk porosity
(R* values shown). Above a TOC value of 5.6 wt. % (open sym-
bols), this covariation disappears in the lower maturity well and is
diminished in the higher maturity well. R, = vitrinite reflectance.
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Figure 12. Trends between total organic carbon (TOC) and
porosity values determined by imaging. (A) TOC (vol. %) versus
porosity within organic matter (OM). (B) TOC (vol. %) versus the
percent of the bulk volume porosity that was not accounted for
by pores (mineral- and OM-hosted) observed and measured from
images. R, = vitrinite reflectance.

affiliated with particulate OM, either terrigenous
or marine, whereas bitumen is a liquid, or a former
liquid, hydrocarbon released into pores during
kerogen maturation. Teerman et al. (1995) have
emphasized the need for a standardized terminol-
ogy that can be applied to petrographically un-
structured OM and noted the difficulties in dis-
criminating weakly or cryptically structured kerogens
(amorphinite) of either marine (alginite) or ter-
rigenous (bituminite) origin from solid bitumens
(Teerman et al., 1995, p. 15-16, 21). A transmis-
sion electron microscope observation of bitumi-
nite (Taylor etal., 1991) reveals faint intraparticle
structures that would, theoretically, be detectable
at the scales of observation applied here but are not

192 Geohorizon

observed. A key gap in petrographic understand-
ing relates to the appearance of diagenetically al-
tered marine kerogen, a material that is potentially
more labile and deformable by compaction than
the terrigenous kerogens (spores and wood) that
are clearly identifiable in the Marcellus samples.
An interpretation of the uniformly distributed struc-
tureless OM as marine kerogen that has been ex-
tremely deformed by compaction or, alternatively,
absorbed or otherwise intimately admixed with clays
at the time of deposition (Kennedy et al., 2002)
cannot be strictly ruled out.

Solid bitumen, also called “pyrobitumen,
grabitumen,” “dead oil,” and a variety of other terms
(Landis and Castano, 1995), represents a possible
alternative interpretation for the homogeneous,
unstructured, and dispersed OM. Spatial distri-
bution that engulfs detrital grains has been cited
as evidence for solid bitumen (Thompson-Rizer,
1987; Jacob, 1989), an observation that is con-
sistent with the petrographic appearance of the
homogenous OM in this study. However, the oc-
currence of solid bitumen is somewhat incongruous
with the low maturity of well 1 (R, = 1.0%). Low-
temperature solid bitumens, variously known as
“wurtzilite,” “albertite,” and “grahamite” (Jacob,
1989; Tannenbaum and Aizenshtat, 1984), have
been noted where certain high-productivity ma-
rine environments produce marine kerogen that
is sulfur rich (Powell et al., 1975; Tannenbaum
and Aizenshtat, 1985; Orr, 1986). Sulfur linkages
within the organic compounds (Orr, 1986; Baskin
and Peters, 1992) yield insoluble bitumens that are
solid at R, values as low as 0.5% (Jacob, 1989, his
figure 11, p. 77). Compositional analysis of the
OM is beyond the scope of our study, but the po-
tential for the sulfide-rich Marcellus to host such
immature solid bitumen seems plausible. Resolv-
ing the uncertainty surrounding the petrographic
character versus the composition of the OM (ker-
ogen versus bitumen) would contribute importantly
to our understanding of the spatial distribution of
OM-hosted pore systems.

If OM type is a factor in the evolution of OM-
hosted pores, then it becomes plausible to also asso-
ciate pore character with depositional environment.
The stratigraphic position of the most TOC-rich
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Figure 13. Pore-size distribu-
tions (based on pore area, a proxy
for volume) for low-maturity
sample set (vitrinite reflectance
[Ro] =1.0%) (A) and high-maturity
sample set (R, = 2.1%) (B). In
each plot, a single anomalous
sample is indicated (*), which
does not follow the overall trends
as documented in Figure 14. See
text for further discussion. One
large pore comprising approxi-
mately 20% of the total pore area
is omitted from the distribution
of Sample 38 in the low-maturity
set. The horizontal blue line
marks the 50th percentile (me-
dian pore diameter). TOC = total
organic carbon.
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Figure 14. Total organic carbon (TOC; vol. %) versus the me-
dian pore diameter (based on cumulative pore area). (A) Entire data
set. Two anomalous samples are labeled: 15 in the low-maturity set
has fewer and smaller pores than other samples of similar organic
matter content; 28 in the high-maturity set has more and larger
pores than expected based on other samples of similar TOC. (B)
Correlations with two anomalous samples removed from the data
set. See text for discussion. R, = vitrinite reflectance.

samples in proximity to a maximum flooding sur-
face (high gamma-ray response) in the lowermost
Marcellus (Lash and Engelder, 2011) is consistent
with a kerogen of dominantly marine composition
with attendant implications for local generation of
abundant bitumen.

Implications for Free Versus Adsorbed Gas

Ambrose et al. (2010) point out that, at pore sizes
below 50 nm, absorption of methane on pore walls
(relative to free gas that is more mobile within the
pore) becomes significant and, at sizes below 10 nm,
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becomes a very strong effect. This study demon-
strates that the pores of sufficient size to host a
substantial part of free gas are within the range of
measurement by FE-SEM imaging and, in fact, the
transition to pores sufficiently small to host dom-
inantly adsorbed gas is near the detection limit for
pore imaging by FE-SEM. Also clear is that a sig-
nificant part of the total OM-hosted pores in all of
the samples examined here and especially in the
most organic-rich samples (Figure 13B) are suffi-
ciently small (below the detection limit for imag-
ing) that they are expected to contain dominantly
adsorbed gas.

Gas Generation and Expulsion

The presence of a relatively continuous OM ma-
trix has important implications for hydrocarbon
expulsion pathways in a rock that generally lacks a
significant interparticle pore system (Hover et al.,
1996). In the two-dimensional data collected here,
the three-dimensional connectivity of the OM and
the OM-hosted pores is uncertain, although images
of the higher TOC samples (approaching 25 vol. %
OM) at least give the qualitative impression of a
potentially continuous organic matrix (Figures 4,
5, 8B; samples 34 and 36).

The contrasting distribution of different OM-
hosted pore types within OM, as well as the poly-
modal pore-size distributions observed, opens the
possibility that pores have formed by more than
one mechanism. Larger pores localized on mineral
surfaces (mineral-associated pores; Figures 10, 11)
suggest a possible interpretation as voids formed
by heterogeneous nucleation of methane bubbles,
an interpretation that would further tend to sup-
port the bitumen interpretation of the OM, al-
though bubble growth within a very soft kerogen
might also be possible. The clustering and spatial
affiliation of the mineral-associated, complex, and
discrete spongelike pores suggest that these pore
types may be part of a continuum of pores of a
range of size, all related to nucleation in association
with mineral surfaces. Preferred nucleation of pores
(former bubbles) on mineral surfaces is consistent
with the experimental observation that clay min-
erals preferentially catalyze gas formation over



Table 2. Bulk Rock Composition

Ankerite/ Illite/
TOC*  TOC K- Ferrous Smectite lllite +
Well Sample Depth Porosity Permeability (wt. %) (vol. %) Quartz Feldspar Plagioclase Calcite Siderite Dolomite Dolomite Pyrite Fluorapatite Barite (I/S)  Mica Kaolinite Chlorite

1 15 50212 6.60 0.000351 23 43 268 4.79 1.00 17.82  0.00 0.09 1.83 1.64 0.00 0.41 144 242  0.00 3.77
1 18 20587 9.67 0.000446 5.1 93 248 6.23 2.10 1.09 0.00 0.33 117 446 0.00 022 153 330 1.25 2.81
1 22 50362 6.77 0.000349 6.0 11.0 228 5.34 1.71 9.80  0.00 0.00 216 7.88 0.00 006 115 277 038 2.36
1 27 50539 6.99 0.000329 3.2 59 279 6.09 2.94 1.68 0.13 0.00 265 417 0.00 000 115 350 059 2.70
1 30 50616 7.52 0.000458 3.8 70 301 3.57 3.40 1.02  0.00 0.42 1.87  5.26 0.00 0.11 110 354 049 1.97
1 31 50643 6.70 0.000460 8.1 146 285 7.01 3.30 3.14  0.00 0.00 1.84 698 0.00 005 120 253  0.00 0.67
1 32 50657 7.28 0.000486 10.2 183 307 7.42 2.93 0.76  0.00 0.00 1.63 8.14 0.00 005 109 224  0.00 0.82
1 34 50712 643 0.000401 128 226  23.1 10.65 2.66 2.86  0.00 0.00 329 884 0.00 0.00 108 202  0.00 0.00
1 38 50827 5.3 0.000352 136 243 19.6 4.35 5.63 6.58  0.00 0.00 3.95 104 0.00 0.40 74 229  0.00 0.00
2 25 92459 5.82 0.000310 34 52 336 8.02 3.89 1.33  0.00 2.09 0.00 284 0.00 006 138 258 0.00 531
2 26 92659 5.20 0.000210 3.1 48 354 2.03 7.95 549  0.00 0.00 2.61 2.14 0.08 006 135 226  0.00 4.57
2 27 92722 882 0.000587 6.4 105 327 5.51 3.77 1.65  0.00 0.00 1.87 843 0.00 083 105 267 0.1 2.53
2 28 92785 949 0.000749 8.3 13.0 309 7.62 4.70 356 0.00 0.00 377  5.08 0.00 039 13.0 21.0 0.00 1.15
2 36 93024 9.12 0.000624 10.7 16.1 444 8.69 2.96 282  0.00 0.00 3.21 2.67 0.00 0.00 60 160  0.00 0.25

*TOC = total organic carbon.
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Figure 15. Probability density plots of pore size (limited to
pores <50-nm equivalent circular diameter). The arrows indicate
possible subpopulation modes around 8 nm, a mode that be-
comes dominant in the higher TOC samples. TOC = total organic
carbon; R, = vitrinite reflectance.

other forms of hydrocarbon during maturation
(Tannenbaum et al., 1986). The petrographic ob-
servations we report here, in fact, suggest that the
mechanism of catalysis involves the presence of
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sites favorable to the nucleation of gas bubbles on
phyllosilicate mineral surfaces, which are very abun-
dant in the Marcellus Formation mudrocks.

The isolated equant pores are distributed more
uniformly through the OM and may form by a
different mechanism, possibly by homogeneous
bubble nucleation. Alternatively, these smallest
pores may represent a residual population, left be-
hind during gas expulsion, because frictional forces
on the bubble walls were too great for them to move
in viscous bitumen (Brown, 2000).

We have already suggested that the relation-
ships between sample TOC and visible SEM po-
rosity documented in this article may be influenced
by OM type, but this does not preclude other pro-
cesses. Samples with higher TOCs and the lowest
OM porosities may represent rocks in which the gas
expulsion process was more complete as a conse-
quence of greater OM connectivity and OM com-
pactability, whereas samples with higher OM po-
rosities (lower TOCs) may represent situations in
which rigid mineral frameworks inhibited com-
pactional expulsion of the methane-filled bubbles.
These latter samples may represent rocks that re-
tain a greater proportion of their generated gas in
the form of free gas as opposed to absorbed gas. If
the foregoing interpretations are correct, the size
distributions of OM pores (former bubbles) may
preserve information on the dual mechanisms of
gas generation and gas expulsion. A fuller under-
standing of the chemical/mechanical processes
recorded by OM-hosted pores awaits further sta-
tistical analysis of the pore-size distributions and,
possibly, experimental work on pore generation dur-
ing maturation. Clearly, prediction of OM-hosted
pore systems will depend not only on an under-
standing of OM type, but also on bulk rock com-
position and texture. Both chemical (maturation)
and mechanical (compactional) processes may be
factors in the creation, preservation, and destruc-
tion of OM-hosted pores.

CONCLUSIONS

This study demonstrates the somewhat surprising
result that pores hosted within OM do not manifest
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change in abundance or type, which can be corre-
lated with thermal maturity. At a thermal maturity
between an R, of 1.0 and 2.1% in the Marcellus
Formation of northern Pennsylvania, variation of
TOC is a stronger control on the character of OM-
hosted pore systems than variation in thermal ma-
turity. Although TOC shows an important corre-
lation with porosity in many samples, that trend
only holds at the lower end of the TOC range.
Organic matter-hosted pores in highest TOC sam-
ples contain smaller pores and a larger fraction of
pores that are below the detection limit of imaging
by FE-SEM. Particulate OM occurs in these rocks
and, in many instances, can be clearly discriminated
because of the presence of sharp edges and distinctive
internal fabric. Much of the OM in all the samples
and, especially, in the higher TOC samples, has pe-
trographic characteristics that are consistent with
solid bitumen that fills intergranular pores, but an
origin as extremely ductile and structureless kerogen
cannot be ruled out at this point. Results of this study
provide motivation for additional work on porosity
evolution at lower maturity and for an improved
understanding of OM petrography in the SEM.
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