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ABSTRACT

At least six distinct types of pores associated with organic matter exist in organic-matter-bearing mudrocks. Inherited
(predepositional) pores are common in organic matter derived from terrestrial sources. Subgrain (granular) pores are a gener-
ally rare pore type that may have formed prior to deposition, but the pores have a distinctly different (three-sided) morphology
from inherited pores. Modified mineral pores are original mineral pores that have been only partly occluded by migrated bitu-
men. Bubble pores are relatively large pores (up to 1 pm in diameter) that form in organic matter during thermal maturation,
commonly by amalgamation of smaller bubble pores. Nanometer-scale spongy pores also form during thermal maturation, but
at higher temperatures than bubble pores. Elongate dissolution pores surrounded by organic matter are thought to be unrelat-
ed to dissolution of the organic matter, but, instead, to dissolution of clay minerals intermixed in the organic matter. Very few
of the microfractures seen in organic matter are thought to form naturally in the subsurface but are artifacts formed during
coring or post coring. Those microfractures that clearly do form in the subsurface are made of interconnected bubble pores.

Inherited and modified mineral pores are thought to be unconnected to the overall pore system of the rock. Subgrain pores
are connected in the organic-matter grain and may connect externally, but are generally not common enough to be important
to the overall pore system. Dissolution pores in organic matter may contribute to storage, but not necessarily to flow. Bubble
and spongy pores do appear to be commonly connected and would then be important to flow and storage of hydrocarbons.

INTRODUCTION examination of scanning electron microscope (SEM) images, we
found that at least six distinct types of pores in organic matter can
A classification of pore types in mudrocks that divides pores be differentiated on the basis of their morphology and apparent
between mineral and organic-matter pores was developed by association with specific organic matter types.
Loucks et al. (2012). Mineral pores were subdivided into in- Several reasons can be given for why the existence of multi-
terparticle (between particles) pores and intraparticle (within ple pore types hosted in organic matter is important. As will be
grains or domains) pores. Organic-matter pores were neither discussed later, these pore types result from different formation
subdivided into pore subtypes nor according to whether they mechanisms and they form during different periods of the organ-
formed in kerogen or bitumen. Abundant data have been collect- ic matter’s thermal history. The connectivity of these pores and
ed about the range of organic-matter pore morphologies and dis- the fluid(s) they contain are controlled by how and when they
tributions by the authors and numerous other workers (e.g., Katz formed. Some of these pore types are tied to either kerogen or
and Arango, 2018, and references therein). Previous workers solid bitumen allowing a general differentiation of these two
(e.g., Driskill et al., 2012, 2013; Jennings and Antia, 2013) have organic-matter types. Also, many recent studies (e.g., Yang et
proposed classifications of organic-matter pores primarily on the al., 2014; Liu et al., 2015) have discussed the fractal geometry of
basis of morphology. A classification of organic-matter pores pores in organic-rich mudrocks. If these pores represent different
based on the authors’ examination of numerous mudrock units generations, the results of these fractal studies would require
was the major objective of this investigation. Using petrographic different interpretations because the resulting patterns are unre-
lated to a single contemporaneous process.

Copyright © 2020. Gulf Coast Association of Geological Societies. All rights reserved.

SAMPLES AND METHODS
Manuscript received April 29, 2020; revised manuscript received July 16, 2020; manuscript
accepted July 20, 2020. This study is the result of more than 13 years of examination
of pores in organic matter (e.g., Reed and Loucks, 2007). During
GCAGS Journal, v. 9 (2020), p. 17-27. this time, more than 20 different rock units have been character-
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ized including major hydrocarbon-bearing units such as the Mis-
sissippian Barnett Shale (Loucks et al., 2009; Reed et al., 2014;
Reed and Loucks, 2015), the Pennsylvanian Cline Shale (Reed
and Roush, 2016), the Permian Wolfcamp Formation, and the
Upper Cretaceous Eagle Ford Group (Ko et al., 2016, 2017; Reed
et al., 2019). Hundreds of samples have been prepared using Ar—
ion milling for examination in the SEM. Samples include a
broad spectrum of lithologies from calcareous mudstones to ar-
gillaceous mudstones to siliceous mudstones. Samples are from
a broad range of thermal maturities ranging between 0.3% vit-
rinite reflectance (R,) East Texas terrestrial shales to near 2.0%
R, Fort Worth Basin Barnett Shale samples. Thermal maturities
given for samples are primarily calculated R, values based on
Tmax derived from programmed pyrolysis, with a few samples
from lower thermal maturities having measured vitrinite R, val-
ues (Reed, 2017).

Organic-matter pores were examined primarily using an FEI
Nova NanoSEM 430 at low to moderate beam energies (5-15
kV) on Ar-ion milled surfaces. Samples were prepared using
three different Ar—ion milling systems—a Gatan PECS with
slope cutter attachment, a Leica TIC020, and a Leica TIC3X.
Both backscattered electron and secondary electron images were
acquired of porous areas to provide a full picture of pore features.
Associated energy dispersive spectroscopy element maps cap-
tured and provided identification of mineral phases accompany-
ing organic matter.

OBSERVATIONS AND ORIGINS OF
PORE TYPES

Pore types are described next in interpreted order of timing
of formation relative to deposition and thermal maturation. Dif-
ferent pores types have somewhat different shapes, sizes and
distributions. Some pore types occur in kerogen, some in solid
bitumen or pyrobitumen, and others in either type of organic
matter. The terms kerogen and bitumen are being used in an
SEM petrographic sense, as discussed in Loucks and Reed
(2014). Solid bitumen and pyrobitumen are impossible to differ-
entiate using the SEM, therefore they are not treated separately
here.

Inherited Organic-Matter Pores

The first pore type to be discussed consists of inherited
(predepositional) organic-matter pores (Fig. 1). These pores can
be highly variable in size (nanometers to micrometers) and shape
(spherical to cubic to highly irregular). Inherited pores occur
only in kerogen grains. In some cases, inherited pores show a
number of different patterned distributions (e.g., Fig. 1A). Inher-
ited pores are observed to be more common in grains interpreted
to be type III kerogen (Figs. 1A and 1C) and are noticeably rare
in samples with abundant amorphous organic matter (AOM) as
the principal kerogen. These pores are susceptible to later infil-
ling, either with migrated organic matter (bitumen) (Fig. 1A) or
with diagenetic minerals (e.g., Fig. 1D or Schieber [1996]), or
with very fine-grained mineral grains similar to those of the ma-
trix.

The size, shape, and distribution of inherited pores are con-
trolled by biological processes during plant or algal growth,
accounting for the diverse morphologies found. Inherited pores
are abundant in an organic-rich shale from the terrestrial Eo-
cene Wilcox Group of East Texas (Reed, 2017). Large inherited
pores are integral to organic petrographers classifying macerals
as semi-fusinite and fusinite (e.g., Papp et al., 1998). Milliken et
al. (2014) noted inherited pores in some organic-matter grains
from low-thermal-maturity Mediterranean sapropels. The pores
in kerogen noted in Fishman et al. (2012) are possibly inherited
pores, as discussed in that article.

Subgrain Pores in Organic Matter

Another type are the pores found between spherical sub-
grains of organic matter that comprise larger, up to silt-size, kero-
gen grains. Variability occurs in the size of the subgrains of or-
ganic matter in different units from tens to hundreds of nanome-
ters. Subgrain (granular) organic-matter pores are generally na-
nometer-scale and commonly show a three-sided morphology
controlled by the spherical subgrains (Fig. 2). These subgrain
pores can be hundreds of nanometers if subgrains are from the
larger end of the size range (Fig. 2C). Subgrain pores are com-
mon thus far only in relatively low thermal maturity (<0.8% R,)
samples of the Pennsylvanian Smithwick Formation from the
southern Fort Worth Basin (Reed, 2017). These pores have also
been noted as rare occurrences in other units including the Upper
Cretaceous Eagle Ford Group in low thermal maturity samples
from north central Texas (Loucks et al., 2019). Reed (2017) it
was suggested that these subgrain pores become more difficult to
distinguish with increasing thermal maturity (Fig. 2D), although
currently this observation remains speculative. It is notable that
where seen at higher thermal maturities (Figs. 2B and 2D), the
organic matter that makes up the subgrains does not develop oth-
er types of organic-matter pores such as spongy pores.

Whether these pores are strictly predepositional, related to
microbial action, or the result of early thermal maturation of par-
ticularly labile organic matter is unclear. Possible origins for
these pores were discussed more completely by Reed (2017).
Regardless of their origin, these subgrain pores represent a pore
morphology distinctly different from those of the inherited pores.

Modified Mineral Pores

These are relatively large (up to micrometer scale) pores
found in some bitumen that has solidified (Fig. 3). These were
described variously as mineral interface pores by Pommer and
Milliken (2015), modified mineral pores by Ko et al. (2016,
2017) and early bitumen pores by Reed et al. (2019). The most
common shape of these pores is spherical, but hemispheres are
observed where these pores formed at the interface of the bitu-
men and mineral grains. These pores tend to occur as only one or
two pores in the original mineral pore space. Modified mineral
pores are commonly micrometer-scale although they may be
smaller if the original mineral pore was small. The organic-
matter walls of modified mineral pores are generally smooth.
Chambers of foraminifera and the interiors of intact coccoliths
are common places in which to find these pores developed (Fig.
3).

Modified mineral pores are postulated to form when migrat-
ing mobile bitumen moves into preexisting interparticle or intra-
particle pores that are filled with formation water. If the bitumen
fails to displace all the formation water a large pore can form
either in the center (Figs. 3A, 3B, and 3D) or on the edge (Fig.
3C) of the original mineral pores. Additional maturation trans-
poses the bitumen to solid bitumen and preserves the pores.
These pores can form at relatively low thermal maturities prior to
the formation of most other bitumen pore types but do persist to
higher thermal maturities. As shown from the examples in Fig-
ure 3, depending on the sulfur content of the original kerogen
which controls onset of bitumen formation (Orr, 1986), these
pores can form at quite low maturities.

Bubble Organic-Matter Pores

Bubble pores in organic matter are a common organic-matter
pore type. These pores are tens to hundreds of nanometers in
diameter (Fig. 4). Initial shapes appear to be relatively spherical,
although visual evidence shows that as these pores grow, they
tend to merge with other pores of this type, making a more elon-
gate and irregular composite pore (Fig. 4B). In many cases, the
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Figure 1. Backscattered electron SEM images of inherited (predepositional) pores in organic matter (OM). (A) Kerogen grain
(center, black) showing inherited pores in organic matter. Red arrow points toward an open pore in the kerogen. White arrows
point toward pores filled with bitumen related to thermal maturation. Upper Cretaceous Eagle Ford Group, Atascosa County,
Texas, calculated R, = ~1.1%. (B) Large organic-matter grain at center showing inherited pores. Paleogene Wilcox Group, Leon
County, Texas, R, = ~0.3%. (C) Woody grain of organic matter showing open inherited pores (red arrows). Permian Wolfcamp
Shale, Reeves County, Texas, calculated R, = ~0.9%. (D) Algal spores (red arrows) filled with recrystallized quartz (qtz). Imma-

ture Woodford Shale, southern Arbuckle Mountains, Oklahoma.

walls of these organic-matter pores are rugose and this irregulari-
ty suggests some change in the organic-matter structure (Figs. 4B
and 5A). Bubbles pores are common in solid bitumen and may
form in thermally altered kerogen as well (see later discussion;
Fig. 4C).

We think that bubble organic-matter pores are a variety of
thermal-maturation-related pores. These pores are noted to begin
to appear around 0.75% R,, in association with oil generation,
although this thermal-maturity level will vary somewhat depend-
ing on the lability of the organic matter.

Spongy Organic-Matter Pores

Another common type of pores is spongy pores in organic
matter (Loucks and Reed, 2014). These are nanometer-scale
pores and the smallest organic-matter pores visible in the SEM
(Fig. 5). On the basis of nitrogen-absorption data showing pores
at sizes too small to be visible in our SEM, researchers speculat-
ed (Milliken et al., 2013) that these pores can be as small as 1 nm
in diameter. Spongy pores are typically found in solid bitumen
or pyrobitumen, and have spherical to irregular shapes. These
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Figure 2. SEM images of subgrain (granular) pores in organic matter. (A) Organic matter grain with pores in between the small-
er subgrains of organic matter comprising the larger overall grain. Pennsylvanian Smithwick Shale, McCulloch County, Texas,
calculated R, = ~0.65%. (B) Organic matter (OM) grain composed of spherical subgrains of organic matter with pores in be-
tween the spheres. Mississippian Barnett Shale, Wise County, Texas, calculated R, = ~1.1%. (C) Close up SEM image of the
smaller subgrains separated by pores making up a larger organic matter grain. Miocene Monterey Shale, California, R, estimat-
ed to be 0.4% on the basis of mineralogy using Miki et al. (1991). (D) Secondary electron SEM image focused on the interior of
an organic-matter grain that is composed of smaller subgrains. Pennsylvanian Cline Shale, Glasscock County, Texas, calculat-

ed R, =~0.88%.

pores can commonly be seen in the walls of the larger and earlier
formed bubble pores (Figs. 4B and 5A).

Similar to bubble pores, spongy pores are interpreted to be a
variety of thermal-maturation-related pores. Spongy pores begin
to appear in bitumen at R,’s generally greater than 1.0%, at con-
ditions associated with gas generation. Similar appearing pores
form in some kerogen at higher thermal maturities (<1.2% R,)
and might be considered spongy pores.

Dissolution Pores Hosted by Organic Matter

The final proposed variety of pores in organic matter is asso-
ciated with dissolved or partially dissolved clay minerals or mi-
cas. These clay-mineral-associated pores are elongate, and they
typically have high aspect ratios (Fig. 6). Lengths can be up to
several micrometers. These pores are seen in both kerogen and
solid bitumen, although they are more common in bitumen.
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Figure 3. Backscattered electron SEM images of modified mineral pores in bitumen (bit). (A) Early bitumen or modified mineral
pores in chambers of a foraminifer test. White arrow points toward spherical pore in a chamber with larger amount of bitumen
(bit). Red arrow points toward irregular pore containing calcite (cc) mineralization. Upper Cretaceous Eagle Ford Group, Gon-
zales County, Texas, R, = ~0.48%. (B) Modified mineral pores (white arrows) in calcisphere (?) partly filled with kaolinite (kaol).
Upper Cretaceous Eagle Ford Group, Wilson County, Texas, calculated R, = ~0.45%. (C) Intact coccoliths filled with bitumen
showing modified mineral pores (white arrows) on the edges rather than centers of the original pore spaces. Upper Cretaceous
Eagle Ford Group, Gonzales County, Texas, R, = ~0.48%. (D) Partly intact coccolithophore filled with bitumen showing modified
mineral pores. Upper Cretaceous Eagle Ford Group, Gonzales County, Texas, R, = ~0.48%.

We propose one scenario by which these pores can be
formed. In some situations, organic matter can become inter-
mixed with clay minerals. In kerogen this intermixture can occur
with amorphous organic matter in algal mats or marine snow. In
bitumen this intermixture can occur when original mica or clay
mineral grains have intraparticle pore space (e.g., expanded
clays) that is subsequently filled with bitumen. When thermal
stress increases with burial, some clay minerals become unstable,
and recrystallize to other clay minerals (e.g., smectite going to
illite, or kaolinite going to chlorite; see Milliken [2005], and

references therein). This transformation can leave voids sur-
rounded by organic matter (Fig. 6). In actuality these are dissolu-
tion pores that happen to be hosted by organic matter rather than
pores that are developed by organic matter.

Microfractures in Organic Matter

Additionally, there are the problems of interpreting the
origin of microfractures found in organic matter and whether
these microfractures should be considered a distinct pore type.
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Figure 4. SEM images of bubble organic-matter pores. (A) Abundant bubble pores (red arrows) in organic matter. At lower
thermal maturity of ~0.88% R,, there are no accompanying spongy pores. Pennsylvanian Cline Shale, Glasscock County, Tex-
as, calculated R, = ~0.88%. (B) Bubble pores in bitumen (bit) filling foraminifer chamber. Note that the largest irregular bubble
pore (red arrow) is an amalgamation of several smaller spherical pores. Small spongy pores (white arrow) also present. Upper
Cretaceous Eagle Ford Group, Atascosa County, Texas, calculated R, = ~1.1%. (C) Numerous bubble pores (red arrows) in ker-
ogen grain. Mississippian Barnett Shale, Wise County, Texas, calculated R, = ~1.9%. (D) Mix of bubble pores (red arrows) and
spongy pores (white arrows) in organic-matter-rich (OM) part of sample. Pennsylvanian Cline Shale, Reagan County, Texas,

calculated R, = ~0.98%.

Microfractures in organic matter appear to have two general mor-
phologies, which are probably connected to different formation
mechanisms. Microfractures made of linearly connected sub-
spherical bubble pores are an uncommon observation (Fig. 7A).
These typically occur one per organic-matter mass and do not
extend beyond the organic matter in which they formed. More
typical straight-sided microfractures have also been observed in
some organic matter (Fig. 7B). These cracks are typically ob-

served in material interpreted to be solid bitumen, commonly
with more than one crack per bitumen mass. These cracks also
generally do not extend beyond the organic-matter mass in which
they formed.

A common hypothesis is that the straight-sided cracks form
through devolatilization of the solid bitumen (Loucks and Reed,
2016). However, whether this devolatilization occurs in the sub-
surface or at the surface remains unclear. Many of these micro-
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Figure 5. SEM images of spongy organic-matter pores. (A) Abundant nanometer-scale spongy pores (white arrows) with a few
larger bubble pores (red arrow). Bitumen (bit) from within chamber of a foraminifer. Upper Cretaceous Eagle Ford Group, Atas-
cosa County, Texas, calculated R, = ~1.1%. (B) High-magnification image of an organic-matter mass with small spongy pores
(white arrows) and a few larger bubble pores (red arrows). Permian Wolfcamp Shale, Reeves County, Texas, calculated R, =
~0.9%. (C) Mix of spongy pores (white arrow) and a few slightly larger bubble pores (red arrow) in organic matter. Devonian-
Mississippian New Albany Shale, Sullivan County, Indiana, calculated R, = ~0.8%. (D) Spongy pores (white arrows) in bitumen
(bit) between the microcrystals of a pyrite (pyr) framboid. Mississippian Barnett Shale, Wise County, Texas, calculated R, =

~1.1%.

fractures have morphologies reminiscent of mudcracks (Fig. 7B),
suggesting formation in a low stress environment such as at the
surface.

DISCUSSION
Connectivity of Pore Types

Different types of pores will have different degrees of con-
nectivity to larger, millimeter-scale, pore systems. In terms of

storage and flow of hydrocarbons, only bubble and spongy pores
are generally common enough to be considered important in most
units. Numerous focused-ion-beam (FIB) studies have addressed
connectivity of bubble and spongy pores in organic matter (e.g.,
Curtis et al., 2010, 2011, 2014). Work using tracer (spontaneous)
imbibition and microcomputed tomography suggests that some
bubble and spongy organic-matter pores are connected to the
millimeter-scale pore system in the rock (Peng et al., 2019).
Inherited pores that remain open at higher thermal maturities
in particular are thought not to have much connectivity to the
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Figure 6. Backscattered electron SEM images of clay-shaped dissolution pores in organic matter (all darkest regions in imag-
es). (A) Clay-associated dissolution pores (white arrows) in organic matter. Organic matter also contains small spongy pores.
Jurassic-Cretaceous Vaca Muerta Shale, Neuquén Basin, Argentina, late oil-window maturity. (B) Elongate, clay-associated
organic-matter pores in bitumen (white arrows) also showing abundant circular, spongy pores in a phosphate-rich (phos) area.
Mississippian Barnett Shale, Wise County, Texas, calculated R, = ~1.1%. (C) Dissolution pores (white arrows) associated with
kaolinite (kaol) in a bitumen (bit) mass. Organic matter also contains some spongy (red arrow) and bubble pores. Jurassic-
Cretaceous Vaca Muerta Shale, Neuquén Basin, Argentina, calculated R, = ~0.9%. (D) Dissolution pores (white arrows) in or-
ganic matter grain. Permian Bone Spring Formation, Reeves County, Texas, calculated R, = ~0.9%.

overall pore system of the rock. Those that do have connectivity
to outside the organic-matter grain are commonly filled with
migrated bitumen (Fig. 1A) or diagenetic minerals (Fig. 1D).

Modified mineral pores do not seem to be connected to the
larger pore system after their formation. Otherwise they, like
inherited pores, would be susceptible to later infilling by diage-
netic minerals.

Dissolution pores in organic matter (Fig. 6) should be con-
nected to the overall pore system in the rock. The proposed for-

mation mechanism requires a connection for the necessary chem-
ical reactions to have occurred. This explains why these pores
are typically more abundant near the edges of the organic-matter
masses in which they formed.

Challenges in Pore Type Differentiation

Several of these organic-matter pore types present challeng-
es in differentiating them from other types of organic-matter
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pores in some rare cases. Most challenging is the differentiation
of pore types that are present in kerogen. The wide variability in
inherited (predepositional) pore morphologies (Ko et al., 2016;
Reed, 2017) adds to the difficulty. Some have questioned wheth-
er organic-matter pores related to thermal maturity even occur in
kerogen (e.g., Bernard et al., 2012). However, the widespread
occurrence of pores in kerogen from the thermally mature Bar-
nett Shale (Loucks et al., 2009; Reed et al., 2014) coupled with
the absence of pores in kerogen from the immature Barnett Shale
(Reed and Loucks, 2015) argues against this hypothesis.

Differentiation of modified mineral pores from bubble pores
can be challenging when bubble pores have not merged and re-
main more spherical. Modified mineral pores in larger original
mineral pores also tend to be larger (> micrometer), although in
smaller mineral pores they are smaller (< micrometer), similar to
bubble pores. Observations suggest that modified mineral pores
tend to have smooth organic-matter walls, whereas bubble pores
have rougher walls. It is thought that modified mineral pores are
more likely to be isolated, whereas bubble pores form in groups
or aggregates. Modified mineral pores are also present in rela-
tively immature mudrocks, if thermal maturity is sufficient to
generate bitumen that migrates.

Other Issues

An additional challenge can be differentiating kerogen from
solid bitumen in the SEM (Loucks and Reed, 2014; Milliken et
al., 2014). This differentiation is complicated by the potential for
kerogen to transform into bitumen in place during thermal ma-
turity and causing the two organic matter types to become inter-
mingled.

We think that at least six types of pores exist. Does this
mean that additional types may be found? Such a possibility ex-
ists as organic matter from new regions and formations continues
to be examined. A choice between separating similar morpholo-
gies of pores between kerogen and bitumen into separate pore
types also exists, which has not been done in this investigation.
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Figure 7. Backscattered electron SEM images of microfractures in organic matter. (A) En-echelon microfractures (red arrows)
in bitumen (bit) consisting of linear arrangements of connected bubble pores. Permian Wolfcamp Shale, Reeves County, Texas,
calculated R, = ~0.9%. (B) Straight-sided microfractures (red arrows) in bitumen (bit) within a foraminifer chamber, probably
postcoring in origin. Upper Cretaceous Eagle Ford Group, Gonzales County, Texas, calculated R, = ~0.75%.

Perhaps in the future that such a separation will become appropri-
ate.

CONCLUSIONS

At least six distinct types of pores are associated with organ-
ic matter in mudrocks and are widespread enough to be signifi-
cant: (1) inherited (predepositional) pores in kerogen (Fig. 1),
(2) subgrain (granular) pores in kerogen (Fig. 2), (3) modified
mineral pores associated with solid bitumen (Fig. 3), (4) bubble
pores (Fig. 4), (5) spongy pores (Fig. 5), and (6) clay-shaped
dissolution pores in organic matter (Fig. 6). Only two of these
pore types clearly form in response to thermal maturation of the
organic matter itself—bubble and spongy pores. Inherited pores
suggest the presence of terrestrial kerogen. Modified mineral
pores provide evidence of mobility of bitumen at low thermal
maturity. Dissolution pores in organic matter provide evidence
for late-stage diagenetic reactions involving clay minerals.

Some microfractures in organic matter (those composed of
aligned connected pores) are thought to be naturally occurring.
These are relatively rare and are confined to the organic-matter
mass or grain in which they form. Straight-sided microfractures
that can have curved traces in solid bitumen are thought to be
devolatilization products that are post-coring in origin.

Only bubble and spongy pores are generally common
enough to be considered important in storage and flow of hydro-
carbons in most units. Other types of organic-matter pores pro-
vide important insights into the origin of organic matter and the
organic-matter thermal history within mudrocks.
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