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ABSTRACT

Nano- and micropores (defined as pores less than 10 pm in diameter) are common in carbonate reservoirs as either the sole
pore type or in combination (dual pore networks) with matrix macropores and fracture pores. These very fine-scale pores form
in limestones and dolostones and in associated organic matter (e.g., solid bitumen). Limestone nano- and micropores occur be-
tween crystals that are commonly less than 1 to 9 pm in size in limestone, but in dolostone the crystal size can be much larger.
Limestone nano- and micropores commonly originate in three ways, although some inherited original nano- and micropores
between mud components are preserved.

First, in original lime-mud mixtures of aragonite, Mg—calcite, and calcite, the origin is both depositional and diagenetic as
aragonite dissolves and reprecipitates because microrhombic calcite, Mg—calcite transforms to microrhombic calcite, and origi-
nal calcite grains are generally unaffected. Second, in chalks, nano-and micropores are related to the original depositional fab-
ric as interparticle pores between coccoliths and other pelagic allochems. Third, in sediment originally composed of Mg—calcite-
rich allochems, nano-and micropores form by transformation of unstable Mg—calcite allochems to microrhombic calcite.

In dolostones, nano-and micropores are associated with extensive dolomitization and the nearly complete occlusion of pores
(overdolomitization), whereas another diagenetic origin in dolostones is differential dolomitization at the grain scale. Also, in
some dolostones, nano- to micropores pores are inherited from precursor microporous limestone.

A late process of nano- and micropore formation is subaerial weathering of both limestones and dolostones resulting in
pulverulite. This form of micropores is commonly developed at unconformities as enhanced porosity zones.

Organic-matter nano- and micropores in solid bitumen, common in thermally mature organic-rich argillaceous limestone,
can also be present in coarser-grained carbonates in which solid-bitumen occurs within macropores. Only in organic-rich lime-
stones do organic-matter pores have potential to form an effective pore system.

Because nano- and micropores have multiple origins, their lateral and vertical distribution reflects or depends on their
origin; therefore, one must not only describe nano- and micropores, but also define their origin. Recognition of nano- and mi-
cropores is important because they form tight carbonate reservoirs and have significant effects on permeability, porosity per-
severation with burial, hydrocarbon saturation, hydrocarbon recovery, sweep efficiency, storage, and reserve estimations. Not
recognizing nano- and micropore networks can lead to errors relative to the aforementioned measurements and as a result,
economic evaluations may be invalid.

INTRODUCTION for characterizeng their properties. A number of researchers (e.g.,
Pittman [1971], Handford et al. [1989], Moshier [1989], Deville

Pores associated with carbonate strata range from nano- to de Periere et al. [2011], Loucks et al. [2012], Kaczmarek et al.
cavernous pores (Choquette and Pray, 1970). Mesopores and [2015], Loucks [2017], Hashim and Kaczmarek [2019], and
megapores (=10 um) (Fig. 1) are easily recognized and are gener-  Janjuhah et al. [2019]) have described and classified these nano-
ally well described; however, nano- and micropores (<10 pm) and micropores; however, researchers have rarely addressed the
(Fig. 1) commonly are not recognized because of their very fine  origin of the nano- and micropores or addressed nano- and mi-
size and therefore advanced analytical techniques are necessary cropores in dolostones.

Nano- and micropores, very common in carbonates, can
have significant effects on reservoir and petrophysical properties
(e.g., Eberli et al. [2003], Vanorio and Mavko [2009], Zahm and
Manuscript received July 3, 2024; revised manuscript received August 19, 2024; manuscript Enderlin [2010], Deville de Periere et al. [2011], Loucks et al.
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accepted August 19, 2024. [2012], Kaczmarek et al. [2015], Janjuhah et al. [2019], and Liu

et al. [2021]). The pores occur in limestones and dolomites as
GCAGS Journal, v. 13 (2024), p. 75-109. well as in organic matter (generally solid bitumen) within car-
https://doi.org/10.62371/Z0PM1581 bonate pores. The origin of nano- and micropores is quite varia-

75



76 Robert G. Loucks

A Pore-size B Pore-throat-si lassificati
classification ore-throat-size classification
1m .5 1.0 .5
256 mm, 3 - 3
g &
Macropore = 084 -
m & 0.6 $
0.) : —
1 mm 4 S _ Micropore throats Macropore throats S
Mesopore ° °
S 04- §
2 —
10 um < . E
Micropore 2 024 £
[0
1 um | — s :
8 0.8.001 S 001 S 01 S 1 . 10 100 E
Nanopore
Pore-throat radius (microns)
1 nm
Picopore

L B e, s B

Ahern-9191

-
det HV spot mag HFW | WD
Mix 15.0 kV. 3.0 7 443 x 40.1 ym /8.4 mm

Mix 15.0 kV| 3.0 4.7 mm 15 432 x 19.3 um

Figure 1. Nano- and micropore-size classifications and examples. (A) Pore-size classification emphasizing range from picopore
to macropore (modified after Loucks et al. [2012]). (B) Pore-size classification of pore throats. Image slightly modified from a
Core Laboratories report. (C) Thin-section photomicrograph of Komia grainstone from Pennsylvanian Caddo Formation in
north-central Texas. (D) Same thin section as in C but under UV light. Distribution of micropores shown in blue. (E) Scanning
electron microscope (SEM) image of rock chip from Lower Cretaceous Calvin Formation in northern Louisiana. Sample com-
posed of microrhombic calcite and associated nano- and micropores. (F) SEM image (Ar-ion-milled sample) from upper Annona
Chalk in northwestern Louisiana. Sample displays abundant nano- and micropores. Grains include coccolith plates and dis-
aggregated coccolith elements.

ble, ranging from depositional to diagenetic, and the spatial dis- pore networks). Nano- and micropores also, have significant ef-
tribution of these pores is commonly related to their origin. fects on permeability, hydrocarbon saturation, seismic attributes,
Recognition of nano- and micropores is important as they form rock strength, hydrocarbon recovery, sweep efficiency, storage,
tight carbonate reservoirs and commonly form a substantial por- and reserve estimations; therefore, these pore types need to be

tion of the pore network in many carbonate reservoirs (i.e., dual quantified and their distribution documented in order to define
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many economic factors such as reservoir quality, fluid satura-
tions, reservoir recovery, and reserve estimations.

The overall goal of this review is to outline the broad spec-
trum of nano- and micropore pore types and their origins. Specif-
ic objectives are to: (1) clarify the definition of nano- and mi-
cropores and associated pore networks, (2) survey the broad
spectrum of nano- and micropores in limestones, dolostones, and
organic matter in carbonates, (3) discuss probable origins of dif-
ferent nano- and micropore types, (4) review methods on how to
recognize and quantify nano- and micropores, (5) speculate on
the spatial distribution of nano- and micropore types based on
their origin, and (6) discuss the effects of nano- and micropores
on reservoir quality, pore preservation with burial, seismic attrib-
utes, rock strength, hydrocarbon saturation, hydrocarbon recov-
ery, sweep efficiency, storage, and reserve estimates. This study
will provide the information necessary for recognizing and un-
derstanding these nano- and micropore types and their effects on
carbonate reservoirs.

DATA

Data for this review come from the literature and from ex-
tensive research by the author on strata from many ages and from
a worldwide distribution. In addition to numerous case studies by
the author, a number of case studies from the literature have been
reviewed (e.g., Cantrell and Hagerty [1999], Deville de Periere et
al. [2011], and Yamamoto et al. [2011]). Some of the concepts
presented in this review have been previously published by the
author or other authors. Some new concepts by the author, espe-
cially relative to dolostones and organic matter in carbonates,
will also be discussed. Pittman (1971) was one of the first to
draw attention to what micropores are and some of the effects
that micropores have on petrophysical properties. Microrhombic
calcite and associated micropores were later discussed in depth at
the 1987 Society of Economic Paleontologists and Mineralogists
Midyear Meeting in Austin, Texas, in a technical session,
“Reservoir Diagenesis and the Evolution of Micro- and Macro-
Pore Networks in Carbonate Rocks,” convened and chaired by R.
G. Loucks and C. R. Handford. A special volume of Sedimentary
Geology (Handford et al., 1989) published two years later con-
tained 11 papers from this session. Since then, many authors have
attempted to define the origin of microrhombic calcite and asso-
ciated micropores, and the suggested origins vary greatly (e.g.,
see papers in Handford et al. [1989] and Kaczmarek et al.
[2015]). Kaczmarek et al. (2015) advanced our understanding of
the characteristics of micropores when they presented a universal
classification scheme for the microcrystals that host limestone
micropores. Note that some authors (e.g., Kaczmarek et al.
[2015]) use the term microporosity for micropores. Porosity is a
measure of pore volume and should not be used to describe actu-
al pores. However, the term microporous can be used because it
defines a porous rock that contains abundant nano- and mi-
cropores.

Several thousand thin sections have been analyzed by the
present author and each thin section was impregnated with
(1) blue-dyed epoxy to emphasize macropores and (2) fluores-
cent, blue-dyed epoxy to identify nano- and micropores (Figs. 1C
and 1D). The thin sections were viewed with a petrographic mi-
croscope using a reflective ultraviolet (UV) light source to acti-
vate the fluorescent, blue-dyed epoxy. Actual individual nano-
and micropores are not well imaged using fluorescent blue dye
but the resulting blue haze indicates areas of nano- and mi-
cropores (e.g., Figures 2B and 2G).

Scanning electron microscopy (SEM) was used to image
nano- and micropores. Rock chips were used to image the three-
dimensional form of the microcrystals and associated nano- to
micropores (e.g., Figure 1E). Ar—ion milled samples (see Loucks
et al. [2009] for sample preparation description) were prepared to
allow imaging of a flat surface to obtain actual two-dimensional

pore shapes, dimensions, and distribution (e.g., Figures 1F and
2D). The Ar—ion milling technique provided only a small image
area of approximately 0.2 mm by 1 mm; however, with pore siz-
es being less than a few microns, numerous pores are observable.
SEM imaging was conducted on a FEI Nova NanoSEM 430 sys-
tem at the Bureau of Economic Geology, The University of Tex-
as at Austin. Standard procedures used were an accelerating volt-
age of 10 to 15 kV with a working distance of 3 to 10 mm. Other
techniques used to characterize nano- and micropores are dis-
cussed in a later section.

Later in this review are a series of case histories that empha-
size different nano- and micropore networks. These case histories
present a wide variety of photographs, photomicrographs, and
SEM images referred to in the introductory material.

DEFINITION OF NANO- AND MICROPORES

Two different approaches define nano- and micropores in
carbonates. One is based on pore size and the other is based on
pore-throat size (Figs. 1A and 1B). In this study, pore size is used
as the definition of nano- and micropores because a pore can be
readily viewed and imaged. Pore-throat size is a measurement
obtained generally from mercury injection capillary pressure
(MICP) analysis (Schowalter, 1979).

The first approach is based on dimensions of the pore. A
micropore is defined as a pore having a long diameter >1 um but
<10 pum (Fig. 1A) (e.g., Cantrell and Hagerty [1999] and Loucks
et al. [2013]) and these pores are generally viewed using SEM. A
nanopore is defined as a pore with with a long dimension <I pm
and >1 nm (Fig. 1A). Another micropore classification scheme is
based on the pore-throat size that connects pores. If the pore-
throat radius between pores is <0.5 um it is considered a mi-
cropore (Fig. 1B) (Pittman, 1971). These definitions are similar
to definitions proposed by Pittman (1971), Handford et al.
(1989), Cantrell and Hagerty (1999), and Loucks et al. (2013). In
many limestones with abundant nano- and micropores, pores
occur between microcrystalline calcite thombs ranging in size
between 0.5 between 9 um with a mode of approximately 2 pm
(Kaczmarek et al., 2015). In dolostone, crystal sizes can be larger
than 9 um (per this investigation).

Note that nano- and micropores must be considered relative
to the whole pore network (Fig. 2) for their effect on reservoir
quality and petrophysical characteristics to be understood. Be-
cause the pore network can range from homogenous to hetero-
genous (e.g., Figures 2B and 2G), a nano- to micropore network
is one in which nanopore and/or micropore throats connect to
form much of the effective pore network, even if macropores are
present. Such a situation of macropores being connected by mi-
cropores commonly exists in oomoldic grainstones, in which the
intraparticle oomoldic pores are separated by relatively cemented
interparticle pores with nano- to micropore throats (Fig. 3). As
seen in an Upper Jurassic Smackover example from northeastern
Texas (Fig. 3), the interparticle pores are nearly filled with calcite
cement, whereas the oomoldic pores are generally open. In this
case, the nano- and micropore throats between the interparticle
calcite crystals produce an effective pore network, resulting in a
low-permeability pore system in which the larger oomoldic pores
are commonly poorly drained.

Another case in which larger pores dominate the pore vol-
ume but nano- to micropore distribution controls the reservoir
quality of the rock from the Eocene of offshore Tunisia (Loucks
et al.,, 1998) (Fig. 4). The skeletal grains (large foraminifers,
Nummulites) that were originally Mg—calcite stabilized to micro-
rhombic calcite and produced associated nano- and micropores.
The intraparticle pores in the larger foraminifers are now con-
nected to the effective interparticle pore system through the mi-
croporous walls of the foraminifers. Walls of the Nummulites
tests are composed of micropores (Fig. 4). Because the mi-
croporous walls of the Nummulites tests control connectivity of
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(FACING PAGE) Figure 2. Examples of nano- to micropore networks. (A) Thin-section photomicrograph of marly chalk wacke-
stone from Louisiana showing planktic foraminifers in peloidal matrix. Upper Cretaceous Austin Chalk Formation, Louisiana.
(B) Same as A, but photomicrograph taken under UV light. Microporous coccolith-hash-mud matrix, as indicated by blue haze.
Pore network in this example is relatively uniform or homogenous. (C) Same sample as in A. Ar-ion-milled SEM image showing
coccolith-hash matrix with associated micropores. Some dolomite crystals are present. (D) Close-up of C showing interparticle
nano- and micropores. (E) Thin-section photomicrograph of Lower Cretaceous Stuart City Formation, well-cemented lime grain-
stone from South Texas. (F) Close-up photomicrograph of E showing larger foraminifer (Dictyoconus)—originally Mg-calcite
and now composed of microrhombic calcite. (G) Mosaic of photomicrographs under UV light from Lower Cretaceous Stuart City
Formation in South Texas. Light blue areas within and around grains are microporous. Example of complex micropore network.

Micropores

Calcite-cemented A
interparticle pore
space

T
Ahern-9125 Ahern-9125

Figure 3. Example of oomoldic pores isolated from each other by micropore network. (A) Thin section of Upper Jurassic
Smackover Formation ooid grainstone in northeastern Texas. Ooids are dissolved to form macropores isolated from each other;
permeability is controlled by micropore system in cemented interparticle pore space. Porosity = 13.4% and permeability = 0.077

md. (B) Same as A, but photomicrograph taken under ultraviolet (UV) light. Microporous areas are indicated by blue haze.

intraparticle pores within the foraminifers to the effective in-
terparticle pore network in these grainstones, the nano- to mi-
cropore network, in turn, has a controlling effect on permeability
pathways.

APPROACHES TO IDENTIFYING, IMAGING,
AND QUANTIFYING NANO- AND MICROPORES

Special techniques are needed to identify, image, and quanti-
fy nano- and micropores, as well as micropore throats. Some
techniques are only for imaging, whereas other techniques can be
used in imaging and/or quantification. A brief summary of sever-
al of the more commonly utilized techniques follows.

Petrographic Thin-Section Analysis

Thin sections are commonly impregnated with blue-dyed
epoxy to emphasize macropores (e.g., Figures 3A and 4A), and to
highlight nano- and micropores, a blue-fluorescent-dye is added
to the epoxy (e.g., Figures 1D and 2G). Thin sections are viewed
using a petrographic microscope with a reflecting light source
that can excite the fluorescent blue dye and highlight where the
dye is present in the finer pore structure of the thin section.
Nano- and micropores will generally appear as a blue haze be-
cause the individual pores may be too fine to resolve (e.g., Fig-
ures 2A and 2B), although in some samples individual mi-
cropores can be crudely imaged on a petrographic microscope at
200 to 500% magnification.

A method of quantifying nano- and micropores is point
counting thin sections with a petrographic scope and comparing

the visible porosity to the measured porosity obtained by conven-
tional core analysis. Generally, measured conventional core po-
rosity is higher than thin-section point-count porosity (Fig. 5).
Tthe difference in porosity between the two techniques is at-
tributed to the presence of nano- and micropores not readily visi-
ble during point counting. Although this method allows for an
estimate of the abundance of nano- and micropores, it should not
be taken as an exact value.

Scanning Electron Microscopy (SEM)

The best method of imaging nano- and micropores is by
SEM analysis (e.g., Figures 1E and 1F). SEM provides the imag-
ing power necessary to resolve pore sizes down to approximately
3 to 5 nm, and the type of imaging varies by the type of sample
prepared. Quantification by SEM analysis of nano- and mi-
cropores can best be done on samples prepared by Ar—ion milling
or by polished thin sections. Ar—ion-milled samples were first
used by Loucks et al. (2009) to image nanopores in organic mat-
ter and this technique has become one of the established methods
of viewing nano- and micropores. The milling process provides
an extremely flat surface that permits the cross-sectional shape of
the pores to be imaged and measured (e.g., Figure 1F). Also,
some degree of the three-dimensional depth of the pores can be
viewed (e.g., Figure 2D). Although images of Ar—ion milled sur-
faces can be point counted for abundance using programs such as
JMicroVision (Roduit, 2008), the area covered is limited.

Rock chips viewed using SEM show the three-dimensional
shape of the crystals and associated nano- and micropores (e.g.,
Figure 1E); however, quantifying pore abundances by this meth-
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Figure 4. Mg—calcite-dominated microporous rocks. Lower Eocene El Garia Formation, offshore Tunisia. (A) Compacted Num-
mulites grainstone showing abundant intraparticle megapores and some interparticle megapores. (B) Nummulites test showing
microrhombic calcite and associated micropores. SEM image of Ar—ion-milled surface. Black specks = micropores. (C) Thin-
section photomicrograph of Nummulites test with intraparticle pores nearly filled by calcite. (D) Same as C, but photomicro-
graph taken under UV light. Nummulites grain is microporous, as indicated by blue haze. (E) Porosity vs. permeability plot of
Nummulites samples (modified after Loucks et al. [1998]). Area of relatively high porosities and associated low permeabilities
interpreted as samples dominated by nano- and micropores.
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od is not possible owing to the artifacts produced when the rock
is broken. Thin sections can also be viewed using SEM, especial-
ly if they are well polished, but the added epoxy in the pores may
easy imaging the nano- and micropores difficult.

Pore casts (Fig. 6) are another method of imaging nano- and
micropores in limestones using SEM. This method involves etch-
ing an epoxy impregnated thin-section stub with weak hydrochlo-
ric acid. A layer of calcite will dissolve and leave the epoxy-
filled pores in three-dimensional relief. Pore casts are an excel-
lent method of inaging the pore network (Fig. 6).

Nuclear Magnetic Resonance (NMR)

NMR analysis can provide porosity and pore-size distribu-
tion (e.g., Arns [2004]. Rashid et al. [2017], and Benavides et al.
[2020]). Yao et al. (2010) showed that NMR transverse relaxa-
tion (T2) distributions in nano- to micropore systems strongly
relate to pore size. They noted pore populations even less than
0.1 um in size are recorded. Also, integrating NMR and MICP
analysis can provide the relationship of T2-relaxation time and
pore-throat size (e.g., Duan et al. [2018] and Tian et al. [2018]).
Using these relationships between MICP analyses and continuous
NMR analyses from wireline logs, we can obtain a continuous
pore-throat-size distribution of the wireline logged section (e.g.,
Huang et al. [2020]). A plot of T2-relaxation time (unpublished
data from a South Texas Lower Cretaceous Sligo porous ooid
grainstone) displays three peaks relating to what are interpreted
as nanopore, micropore, and macropore populations (Fig. 7). An
associated thin-section photomicrograph of the porous ooid
grainstone is shown in Figure 7A.

Mercury Injection Capillary Pressure (MICP)

MICP is probably the most common method of obtaining
pore-throat-size distributions in rock samples (e.g., Schowalter
[1979], Peng et al. [2017], and Tian et al. [2018]). The technique
determines pore volume by calculating the volume of mercury
introduced into the pore system under increasing stages of injec-
tion pressures up to 60,000 to 100,000 psi. Mercury intrudes
through pore throats of a specific size at a given pressure. The
Washburn equation (Washburn, 1921) is used to define the per-
centage of pore throats of a given radius at each specific pressure
stage. A full MICP analysis over the full range of injection pres-
sure steps provides a distribution of pore-throat radii (e.g., Fig-
ures 8E and 8F). Relative numbers of nano- and micropores are
readily apparent in MICP curves and associated pore-throat-
radius curves from the Upper Cretaceous Buda Chalk in South
Texas (Figs. 8E and 8F). These curves (Fig. 8E) show a range of
high injection pressures, 800 to 7000 psi, indicating very fine-
scale pore throats. An associated distribution of pore-throats plots
in the nanopore-throat range (Fig. 8F).

INTRODUCTION TO THE GENERAL
SPECTRUM OF NANO- AND MICROPORE
TYPES AND COMMENTS ON ORIGIN, SPATIAL
DISTRIBUTION, AND CONNECTIVITY

Nano- and micropores occur in limestone and dolostone
lithologies, as well as in organic matter in carbonate pores. With-
in each category, subcategories have their own populations of
properties and their own spatial distributions. Note that combina-
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Figure 6. SEM images of thin-section-stub epoxy pore casts. (A) Pore cast of Holocene ooid grainstone from Cancun, Mexico.
After etching with HCI acid, epoxy (i.e., pores) stands in relief. (B) Close-up of pore cast showing nano- and micropores. Nano-

and micropores = tiny spheres.

Incremental porosity

Meso- and macropores
0.8 4
0.6 4
0.4 - .
Micropores
0.2 4
Nanopores?
0.0 A. 7 i d |
0.01 0.1 1 10 100 1000 10000
Relaxation time T2 (ms)
e

Figure 7. NMR example. (A) Lower Cretaceous Sligo ooid grainstone from South Texas containing abundant interparticle pores.
Ooids contain abundant nano- and micropores. (B) NMR plot showing three populations of pore sizes.

tions of nano- and micropores of different types and origins can
occur in the same rock and that the abundance of nano- and mi-
cropores in a carbonate rock can range from minor to abundant
(i.e., they can dominate the entire pore network).

Nano- and micropores have many origins. Some pores are
related to depositional processes, many are related to diagenetic
processes, and others are produced by a combination of deposi-
tional and diagenetic processes. Diagenetic processes range from
grain scale, such as stabilization of unstable mineral types, up to
regional scale for diagenetic processes such as dolomitization.
Handford et al. (1989) and Kaczmarek et al. (2015) reviewed
some of the origins of nano- and micropores in limestones,
Loucks (2017) did a preliminary review of nano- and micropores
in dolostones, and Loucks et al. (2012) published a review of
nano- and micropores in organic matter.

As mentioned earlier, nano- and micropores in limestones
have several contrasting origins, and because of these different
origins, spatial distributions of the nano- and micropores differ.
Also, within each category, connectivity between nano- and mi-
cropores can vary, enabling them to form their own pore network
or dual-pore networks having macropores or fractures.

In this section, each of the more common nano- and mi-
cropore types are introduced, and their origin, pore connectivity,
and pore networks are discussed. Note that although this review
cannot cover all occurrences of nano- and micropores, most com-
mon occurrences are discussed.

Limestones

Nano- and micropores, having several origins in limestones,
can be divided into three major subcategories of rocks: (1) rocks
dominated by lime mud, the original texture of carbonate sedi-
ment that is defined by grains of less the 62.5 pm; (2) chalk,
which is dominated by coccolith hash; and (3) original Mg—
calcite grain-rich sediment. Lime mud is deposited with abundant
porosity—as much as 80% (Enos and Sawatsky, 1981)—with
most pores being nano- and micropores in matrix and grains.
Compaction and diagenesis both reduce initial high porosity.
Chalks are composed predominately of microcrystalline coccolith
elements (i.e., hash) and have abundant, very fine-scale interpar-
ticle nano- and micropores. In modern coccolith-hash muds, po-
rosities can range up to 70% (Scholle, 1977; Fabricius and Borre,
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croporous, as indicated by blue haze. (C) SEM image of an Ar-ion-milled surface showing coccolith hash with nano- and mi-
cropores. (D) SEM image of well-cemented coccolith hash with nanopores. (E) MICP analyses showing high initial-injection-
entry pressures, indicating small pore throats. Data are from Loucks et al. (2019). (F) Pore-throat distributions as calculated
from MICP analyses. Most pore throats are in nano- to micropore range. Data are from Loucks et al. (2019).
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2007; Fabricius et al., 2008). Mg—calcite allochems and Mg—
calcite micrite envelopes transform to calcite during diagenesis
(Land, 1967; Loucks et al., 2013), and nano-and micropores are
inherited or develops. Each of these populations of nano- and
micropores is discussed in this section.

Lime Mud

Modern lime muds are generally a mixture of very fine-
grained aragonite, calcite, and Mg—calcite (Fig. 9A) (Gischler et
al., 2013), and the abundance of each component varies over
geologic time, depending on whether the long-term climate cycle
was in a Greenhouse or Icehouse phase (e.g., Schlager [2005]).
All three minerals are relatively stable in marine waters, but upon
undergoing meteoric or burial diagenesis, aragonite and Mg—
calcite become unstable and transform to calcite, whereas calcite
remains stable (e.g., Land [1967], Loucks et al. [2013], and Lucia
and Loucks [2013]). Aragonite and Mg—calcite can also form
moldic pores. Some of the initial nano- and micropores between
the transformed mud particles remain but decrease in abundance
as compaction and cementation progress.

Aragonite mud-sized grains, common components in mod-
ern lime mud, generally occur in low-energy depositional settings
in the form of aragonite needles that are 1 pm long and a few
tenths of 1 um wide (Fig. 9A) (e.g., MacIntyre and Reid [1992]).
A number of studies have documented the transformation of
aragonite to stable calcite (e.g., Land [1967] and Lucia and
Loucks [2013]). The needles undergo dissolution and reprecipita-
tion as microcrystals of calcite (Reid and Macintyre, 1998) (e.g.,
Figure 9B), and larger, Mg—calcite allochems are fragmented to
mud-sized particles that accumulate in low-energy settings. As
discussed later, these Mg—calcite particles transform to stable
microrhombohedral calcite in a dissolution-precipitation process
(Reid and Macintyre, 1998; Loucks et al., 2013). Mud-sized cal-
cite grains form in the breakdown of larger calcite grains and
these grains are generally stable during meteoric and burial dia-
genesis.

S T S

Aragonite needles

Calcite or Mg—calcite
grains

The origin of a nano- to micropore system in lime mud is
generally the result of inherited pores (Fig. 9A), chemical stabili-
zation of the mud particles, and compaction (Fig. 9B). Original
calcite particles generally do not dissolve and can act as nuclei
for calcite precipitation. Because the stabilization of aragonite
and Mg-—calcite produces carbonate for additional cementation,
the initial unstable lime mud most likely undergoes dissolution
and reprecipitation to microcrystalline calcite with associated
nano- to micropores (Fig. 9B). As diagenesis progresses, com-
paction and cementation decrease the overall pore space. During
advanced diagenesis, nearly all pores may disappear, as is com-
mon in many lime mudstones and wackestones (e.g., Steinen
[1978]).

Distribution of nano- and micropores in stabilized lime
mud varies and depends on the level of energy in the depositional
setting and resulting depositional textures. Because mudstones,
wackestones, and packstones all contain lime mud, vertical
and lateral distribution of these carbonate textures, which contain
nano- and micropores, will control the distribution of lime
mud-related nano- and micropores. A lithofacies analysis of
their spatial distribution, integrated with a pore-type description,
is the basis for discerning nano- and micropore spatial distribu-
tion.

Connectivity of nano- and micropores in mud-dominated
limestones reflects original connectivity in the unlithified mud.
Pores may not be common, and pore throats will be very fine,
resulting in low permeability. Loucks (2002) showed quantita-
tively that the amount of mud in a limestone is inversely related
to porosity and permeability.

Chalk

Chalks are composed primarily of fragments of coccolitho-
phores (unicellular phytoplanktonic algae) (Figs. 8 and 10-12),
and constituents include coccoliths and disaggregated coccolith
elements (e.g., Figures 12B and 12C). Other organisims such as
planktic foraminifers and calcispheres are also common (e.g.,

\' ) ’si.pot mag'
Mix | 15.0 kV | 3.0 [18 384 x[16.2 p

Figure 9. Example of modern and ancient carbonate muds. (A) SEM image of modern carbonate mud from Bahamas. Mud is
dominated by aragonite needles, but some calcite or Mg—calcite grains are present. Note initial high number of micropores.
(B) SEM image of carbonate mud from Miocene of offshore Indonesia. Poor sorting and irregular shapes of microcrystals are
interpreted to result from stabilization of mixed mineralogy and shallow burial depth of 2931 ft (893.4 m), which precluded exten-
sive burial diagenesis.
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Figure 12A), but coccolith hash controls the overall pore net-
work.

Coccolithophores are calcite in composition and, therefore,
are relatively stable during early burial diagenesis (Scholle,
1977). Although at shallow burial depths, chalks have high po-
rosities (up to 70%) (Fabricius and Borre, 2007; Fabricius et al.,
2008), with burial they lose pore space through compaction. At
depths of ~300 ft (~100 m), porosity can be reduced to below
25%. At burial depths in the range of 2460 ft (750 m), some dis-
solution of coccolith hash initiates (Fabricius and Borre, 2007),
and dissolved carbonate precipitates around the coccolith ele-
ments, producing microrhombs of calcite with associated nano-
and micropores between them (e.g., Figures 10B and 12D)
(Scholle, 1977; Loucks et al., 2021). The resulting pore network
is composed of interparticle nano- and micropores (Figs. 8§ and
10-12).

Nano- to micropores in chalks are generally well connected
because the pores occur between coccolith-hash elements that
dominant the system; however, minor detrital or authigenic clay
flakes can occur in the interparticle pores, reducing pore-throat
diameters and, hence, permeability (Loucks et al., 2021). Alt-
hough the regional distribution of chalk deposition will be the
first level of control on the spatial distribution of these pore
types, within chalk, different chalk lithofacies can have an effect
on the number of nano- and micropores. Loucks et al. (2021)
showed that for the Austin Chalk along the onshore northern Gulf
of Mexico, the number of nano- and micropores varies by lithofa-
cies. See table showing porosity and permeability statistics for
the Austin Chalk (Fig. 10E). See Loucks et al. (2021) for details
about different Austin Chalk lithofacies (Fig. 7).

Statistical analysis (47 modified gas-expansion analyses
obtained by the method of Peng and Loucks [2016] and Peng et
al. [2017]) in Loucks et al. (2021) shows that porosity was high-
est in slightly argillaceous, burrowed marly chalks (5.5-6.2%)
and lowest in organic-rich, laminated marly chalks and chalky
marls (3.5-4.5%).

Mg—Calcite and Micrite

Mg—calcite-rich allochems (e.g., larger foraminifers, red
algae, bryozoans, stromatoporoids, Lithocodium, and Mg—calcite
ooids) and Mg—calcite micrite envelopes are chemically unstable
and transform to microrhombic calcite and associated nano- and
micropores as they stabilize (Loucks et al., 2013) (Figs. 13—15).
In this subcategory, Mg—calcite nano- and micropores are con-
trolled by the abundance and distribution of original Mg—calcite
grains.

Many Mg-calcite allochems were originally composed of
Mg—calcite rods a few microns long with nanopores between the
rods (Reid and Macintyre, 1998; Loucks et al., 2013). Reid and
Macintyre (1998) and Loucks et al. (2013) demonstrated that
these microrods break down into nanospheres (i.e., spheres in the
nanometer range) by dissolution and precipitate overgrowths to
form microcrystalline calcite with associated nano- to micropores
(e.g., Figure 15C). The resulting pore network is constrained to
the grain and/or matrix and generally forms variable spatial dis-
tributions of nano- and micropores (Fig. 2G).

Micrite envelopes form by microalgae and fungi boring into
carbonate allochems and producing a rim around the allochems
(Windland, 1968) (e.g., Figure 15A). These Mg—calcite enve-
lopes stabilize to microrhombic calcite with associated mi-
cropores (e.g., Figure 2G). Commonly, if the precursor mineralo-
gy of an was aragonite, only the micrite envelope would be pre-
served, and the original aragonite portion of the allochem would
be a moldic pore or cement-filled pore.

Diagenetic transformation of Mg—calcite is allochem specif-
ic. The distribution of nano- and micropores will be controlled by
the original distribution of Mg—calcite allochems and micrite
envelopes. Original distribution of Mg—calcite allochems can be

established by thin section on the basis of petrographic analysis
to define lithofacies and their distribution. Note that not all Mg—
calcite grains always transform to nano- and micropores (e.g.,
echinoderms), and even some grains that commonly transform to
nano- and micropores may not develop nano- and micropores
under some diagenetic conditions. Loucks et al. (2013) also
showed that following development of nano- and micropores,
later cementation can occlude these pores.

A ternary diagram of the occurrences of nano- to micropores
in former Mg—calcite-rich carbonate rock shows three end mem-
bers: (1) former Mg—calcite grains, (2) micrite envelopes, and
(3) former Mg—calcite-rich matrix (lime mud) (Fig. 16). In Mg—
calcite-rich carbonate rocks, connectivity will depend not only on
the number of nano- to micropores, but also on the spatial distri-
bution of former Mg—calcite microporous elements (e.g., Figures
2G, 13A, 14B, 14D, 15B, and 16). The transformed Mg—calcite
grains have nano- to micropores internally within their grain
boundaries, forming an isolated domain of pores (Fig. 2G). Un-
less the grains are in contact with other porous grains or porous
matrix, the nano- to micropores may be isolated and most likely
do not contribute to the effective pore system. The micrite enve-
lopes contain nano- to micropores in a rim surrounding the host
grain (e.g., Figure 2G). Again, unless these rims are in contact
with other porous grains or matrix, they will be isolated rims of
pores. Therefore, for both former Mg—calcite grains and micrite
envelopes, an effective pore system requires the grains to be
touching each other or to be connected to each other by a mi-
croporous matrix (e.g., Figures 13C—13F). In a grainstone, for-
mer Mg—calcite grains and micrite envelopes may be isolated by
nonporous-cement pore fill because grain-to-grain contact may
be limited (e.g., Figures 13A and 13B). Former Mg—calcite-
dominated mud matrix (e.g., wackestones and packstones) can
supply a connecting medium of nano- to micropores that allows a
continuous pore network. Other pore types, such as interparticle
pores, will also help to provide connectivity to various nano- to
micropores.

Dolostones

Three major subcategories are also defined in dolostones, in
which one subcategory results from extensive whole-rock re-
placement (overdolomitization), a second subcategory related to
differential dolomite precipitation and replacement results in
dolomitization at the allochem and matrix scale, and a third sub-
category is related to inherited pores from the precursor mi-
croporous limestone. Concepts of nano- and micropore develop-
ment in dolostones are more speculative than in limestone be-
cause dolomitization is a complex process and commonly masks
several earlier stages of diagenesis. Development of nano- and
micropores in dolomites is generally related to diagenesis, except
where nano- and micropores are inherited from the precursor
limestone. Dolomitization is a multifaceted diagenetic process
(e.g., Machel [2004]), and alteration of the precursor limestone
can produce variable textures and fabrics, as well as associated
pore types and networks. Both megapores (e.g., intercrystalline
[i.e., interparticle] and moldic) and nano- and micropores result
from the dolomitization process.

Discussion of the distribution of nano- and micropores in
dolomites is difficult because the origin of the dolomitization
process is generally questionable and several dolomitization stag-
es are common (e.g., Machel [2004]). Therefore, a precise outline
of an approach to identifying nano- and micropore spatial distri-
bution in many dolostones may be impossible.

Inherited Nano- and Micropores from Precursor Limestone

Dolomitization of a nano- to microporous limestone
may preserve some of the original nano- and micropores
(inherited pores; e.g., Figures 17 and 18). In order to explain
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Figure 10. Microporous chalk. Upper Cretaceous (upper Turonian to lower Campanian) Austin Formation, onshore northern Gulf
of Mexico. (A) Microporous chalk with cement-filled planktic foraminifer. Dark spots = nanopores. SEM image of Ar-ion-milled
surface. (B) Close-up of chalk with interparticle nanopores, some bisected with authigenic clay plates. SEM image of Ar—ion-
milled surface. (C) Interparticle nanopores between coccolith fragments filled with solid bitumen containing spongy pores. SEM
image of Ar-ion-milled surface. (D) Sample showing modified mineral pores, bubble pores, and spongy pores. SEM image of
Ar—ion-milled surface. (E) Statistics showing porosity and permeability of four general lithofacies within Austin Chalk, as de-
fined by Loucks et al. (2020). Table from Loucks and Peng (2021).
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Figure 11. Microporous chalk. Upper Cretaceous (upper Turonian to lower Campanian) Niobrara Formation in northwestern Col-
orado area of Western Interior Seaway. (A) Thin-section photomicrograph of argillaceous pelletal chalk. These pellets are most
likely fecal product of copepods and are composed of coccolith fragments. Anoxic environment allowed pellets to be preserved
(Loucks and Rowe, 2014). (B) SEM image of rock chip showing well-cemented coccolith hash with nanopores, micropores, and
clays. (C) Coccolith hash with interparticle nanopores, micropores, and some organic-matter pores. SEM image of Ar—ion-milled
surface. (D) Close-up of organic-matter pores in solid bitumen. SEM image of Ar—ion-milled surface.

the distribution of inherited nano- and micropores from a precur-
sor limestone, an understanding of the original pore-system
distribution in the limestone is required, which is difficult
because the dolomitization process commonly obscures the
texture and fabric of the original limestone. Even though chal-
lenging, however, an attempt should be made to identify distribu-
tion of the original limestone lithofacies and the relationship of
nano- and micropores to the original limestone lithofacies. And
then an assessment of what initial pores survived the dolomitiza-
tion process should be made. A relationship between inherited
nano- and micropores and initial limestone lithofacies distribu-
tion may exist.

Pore connectivity related to inherited nano- to micropores in
dolostones depends on an original connectivity within the lime-

stone precursor. Also, the dolomitization process itself can devel-
op new pores that can enhance connectivity of inherited nano- to
micropores.

Whole-Rock Overdolomitization

Before a limestone is dolomitized, it may initially have
abundant pores, but the dolomitization process may be extensive
enough to not only dolomitize the framework, but also nearly
occludes the associated pore network. This extensive dolomitiza-
tion results from an open-flow system where addition dolomitiz-
ing fluids are available. Lucia (2004) and Machel (2004) labeled
this dolomitization process overdolomitization. The remaining
pore network consists of nano- and micropores (Fig. 19).
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Figure 12. Microporous chalk. Upper Cretaceous (Campanian) Annona Chalk, drowned Comanche Platform in northwestern
Louisiana. (A) Coccolith planktic-foraminifer lime packstone. Matrix is coccolith hash. (B) Same as A, but photomicrograph tak-
en under UV light. Coccolith-hash-mud matrix is microporous, as indicated by blue haze. (C) Matrix of chalk composed of coc-
colith hash with abundant micropores. Larger planktic foraminifer are present. SEM image of Ar—ion-milled surface. (D) Close-
up of coccolith hash with micropores (from Loucks et al. [2017]). SEM image of Ar-ion-milled surface. (E) MICP analysis of An-
nona Chalk sample showing high initial injection pressure. (F) Plot of pore-throat-size distribution from MICP analysis (from
Loucks et al. [2017]). Pore throats are all in micropore-throat range.
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Figure 13. Microporous lime-mud matrix. Lower Miocene Nido Formation reef complex, offshore Palawan area, Philippines.
(A) Well-cemented foraminifer grainstone. (B) Same as A, but photomicrograph taken under UV light. Former Mg—calcite al-
lochems are now microporous, as indicated by blue haze. (C) Echinoid fragment and foraminifer packstone. (D) Same as C,
but photomicrograph taken under UV light. Mud matrix shows blue haze, indicating microporous matrix. (E) Lime skeletal
wackestone. (F) Same as E, but photomicrograph taken under UV light. Mud matrix showing blue haze, indicating microporous

matrix.
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(FACING PAGE) Figure 14. Mg—calcite-dominated microporous rocks. Pennsylvanian (lower Desmoinesian) Caddo Formation in
north-central Texas. (A) Komia lime packstone. Komia mineralogy originally Mg—caicite. (B) Same as A, but photomicrograph
taken under UV light. Komia grains are microporous, as indicated by blue haze. (C) Fusulinid grain where intraparticle pores are
filled with calcite cement. (D) Same as C, but photomicrograph taken under UV light. Fusulinid grain is microporous, as indicat-
ed by blue haze. (E) MICP analysis of several Caddo samples showing moderate initial injection pressures. Slope of injection
curves shows wide range of pore-throat sizes (from Loucks and Fu [2016]). (F) Plot of pore-throat-size distribution from MICP
analysis (from Loucks and Fu [2016]). Pore throats show range of values with many in micropore range.

By definition, overdolomitization partly or completely ob-
scures limestone textures and fabrics. If the texture and fabric are
unrecognizable, then the original lithofacies distribution might
not be discernable enough to help define distribution of the nano-
and micropores. In this case, an attempt can be made to map out
areas that are overdolomitized and assume that nano- and mi-
cropores may be present in these areas; however, their abundance
may be minor.

Pore connectivity in dolostones that show overdolomitiza-
tion will depend on the degree of dolomitization. If the process
ends before all pore throats are cemented, some connectivity will
be preserved, and resulting permeability will depend on sizes of
the remaining pore throats (e.g., Bliefnick and Mariotti [1988]),
although with the nanopores occurring at crystal boundaries,
permeability will be low. At the meter scale, connectivity in an
overdolomitized rock would probably be homogeneous.

Differential Dolomitization at Allochem and Matrix Scale

Differential dolomite cementation and allochem replacement
is related to the fabric of the precursor limestone. Allochems or
matrix may be more intensely dolomitized, resulting in small-
scale dolomitization differences and strong heterogeneity in pore-
size distribution in the rock. Some areas may be nearly complete-
ly cemented; however, in other areas, common nano- to mi-
cropores are preserved. Some megapores may also be preserved
(Fig. 20), and the dolomitization process can create many varia-
tions on this theme.

As mentioned earlier, dolomitization is a multifaceted pro-
cess and the resulting dolostone texture and fabric can vary de-
pending on the original limestone texture and fabric, as well as
the dolomitization process (e.g., Machel [2004]). A detailed dis-
cussion of dolomitization processes (i.e., models) is beyond the
scope of this nano- and micropore review (see Machel [2004] for
an in-depth review).

In porous limestones (e.g., grainstones), differential dolo-
mitization can produce variations in the final dolostone texture,
fabric, and resulting pore-size differences (Fig. 20). In interparti-
cle-pore areas, larger crystals (fine crystalline and larger) of dolo-
mite may precipitate and fill some or all of the pores (e.g., Figure
20A). Allochems may be replaced by micron-sized dolomite
crystals, and nano- and micropores are preserved (Figs. 20C and
20D).

Again, the complexities and fabric-obscuring processes of
dolomitization make explaining the spatial distribution of nano-
and micropores difficult. An understanding of why differential
dolomitization exists within different limestone lithofacies will
help in defining which dolomitized lithofacies will contain nano-
and micropores. For differential dolomitization, a detailed diage-
netic investigation is necessary to explain resulting dolomite pat-
terns that will help define the distribution of nano- to
macropores.

Much of the resulting differential dolomitization and associ-
ated connectivity depends on complexities of the original lime-
stone texture, fabric, and pore types and their distribution. Con-
nectivity from this finer-scale differential dolomitization process
is therefore difficult to define at the large scale.

Fluid Inclusions in Dolomite Crystals

Fluid inclusions, common in dolomite crystals—especially
in larger crystals such as saddle dolomite (Radke and Mathis,
1980)—are actually disconnected nanopores. As can be seen in
saddle dolomites of the Lower Ordovician Ellenburger Group in
Central Texas (Fig. 21), fluid inclusions can be abundant
(approximately 20-30% in samples shown in Figure 21). These
fluid inclusions can contain brines and hydrocarbons that may
affect wireline-resistivity curves, as well as porosity (i.e., densi-
ty) curves. However, these pores are not connected and will not
add to the effective pore system. Identification of these na-
nopores may be crucial to an understanding of petrophysical
measurements. Distribution of this dolomite nanopore type can
be estimated by identifying fluid-inclusion-rich dolomites and
relating the dolomites to lithofacies.

Organic Matter in Carbonates

Some carbonates, such as the Upper Cretaceous Eagle Ford
Group and Austin Chalk Formation along the Texas Gulf Coast,
are deposited with abundant organic matter (e.g., Reed and Rup-
pel [2012], Alnahwi and Loucks [2019], and Loucks et al.
[2021]). Although organic matter can be original kerogen, it is
more commonly thermally generated solid bitumen. Both types
of organic matter can have nano- and micropores (Figs. 22 and
23) (Loucks et al., 2009; Ko et al., 2017b). Loucks et al. (2009)
identified nano- to micropores in solid bitumen in the siliciclastic
Barnett Shale, establishing that these fine pores can be an effec-
tive pore network in tight, unconventional reservoirs. Later stud-
ies (e.g., Loucks and Rowe [2014]; Pommer and Milliken [2015],
Ko et al. [2017b], Loucks and Peng [2021], and Loucks et al.
[2021]) have shown that these nano- to micropores in solid bitu-
men are parts of the effective pore systems in the Eagle Ford
(Fig. 24), Austin (Fig. 10), and Niobrara (Fig. 11) argillaceous
chalks. Although solid bitumen nano- to micropores are the most
common pore type in organic matter, nano- and micropores are
much less common in kerogen.

Kerogen

Type III woody kerogen commonly contains original organ-
ic-matter pores (Reed, 2017); however, these pores do not gener-
ally survive burial and thermal maturation (Fig. 22) (e.g., Loucks
et al. [2012] and Loucks and Reed [2014]). These types of nano-
and micropores are relatively rare because the percentage of
woody material is low in most carbonates. Other kerogen types,
such as type I and II algal kerogen, may have some initial pores
(Figs. 23A and 23B) and commonly develop nano- to micropores
during thermal maturation (e.g., Loucks et al. [2012] and Ko et
al. [2016, 2017a, 2017b]).

Solid Bitumen

Most organic-matter nano- to micropores associated with
carbonates form in migrated bitumen after thermal maturation
(Fig. 23C-23D) (e.g., Loucks et al. [2012]). In carbonates, such
as the argillaceous Eagle Ford Group and Austin Chalk, these
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Figure 15. Mg—calcite-dominated microporous rocks. Lower Cretaceous (Albian) Stuart City Reef Trend (Edwards), South Texas
Comanche Platform. (A) Dictyoconus packstone with micrite envelopes rimming grains. (B) Same as A, but photomicrograph
taken under UV light. Dictyoconus grains and micrite envelopes are microporous, as indicated by blue haze. (C) Microrhombic
calcite and associated micropores in Dictyoconus grain. SEM image of rock chip. (D) Lithocodium packstone. (E) Same as D,
but photomicrograph taken under UV light. Lithocodium clusters are microporous, as indicated by blue haze. (F) Plot of pore-
throat-size distribution from MICP analysis (from Loucks et al. [2013]). Pore throats showing range of values, with many in mi-
cropore range.
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Figure 16. Ternary diagram of
occurrences of nano- and mi-
cropores. Nano- and micropores
can occur in three general areas,
as indicated by ternary plot.
Grains, micrite envelopes, and
matrix represent end members.

Former Mg—calcite grains

bitumen-based nano- and micropores can contribute to the effec-
tive pore network (Figs. 10 and 24) (e.g., Pommer and Milliken
[2015], Ko et al. [2017b], and Loucks and Peng [2021]).

As kerogen undergoes thermal maturation, oil and liquid
bitumen are expelled from the kerogen and migrate into adjacent
pores (e.g., Loucks et al. [2009] and Loucks and Reed [2014]).
With further thermal maturation, some liquid bitumen transforms
into solid bitumen, and within this solid bitumen, nano- to
micropores form (e.g., Loucks and Reed [2014], Loucks et
al. [2009, 2012], Ko et al. [2017b], and Reed et al. [2020]). Or-
ganic-matter nano- to micropores are common pore types in
some unconventional, tight carbonates such as the Eagle Ford
Group (Fig. 24), Austin Chalk (Fig. 10), and Niobrara Formation
(Fig. 11) (e.g., Loucks and Reed [2014; Loucks and Rowe
[2014], Ko et al.[2017b], Loucks et al.[2020], and Loucks and
Peng [2021]) and form a significant part of the effective pore
system. Because these pores are related to thermal maturation,
they do not develop until vitrinite reflectance (R,) levels of 0.6 to
0.7% are reached (Loucks et al., 2009). In some mineral mi-
cropores that contain migrated solid bitumen, not all the water
has been displaced, and bubble-filled nanopores remain (Ko et
al., 2016, 2017b). Although this type of organic-matter pore is
unrelated to thermal maturation of bitumen, it is a fluid-
displacement process.

In conventional reservoirs having a megapore system, mi-
grated liquid bitumen and oil may transform to solid bitumen.
During enhanced thermal maturation, the solid bitumen may de-
velop nanopores, as noted in the previous discussion of chalks or
as in some megapore systems seen in the Clear Fork Formation
(Fig. 23); however, if pores with solid bitumen are not well con-
nected to the effective pore system, they will not impact reservoir
connectivity.

In tight carbonates impregnated with nano- to micropore-
bearing solid bitumen, a continuous network of solid bitumen is
necessary to produce an effective pore network. Permeability is
low (in nanodarcy range) because the dominant pore type is na-
nopores. Overall, connectivity is effective, but because of the
dominance of nanopores, hydraulic fracturing is necessary to
produce these reservoirs.

Micrite envelopes

Pulverulite

Pulverulite is a form of microporous limestones and dolo-
stones in which the nano- to micropore system has been greatly
enhanced by weathering at an unconformity (Fig. 25) (Kahle,
2012; Loucks et al., 2018). Loucks et al. (2018) documented the
stages of enhancement of nano- to microporous pulverulitic mud-
stones, wackestone, and packstones in Lower Cretaceous strata in
Central Texas. In outcrop, the final weathering product is a loose,
micron-sized powder (Fig. 25). Microrhombohedral crystals
show distinct evidence of pitting created by dissolution (Fig.
25D). This enhancement of a microporous reservoir-grade rock is
restricted to within tens of meters below the surface (Deville de
Periere et al., 2011), and, as noted later, pulverulite formation at
unconformities can, in turn, form hydrocarbon reservoirs.

EFFECT OF NANO- AND MICROPORES IN
CARBONATE RESERVOIRS

Nano- and micropores have many significant, reservoir-
based effects relative to carbonate strata that are generally engi-
neering specific, even though they have also been shown to affect
acoustic velocity in carbonates (Janjuhah et al., 2019). These
effects are addressed later, although a detailed discussion of each
effect is beyond the scope of this nano- and micropore review.

Nano- and micropores can be the dominant pore network in
some carbonate reservoirs such as chalks. In other carbonate res-
ervoirs, they can make up small to sizable portions of the pore
network, along with macropores and/or fracture pores. Nano- to
micropores affect permeability of the reservoir because of their
fine pore throats (pore-throat radii less than 0.5 pm), in turn af-
fecting production rates. In calculating porosity versus permea-
bility transforms from wireline logs, the abundance of nano- and
micropores must be taken into consideration because porosity
associated with nano- and micropores may not contribute to an
effective pore network (Lucia, 1995; Dutton et al., 2016).

In reservoirs consisting of a mix of pore sizes, nano- and
micropores can affect fluid saturations calculated by wireline-log
analysis analysis (e.g., Petricola and Watfa [1995] and Lui et al.
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Figure 17. Inherited nano- and micropores from precursor limestone. Lower Ordovician Ellenburger Group, northern Fort Worth
Basin, north-central Texas. (A) Dolowackestone with mud clasts. (B) Same as A, but photomicrograph taken under UV light.
Clasts and mud are microporous, as indicated by blue haze. Pores interpreted as inherited from precursor limestone. (C) Cave-
fill dolomudstone with detrital dolomite grains. (D) Same as C, but photomicrograph taken under UV light. Dolomite mud is mi-
croporous, as indicated by blue haze. Pores interpreted as inherited from precursor limestone. (E) SEM image of rock chip over-
lain by energy-dispersive spectroscopy element map. Sample contains abundant illite (yellow).
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Figure 18. Inherited nano- and micropores from precursor limestone. Permian (Leonardian) Clear Fork Group, Goldsmith Field,
Central Basin Platform, West Texas. (A) Silty dolomudstone. Porosity = 11.4% and permeability = 0.16 md. (B) Same as A, but
photomicrograph taken under UV light. Micropores occur in patches, as shown by blue haze. Pores interpreted as inherited
from precursor limestone. (C) Peloidal dolomudstone. Porosity = 11.4% and permeability = 0.16 md. (D) Same as C, but photomi-
crograph taken under UV light. Micropores occur in patches, as shown by blue haze. Pores interpreted as inherited from precur-
sor limestone. (D) SEM image of Ar-ion-milled surface showing micropores between peloids. (F) SEM image of Ar—ion-milled
surface showing nano- to micropores where some pores dissected by clay platelets.
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Figure 19. Whole-rock overdolomitization. Lower Ordovician Ellenburger Group, Permian Basin, West Texas. (A) Tightly-
interlocking dolomite crystals resulting from overdolomitization. (B) Close-up of saddle dolomite composed of tightly-
interlocking crystals. (C) Interlocking dolomite crystals with relict pores between crystals. (D) Same as C, but photomicrograph
taken under UV light. Crystal-boundary nano- and micropores are shown by light-blue haze.

[2021]), which may indicate that a reservoir is water wet, even
though oil may be produced during testing. Only the macropore
system is produced.

Nano- and micropores in a reservoir can affect thickness of
the transition-zone between hydrocarbon and water. With an
increase in nano- and micropores, transition-zone thickness in-
creases because of the higher buoyancy pressure needed to satu-
rate the pore network (e.g., Schowalter [1979] and Lucia [1995]).

Low-permeability nano- and micropore areas will affect
secondary recovery in conventional reservoirs because they will
reduce sweep efficiency. This reduction, in turn, results because
the oil in nano- and microporous areas may be bypassed as the
reservoir is produced (e.g., Silva et al. [2012]). Also, in calculat-
ing hydrocarbon reserves in a reservoir, an overestimation of
reserves may occur if the number of nonproducing nano- and
micropores are taken as part of the producible volume because
these nano- and micropores may not be hydrocarbon saturated
and not available for production. Amount of effective porosity
must be determined in order for recovery efficiency to be de-
fined.

An important fact about nano- and micropores in limestones
is that they can survive burial to greater depths (i.e., higher tem-
peratures) than can macropores. In both sandstones and car-
bonates, the literature shows that megapores cement up earlier
than nano- and micropores (e.g., Loucks et al. [2013] and Loucks

and Dutton[2019]). Therefore, according to Loucks et al. (2013),
at depths of greater than 12,000 to 13,000 ft (3700-4000 m)
(depending on the thermal gradient), nano- and micropores will
dominate the pore network in many limestone reservoirs. Conse-
quently, when drilling deeper, buried-carbonate prospects in
which higher temperatures prevail, nano- and micropore reser-
voirs are more likely to be the most common reservoir encoun-
tered.

Furthermore, Janjuhah et al. (2019) showed that nano- and
micropore abundances above 50% of total porosity volume pro-
duce slower acoustic velocity in both compressional and shear
(P and S) waves. Their analyses showed that composition of car-
bonate-pore types is important in analyzing acoustic velocity.

Nano- and micropores can also influence mechanical behav-
ior in carbonate rocks (e.g., Zahm and Enderlin [2010] and Reg-
net et al. [2015]). This observation is important because it shows
nano- and micropores influence both fault and fracture formation
and induced hydraulic fracturing.

EXAMPLES OF RESERVOIRS CONTAINING
NANO- AND MICROPORES

In this section, examples of pore networks in reservoirs con-
taining varying numbers of nano- and micropores are presented
that cover both limestone and dolomite reservoirs, as well as
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Figure 20. Differential dolomitization. Permian (Leonardian) Clear Fork Group, Goldsmith field, Central Basin Platform, West
Texas. (A) Peloidal (i.e., micritized grains) dolograinstone. Interparticle pore space are partly filled with coarser dolomite ce-
ment, whereas peloids replaced by aphanitic dolomite cement resulting in differential dolomitization. (B) Same as A, but photo-
micrograph taken under UV light. Peloids showing abundant nano- and micropores. (C) SEM image of Ar-ion-milled surface

showing dolomitization within peloids. (D) Close-up of C showing abundant nanopores.

some carbonate reservoirs in which nano- and micropores occur
in solid bitumen. Also, a few examples of pulverulite reservoirs
will be discussed. The case examples focus on pore networks and
broader details of the geology and characteristics of the reser-
voirs from the literature. Thin-section photomicrographs and
SEM images from these examples can reveal a wide spectrum of
carbonate nano- and micropore networks.

Limestone Reservoirs
Lime-Mud-Related Reservoirs

Lower Cretaceous (Albian) Stuart City Reef Trend
(Edwards), South Texas: The Stuart City Reef Trend was a
shelf-margin barrier reef along the onshore northern Gulf of
Mexico (Bebout and Loucks, 1974). Numerous lime packstones
and grainstones formed in the backreef apron (Figs. 15 and 26),

whereas rudstones and framestones constitute the reef proper.
Much of the deposited backreef sediment was Mg—calcite in the
form of red algae, foraminifers, and Lithocodium, and degrada-
tion of these allochems created abundant Mg—calcite-rich mud.
As the allochems and mud chemically stabilized, they formed
microrhombic calcite (Figs. 15C and 26C) and associated nano-
and micropores, producing a microporous mud matrix (Figs. 15
and 26).

Lower Miocene Nido Formation Reef Complex, Offshore
Palawan Area, Philippines: Off the northwest coast of the Phil-
ippines, in the northwest Palawan area, a series of large foramini-
fer reefs developed in the lower Miocene section that are now
hydrocarbon reservoirs (Branson et al., 1977). The pore network
within these reservoirs is dominated by nano- to micropores
within allochems and a lime-mud matrix (Fig. 13) (based on un-
published work by the author). Larger foraminifers that com-
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Figure 21. Fluid-inclusion pores. Lower Ordovician Ellenburger Group, Llano area, Central Texas. (A) Close-up of dolomite crys-
tals displaying abundant fluid inclusions. (B) Another close-up of dolomite crystals displaying abundant fluid inclusions.

posed much of the reef (Fig. 13) and these foraminifers were
originally Mg—calcite, which transformed into microrhombic
calcite and associated micropores during diagenesis (Figs. 13B,
13D, and 13F). The mud matrix, also highly microporous (Figs.
13D and 13F), is interpreted to result from a mixture of arago-
nite, Mg—calcite, and calcite. Mean porosity, modest because
most of the macropores are cemented by calcite (Fig. 13A),
measures at 8.5% (range = 1.1-26.8%), and geometric permeabil-
ity is 0.246 md (range = 0.001-276 md).

Lower Miocene Java Sea Carbonates, Indonesia: Original
lime mud in the Java Sea carbonates (Fig. 27) is interpreted to
have been a mixture of aragonite, Mg—calcite, and calcite on the
basis of the common, poorly sorted, crystalline texture of the
stabilized lime mud (Fig. 27C). A mixture of microcrystals of
assorted sizes may indicate an early stage of lime-mud stabiliza-
tion (Fig. 27C). On the other hand, well-sorted and well-formed
crystals of microrhombic calcite may indicate a later stage of
lime-mud stabilization (Fig. 27D). Ar—ion-milled SEM images of
the microrhombic calcite show competitive growth between crys-
tals (Fig. 27E and 27F), and some crystal boundaries become
difficult to define. Nanopores occur between these crystal bound-
aries.

Chalk-Related Reservoirs

Upper Cretaceous Buda Formation, South Texas, Co-
manche Platform: The Upper Cretaceous Buda Formation in
South Texas is a chalk deposited on the drowned Comanche Plat-
form that is composed of highly-burrowed, calcisphere-planktic
foraminifer lime wackestones and packstones with a coccolith-
hash matrix (Fig. 8A) (Loucks et al., 2019). It is a fractured reser-
voir with some matrix contribution to production from nano- and
micropores. Examples of these nano- and micropores occur in the
chalk (Figs. 8A—8D). Most porosity values in the Buda chalk are
less than 5%, and most permeability values are less than 0.1 md.
MICP analysis provides insight into the low reservoir quality
(Figs. 8E and 8F). Injection curves show high injection pressures
(Fig. 8E), indicating a population of fine pore throats. Calculated
pore-throat mean radii are generally less than 0.2 pm (200 nm),
with several samples having pore-throat mean radii of approxi-
mately 0.005 pm (5 nm) (Fig. 8F). These fine pore-throat sizes
are restrictive to two-phase flow, especially oil flow.

Upper Cretaceous (Upper Turonian to Lower Campa-
nian) Austin Chalk, Onshore Northern Gulf of Mexico:
Loucks et al. (2021) and Loucks and Peng (2021) investigated

pore types and pore networks in the argillaceous Upper Creta-
ceous Austin Chalk along the northern onshore Gulf of Mexico.
They documented that major lithofacies types ranged from well-
bioturbated, slightly argillaceous chalk to well-laminated, argilla-
ceous chalky marl (Fig. 10E). In each of the lithofacies, nano- to
micropores dominate the pore network (Fig. 10), dominant pores
being interparticle nanopores between coccolith hash (i.e., cocco-
lith plates and elements) (Figs. 10A and 10B). As the concentra-
tion of clay minerals increased, more clay platelets have dissect-
ed the interparticle pores, producing finer pore throats (Fig. 10B).
Mean porosity of samples is 5% (range = 0.5-8.5%), and geo-
metric mean permeability is 121 nd (range = 3-3,375 nd) (Fig.
10E) (Loucks and Peng, 2021). Clay-poor samples have a mean
porosity (6.2%) that is higher than that of the clay-rich samples
(3.5%). Geometric mean permeability decreases from the clay-
poor samples (351 nd) to the clay-rich samples (25 nd) (Fig.
10E).

Other nano- to micropore types present in the Austin Chalk
are related to solid bitumen (Fig. 10C and D), within interparticle
-pore areas. These nanopores have developed in chalks where the
associated organic matter has attained R, values higher than 0.5
to 0.6%. Three types of organic-matter-related pores are formed.
The first type is spongy pores produced in solid bitumen (Figs.
10C and 10D) (Loucks et al., 2009; Ko et al., 2017b; Reed et al.,
2020). These spongy pores can produce nanodarcy permeability,
as well documented in the Mississippian Barnett Shale in the Fort
Worth Basin in north-central Texas (Loucks et al., 2009). Anoth-
er organic-matter-related pore type is modified mineral pores
(Fig. 10D) (Ko et al., 2017b; Reed et al., 2020), which result
when migrating bitumen and oil do not displace all the water out
of a pore. When this displacement occurs, solid bitumen can be
deposited on the surrounding walls, leaving a bubble in the interi-
or where trapped water remains. A third organic-matter pore type
is bubble pores (Fig. 10D), which result from thermal cracking of
bitumen (Ko et al., 2017b).

Upper Cretaceous (Upper Turonian to Lower Campa-
nian) Niobrara Formation, Western Interior Seaway: The
Niobrara Formation in northwest Colorado is chalky marl with a
terrigenous component consisting of 20 to 60% quartz and 5 to
15% clay minerals (Fig. 11A) (Loucks and Rowe, 2014).
Throughout most of the deposition of the Niobrara chalk in this
area, the environment of deposition was below storm-wave base
and anoxic. In this reducing environment, bioturbation was inhib-
ited, and delicate fecal pellets composed of coccolith hash re-
mained intact (Fig. 11A). Within the coccolith-bearing fecal pel-
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Figure 22. Nano- and micropores in type lll woody kerogen. Lower Permian (Leonardian) Clear Fork Formation, Permian Basin,
West Texas. (A) Fragment of wood. (B) Close-up of A showing cellular woody matter with pores filled by calcite cement.
(C) Fragment of wood. (D) Close-up of C taken with UV light and cellular woody matter showing open (epoxy-filled) pores.

lets, abundant nanopores between coccolith components were
preserved (Figs. 11B and 11C). Additional pores are organic-
matter pores (Fig. 11D).

Upper Cretaceous (Campanian) Annona Chalk,
Drowned Comanche Platform in Northwestern Louisiana:
The Annona Chalk in northwestern Louisiana is a shallow
(<2000 ft [<600 m] burial) oil-producing reservoir (Loucks et al.,
2017). The lithology is chalk to argillaceous chalk (up to 20%
quartz and 10% clay minerals) (Fig. 12). The pore network of the
chalk consists of nano- to micropores between coccolith frag-
ments (Figs. 12B—12D), with pore throats being in the nanometer
range (Fig. 12F) (Loucks et al., 2017). Mean porosity is 23.8%
and mean permeability is 0.42 md. MICP analysis of one sample
shows a high initial injection pressure, indicating small pore
throats (Fig. 12E). The nanopore throats between coccolith ele-
ments are responsible for low permeabilities, even though porosi-
ties are high and the depth of burial of the chalk is shallow.

Mg—Calcite Grains and Micrite Envelopes

Pennsylvanian (Lower Desmoinesian) Caddo Formation
in North-Central Texas: The Pennsylvanian Caddo Formation

in north-central Texas contains buildups of phylloid algal and
Komia allochems (Fig. 14A) that form hydrocarbon reservoirs
composed of micro- and macropores (Fig. 14) (Loucks and Fu,
2016). The extensive micropores were produced by the transfor-
mation of Mg—calcite allochems (Komia, fusulinids, other ben-
thic foraminifers, ostracods, and bryozoans), micrite envelopes,
microbialites, and peloidal muds to microrhombic calcite. The
reservoir rock has a dual-pore system with both macropores and
nano- and micropores. Porosity ranges between 0.8 and 25.1%,
and permeability ranges between 0.01 and 370.5 md, reflecting
this dual-pore network. MICP analysis of several Caddo samples
show moderate initial injection pressures (Fig. 14E) (Loucks and
Fu, 2016). A plot of pore-throat-size distribution from MICP
analysis indicates a range of pore-throat-size values with many in
the micropore range (Fig. 14F) (Loucks and Fu, 2016). In a dual-
pore network as seen in the Caddo Formation, effects of nano-
and micropores on petrophysical properties and production char-
acteristics should be considered.

Lower Cretaceous (Albian) Stuart City Reef Trend
(Edwards), South Texas Comanche Platform: The Stuart City
Reef Trend was a shelf-margin barrier reef along the onshore
northern Gulf of Mexico. The pore network in these carbonates,
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(FACING PAGE) Figure 23. Nano- and micropores in types | and Il algal kerogen and solid bitumen. A and B from Eagle Ford
Group in northern Central Texas and C-F from Lower Permian (Leonardian) Clear Fork Formation, Central Basin Platform, Per-
mian Basin, West Texas. (A) Shallow-buried (254 ft [77.4 m]) type Il (?) kerogen with clay flakes and original nanopores. Na-
nopores may be spaces between compacted kerogen grains. (B) Similar to A, showing nanopores. (C) Solid bitumen infilling
megapore. (D) Close-up of C, showing spongy organic-matter pores. (E) Solid bitumen infilling megapore. (F) Close-up of E,

showing spongy organic-matter pores.
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Figure 24. Nano- and micropores in solid bitumen. Upper Cretaceous (Cenomanian-Turonian) Eagle Ford Group, South Texas.
(A) OM spongy pores in solid bitumen. Image from Lucy Ko. (B) OM bubble pores in solid bitumen. Image from Lucy Ko.
(C) Modified mineral pore associated with solid bitumen. Image from Robert Reed.

covering over 1000 ft (305 m) of section, is dominated by nano-
and micropores associated with transformed Mg—calcite al-
lochems, micrite envelopes, and peloidal matrix (Figs. 15B, 15C,
and 16E) (Loucks et al., 2013). Grains include larger foraminifers
(Dictyoconus) (Fig. 15A), miliolids, stromatoporoids, red algae,
and Lithocodium-Bacinella (microbialite) (Fig. 15D), which were
all originally Mg—calcite. This formation is an example of a tight-
gas reservoir in which macropores were cemented during burial
diagenesis, and micropores, being more resistant to cementation,
remain open to depths of 13,000 (~3950 m) to 15,000 ft (~4572
m). A plot of pore-throat-size distribution from MICP analysis
shows a range of values, with many in the micropore-throat range
(Loucks et al., 2013).

Lower Eocene El Garia Formation (Metlaoui Group),
Offshore Tunisia: The middle ramp El Garia Formation is com-
posed of bioturbated, sand- and gravel-grade, Nummu-
lites packstones and grainstones (Fig. 4A). The accumulation was
deposited below fair-weather wave base and above storm wave
base, at a water depth estimated to be between 90 to 600 ft (~30
to 180 m) (Loucks et al., 1998). Nummulites tests were originally
Mg—calcite that transformed to microrhombic calcite and associ-
ated micropores (Figs. 4B and 4D). Reservoir quality within El
Garia Nummulites facies is quite variable with lime packstones
and grainstones having low to high porosity (2 to 28%), and poor
to good permeabilities (0.02 to 300 md) (Fig. 4F). A large
amount of ineffective porosity in the El Garia Formation is
caused by abundant larger intraparticle pores in Nummu-
lites living chambers isolated by abundant nano- and micropores
in test walls (Figs. 4A—4D). The microporous test walls limit
connectivity between large intraparticle pores and interparticle
pores.

Dolomite-Related Reservoirs
Inherited Nano- and Micropores from Precursor Limestone

Lower Ordovician Ellenburger Group, Northern Fort
Worth Basin, North-Central Texas: In the Fort Worth Basin in

Texas, carbonates in the Ellenburger Group that were deposited
on a broad platform and upon subsequent exposure were exten-
sively karsted (Hardage et al., 1996; McDonnell et al., 2007,
Loucks, 2017). Following deposition, the section was highly
dolomitized (overdolomitized), and most macropores were oc-
cluded. However, the fine-grained limestone from the host rock,
host-rock lithoclasts in cave sediment fill (Figs. 17A and 17B),
and cave-sediment fill (Figs. 17C-17E) that were dolomitized
preserved micropores between very fine dolomite crystals (Figs.
17A, 17D, and 17E). On the basis of texture and spacing of the
nano- and micropores in these fine-crystalline dolomites, the
pores are thought to be inherited from the microporous limestone
mud precursor (Loucks et al., 2017)

Permian (Leonardian) Clear Fork Group, Goldsmith
field, Central Basin Platform, West Texas: Nano- and mi-
cropores are common in the very fine crystalline dolomites of the
Clear Fork Group (Fig. 18) (Loucks and Ulrich, 2015). The nano-
and micropores occur between crystals of dolomite in which dol-
omitization replaced an initial microporous limestone composed
of Mg—calcite grains, peloids, and matrix. The nano- and mi-
cropores in the dolostones are interpreted as having several ori-
gins, one of which is that the pores are inherited from precursor
lime mudstones and wackestones (Fig. 18). The nano- and mi-
croporous areas are commonly patchy (Figs. 18B and 18D).

Whole-Rock Overdolomitization

Lower Ordovician Ellenburger Group, Permian Basin,
West Texas: The Ellenburger Group was deposited on a broad
shallow-water shelf during Early Ordovician time in the Permian
Basin (i.e., termed Tobosa Basin in Early Ordovician time) (e.g.,
Kerans [1988] and Loucks and Kerans [2019]). Much of the El-
lenburger Group in the Permian Basin is dolomitized to an extent
that the strata are completely tight, with the exception of karst
and tectonic fractures and remnant nano- and micropores that are
preserved at crystal boundaries (Fig. 19). These types of nano-
and micropores are not abundant but occur in tight rocks at the
boundaries of larger crystals (Figs. 19C and 19D).
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Figure 25. Nano- and micropores in pulverulite. Lower Cretaceous (Albian) Fort Terrett and Segovia formations, Central Texas.
(A) In outcrop, pulverulite beds appear as light-gray to white friable units. (B) Pulverulite beds are easily eroded, commonly
forming deposits of soft powder. (C) SEM image of fine grains and associated nano- and micropores in pulverulite. (D) Close-up
SEM image of pulverulite grains and associated nano- and micropores.

Lower Cretaceous Kharia Formation, offshore Abu Dha-
bi, U.A.E.: A good example of overdolomitization in a reservoir
section that resulted in a considerable decrease in porosity and
permeability was documented by Yamamoto et al. (2011) in an
offshore reservoir in the United Arab Emirates. In their figure
4B, a thin section of an overdolomitized grainstone is shown in
which all interparticle macropores are filled with coarser, crystal-
line dolomite (~200 pm), and the grains have all been replaced
by similar, coarser, crystalline dolomite. Unidentifiable relict
grains are still visible, and the remaining pores between the dolo-
mite crystals are in the micron range.

Differential Dolomitization at the Allochem and Matrix Scale

Permian (Leonardian) Clear Fork Group, Goldsmith
Field, Central Basin Platform, West Texas: The Clear Fork
Group in Goldsmith Field, West Texas, was deposited in shal-
low-water subtidal to supratidal environments and was heavily
dolomitized, resulting in variable dolomitization patterns. One
striking pattern is differential dolomitization at the grain scale, in

which grains can be extensivity dolomitized, whereas pore space
in between is only partly dolomitized (Loucks and Ulrich, 2015).
An example reveals peloids (?) that were highly-dolomitized,
leaving nano- and micropores, whereas megapore spaces between
the peloids were only partly filled with dolomite cement and
macropores remain (Fig. 20). This differential dolomitization
process created an effective intercrystalline pore network in for-
mer primary-pore spaces with nano- and micropores in the
grains.

Fluid Inclusions in Dolomite Crystals

Lower Ordovician Ellenburger Group, Central Texas:
As observed in coarser crystalline dolomites, fluid inclusions
(Fig. 21) can be abundant and can add to the total porosity vol-
ume—they are actually isolated nanopores (Fig. 21). Several
examples from the Lower Ordovician Ellenburger dolomite in
Central Texas probably contain brines and may be abundant
enough to affect petrophysical properties, such as water satura-
tion or resistivity (Fig. 21).
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Figure 26. Microporous lime-mud matrix. Lower Cretaceous (Albian) Stuart City Reef Trend (Edwards), South Texas. (A) Mi-
croporous lime wackestone with skeletal fragments. Plain light. (B) Same as A, but photomicrograph taken under UV light. Blue
haze indicates microporous areas. (C) Lime packstone photomicrograph taken under UV light. Mud matrix shows blue haze,
indicating micropores. Miliolid is also microporous. (D) SEM image of rock chip showing mud matrix composed of microrhom-

bic calcite.

Organic-Matter Pores in Carbonates

Lower Permian (Leonardian) Clear Fork Formation, Central
Basin Platform, Permian Basin, West Texas

The Clear Fork Formation in Goldsmith Field on the
east side of the Central Basin Platform contains examples of
both woody kerogen and solid bitumen filling macropores in
dolostone (Figs. 22 and 23). The Clear Fork strata in this

area were deposited in environments ranging from on-shelf,
deeper water, fusulinid packstones to peritidal mudstones to
packstones.

Examples of woody kerogen are presented in Figure 22, and
original micropores in the wood are occluded with calcite (Figs.
22A and 22B), although some woody kerogen shows that mi-
cropores can be open (Figs. 21C and 12D). In kerogen samples
within larger carbonate pores, solid bitumen that formed through
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Figure 27. Microporous lime-mud matrix. Lower Miocene Java Sea carbonates, Indonesia. (A) Thin-section photomicrograph of
lime packstone. (B) Same as A, but photomicrograph taken under UV light. Lime-mud matrix is microporous. (C) SEM rock-chip
image, showing poorly crystalline calcite with some elongated grains. May be early stage of lime-mud stabilization. (D) SEM
image of well-sorted, microrhombic calcite replacing lime mud. May be later stage of lime-mud stabilization. (E) Ar-ion-milled
SEM image of microrhombic calcite and associated micropores. Some clay-minerals occur in matrix. (F) Close-up of well-
cemented microrhombic calcite indicating competitive growth. Dashed yellow lines outline crystals. Only nanopores remain

between crystals.
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thermal maturation displays associated organic-matter nano- and
micropores (Figs. 23C and 23D).

Solid bitumen fills macropores and displays numerous irreg-
ularly shaped spongy nanopores (Figs. 23C and 23D), which are
as small as 20 nm. In the Clear Fork Group, this nanopore type is
uncommon because this mode of solid bitumen is uncommon;
therefore, these nanopores cannot add to the effective pore net-
work.

Upper Cretaceous (Cenomanian-Turonian) Eagle Ford
Group, South Texas

The Eagle Ford Group was deposited on the Upper Creta-
ceous drowned Comanche Platform in South Texas, generally
under deeper water, anoxic conditions (e.g., Hentz and Ruppel
[2010]). A number of investigations have documented the pore
network in the Eagle Group (e.g., Pommer and Milliken [2015],
Ko et al. [2017b], and Reed et al. [2019]). The Eagle Ford inter-
val is organic rich, with total organic carbon generally less than 6
wt% (Pommer and Milliken, 2015; Ko et al., 2017b; Romero et
al., 2018). The pore network in this organic-rich chalk is a com-
bination of nano- to micropores associated with coccolith hash
and nano- to micropore, organic-related pores (see, for example,
Pommer and Milliken [2015] and Ko et al. [2017b]). According
to Pommer and Milliken (2015) and Ko et al. (2017b), because
organic-matter pores contribute to effective permeability path-
ways, they can contribute to hydrocarbon production. Ko et al.
(2017b) noted that several types of organic-matter-related pores
are present. These nano- and micropore-sized organic-matter
pore types include bubble pores, spongy pores, and modified
mineral pores containing migrated solid bitumen (Fig. 24). Or-
ganic-matter bubble pores range from nanometer scale to tens of
micrometers in diameter and are rounded to subrounded (Fig.
24B). They are interpreted to be related to bitumen cracking to
oil and gas (Ko et al., 2017b). Organic-matter spongy pores gen-
erally range in size from 2.5 to 200 nm (Fig. 24A) and were in-
terpreted by Ko et al. (2017b) to be related to gas generation at
higher stages of thermal maturation. Modified mineral pores (Fig.
24C) are bubbles left in the solid bitumen by a fluid (i.e., water)
not being displaced out of the pore. Eagle Ford argillaceous car-
bonates are an example of organic matter in a carbonate forming
part of an effective pore and permeability network.

Pulverulite

Lower Cretaceous (Albian) Fort Terrett and Segovia
Formations, South-Central Texas

Outcrops of the Fort Terrett and Segovia formations in south
-central Texas are composed of wackestones and packstones
(limestones and dolostones) that are rich in nano- and micropores
(Figs. 25A and 25B) (Loucks et al., 2018). During outcrop
weathering, these microporous strata underwent extensive disso-
Iution, resulting in disaggregation of the carbonate microstruc-
ture. This dissolution produced pulverulite, which is friable po-
rous rock (Figs. 25C and 25D) to loose powder (Loucks et al.,
2018). The outcrop area is a modern analog for weathering-
enhanced, highly-microporous strata (i.e., pulverulite) develop-
ment at unconformities.

Ordovician Viola Formation, Fort Worth Basin,
North-Central Texas

The top of the buried Viola Formation limestone in north-
central Texas is highly truncated by a paleo-subaerial unconform-
ity (unpublished work by author), wherein lies a zone of oil-
saturated micropores, which is interpreted as an interval of pul-
verulite soil strata. The soil zone displays weathered limestone
crackle breccias, detrital chert with weathered patina rind, root
traces, eroded and abraded skeletal grains, and quartz-sand

grains. The original lime wackestones and packstones had a mi-
croporous matrix, and weathering at the unconformity enhanced
this microporous matrix (Fig. 28).

Lower Cretaceous (Berriasian-Valanginian) Habshan
Formation, U.A.E.

Deville de Periere et al. (2011) described microporous reser-
voir limestones from the Habshan Formation in the United Arab
Emirates that are located beneath a major unconformity (e.g.,
their figures 4F and 5F). The limestone reservoir had undergone
enhanced micropore development during meteoric weathering at
this surface. Occurrence of enhanced micropore development
resembles the pulverulite formation documented in the Fort Ter-
rett and Segovia formations in south-central Texas. Although
origin of the micropores was not made clear in the paper, the
lithofacies contain numerous large benthic foraminifers
(generally initially Mg—calcite) that probably transformed to mi-
crorhombic calcite and associated micropores. Also, the lime-
mud-rich lithofacies may have contributed to micropore develop-
ment. Deville de Periere et al. (2011) stated that these mi-
croporous reservoirs have a mean porosity of 28% and a mean
permeability of 190 md.

CONCLUSIONS

Nano- and micropores, which are common in carbonates, are
important to identify and quantify because they affect petrophysi-
cal properties (e.g., reservoir-hydrocarbon-saturation calcula-
tions, effective porosity, density, sonic traveltime, etc.) and,
hence, flow rates, reserves, and economics. Nano- and mi-
cropores are abundant in limestones, dolomites, and associated
solid bitumen in interparticle pores of unconventional tight car-
bonates. Special techniques, such as SEM imaging and MICP
analyses, are necessary for identifying and quantifying these pore
types.

In limestones, nano- and micropores are related to both
depositional and diagenetic processes, whereas in strata rich in
lime mud, nano- and micropores are the result of pores inherited
from precursor mud and from stabilization of aragonite and Mg—
calcite grains. In chalk, nano- and micropores are mainly inherit-
ed from original coccolith-rich sediment. Primary interparticle
pores between the coccolith plates are reduced by compaction
and cementation during burial diagenesis. During stabilization,
Mg—calcite grains and micrite envelopes undergo a transfor-
mation to microrhombic calcite, resulting in associated nano- and
micropores.

Dolomitization of strata is a complex diagenetic process.
Several forms of nano- and micropores are known to have result-
ed from inherited limestone pores diagenetically altered to dolo-
mitization-related pores. Some pores in dolostones are inherited
from precursor limestone in which dolomitization occluded only
some of the original limestone pores. Not uncommonly, the dolo-
mitization process will overdolomitize the rock, leaving only
nano- and micropores present at crystal boundaries. Differential
dolomitization at the grain level can create strong heterogeneity
in which different pores and grains experience different dolomiti-
zation histories, leaving some areas with nano- and micropores.
Also, some coarser dolomite crystals can contain a large number
of fluid-inclusion nanopores that probably contain brines or hy-
drocarbons.

During thermal maturation, in tight-carbonate, unconven-
tional reservoirs, migrated solid bitumen forms, creating organic-
matter nano- and micropores. These organic-matter nano- and
micropores can be a principal part of an effective pore system.

Where microporous strata are exposed at an unconformity, a
zone of microporous pulverulite can develop. These strata are
friable and commonly weather to a fine powder. Where reburied,
the microporous strata can be hydrocarbon reservoirs.
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Figure 28. Nano- and micropores in paleo-pulverulite. Ordovician Viola Formation, Fort Worth Basin, north-central Texas.
(A) Thin-section photomicrograph of silty lime packstone with pulverulite texture showing roots. (B) Same as A, but photomi-
crograph taken under UV light. Nano- and microporous areas are shown by blue haze.

This investigation and review provide an understanding of
carbonate nano- and micropores and their importance in analyz-
ing carbonate strata. In any analysis of a carbonate reservoir, an
effort must be made to identify and quantify this pore type and to
consider what effect it may have on reservoir properties.
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	Figure 18. Inherited nano- and micropores from precursor limestone. Permian (Leonardian) Clear Fork Group, Goldsmith Field,Central Basin Platform, West Texas. (A) Silty dolomudstone. Porosity = 11.4% and permeability = 0.16 md. (B) Same as A, butphotomicrograph taken under UV light. Micropores occur in patches, as shown by blue haze. Pores interpreted as inheritedfrom precursor limestone. (C) Peloidal dolomudstone. Porosity = 11.4% and permeability = 0.16 md. (D) Same as C, but photomicrographtaken under UV light. Micropores occur in patches, as shown by blue haze. Pores interpreted as inherited from precursorlimestone. (D) SEM image of Ar–ion-milled surface showing micropores between peloids. (F) SEM image of Ar–ion-milledsurface showing nano- to micropores where some pores dissected by clay platelets.
	Figure 19. Whole-rock overdolomitization. Lower Ordovician Ellenburger Group, Permian Basin, West Texas. (A) Tightlyinterlockingdolomite crystals resulting from overdolomitization. (B) Close-up of saddle dolomite composed of tightlyinterlockingcrystals. (C) Interlocking dolomite crystals with relict pores between crystals. (D) Same as C, but photomicrographtaken under UV light. Crystal-boundary nano- and micropores are shown by light-blue haze.
	Figure 20. Differential dolomitization. Permian (Leonardian) Clear Fork Group, Goldsmith field, Central Basin Platform, WestTexas. (A) Peloidal (i.e., micritized grains) dolograinstone. Interparticle pore space are partly filled with coarser dolomite cement,whereas peloids replaced by aphanitic dolomite cement resulting in differential dolomitization. (B) Same as A, but photomicrographtaken under UV light. Peloids showing abundant nano- and micropores. (C) SEM image of Ar–ion-milled surfaceshowing dolomitization within peloids. (D) Close-up of C showing abundant nanopores.
	Figure 21. Fluid-inclusion pores. Lower Ordovician Ellenburger Group, Llano area, Central Texas. (A) Close-up of dolomite crystalsdisplaying abundant fluid inclusions. (B) Another close-up of dolomite crystals displaying abundant fluid inclusions.
	Figure 22. Nano- and micropores in type III woody kerogen. Lower Permian (Leonardian) Clear Fork Formation, Permian Basin,West Texas. (A) Fragment of wood. (B) Close-up of A showing cellular woody matter with pores filled by calcite cement.(C) Fragment of wood. (D) Close-up of C taken with UV light and cellular woody matter showing open (epoxy-filled) pores.
	Figure 23. Nano- and micropores in types I and II algal kerogen and solid bitumen. A and B from Eagle FordGroup in northern Central Texas and C–F from Lower Permian (Leonardian) Clear Fork Formation, Central Basin Platform, PermianBasin, West Texas. (A) Shallow-buried (254 ft [77.4 m]) type II (?) kerogen with clay flakes and original nanopores. Nanoporesmay be spaces between compacted kerogen grains. (B) Similar to A, showing nanopores. (C) Solid bitumen infillingmegapore. (D) Close-up of C, showing spongy organic-matter pores. (E) Solid bitumen infilling megapore. (F) Close-up of E,showing spongy organic-matter pores.
	Figure 24. Nano- and micropores in solid bitumen. Upper Cretaceous (Cenomanian-Turonian) Eagle Ford Group, South Texas.(A) OM spongy pores in solid bitumen. Image from Lucy Ko. (B) OM bubble pores in solid bitumen. Image from Lucy Ko.(C) Modified mineral pore associated with solid bitumen. Image from Robert Reed.
	Figure 25. Nano- and micropores in pulverulite. Lower Cretaceous (Albian) Fort Terrett and Segovia formations, Central Texas.(A) In outcrop, pulverulite beds appear as light-gray to white friable units. (B) Pulverulite beds are easily eroded, commonlyforming deposits of soft powder. (C) SEM image of fine grains and associated nano- and micropores in pulverulite. (D) Close-upSEM image of pulverulite grains and associated nano- and micropores.
	Figure 26. Microporous lime-mud matrix. Lower Cretaceous (Albian) Stuart City Reef Trend (Edwards), South Texas. (A) Microporouslime wackestone with skeletal fragments. Plain light. (B) Same as A, but photomicrograph taken under UV light. Bluehaze indicates microporous areas. (C) Lime packstone photomicrograph taken under UV light. Mud matrix shows blue haze,indicating micropores. Miliolid is also microporous. (D) SEM image of rock chip showing mud matrix composed of microrhombiccalcite.
	Figure 27. Microporous lime-mud matrix. Lower Miocene Java Sea carbonates, Indonesia. (A) Thin-section photomicrograph oflime packstone. (B) Same as A, but photomicrograph taken under UV light. Lime-mud matrix is microporous. (C) SEM rock-chipimage, showing poorly crystalline calcite with some elongated grains. May be early stage of lime-mud stabilization. (D) SEMimage of well-sorted, microrhombic calcite replacing lime mud. May be later stage of lime-mud stabilization. (E) Ar–ion-milledSEM image of microrhombic calcite and associated micropores. Some clay-minerals occur in matrix. (F) Close-up of wellcementedmicrorhombic calcite indicating competitive growth. Dashed yellow lines outline crystals. Only nanopores remainbetween crystals.
	Figure 28. Nano- and micropores in paleo-pulverulite. Ordovician Viola Formation, Fort Worth Basin, north-central Texas.(A) Thin-section photomicrograph of silty lime packstone with pulverulite texture showing roots. (B) Same as A, but photomicrographtaken under UV light. Nano- and microporous areas are shown by blue haze.




