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Stratigraphic and lithofacies control on pore characteristics of
Mississippian limestone and chert reservoirs of north-central Oklahoma
Fnu Suriamin1 and Matthew J. Pranter1
Abstract
We have determined how stratigraphy and lithofacies control pore structures in the Mississippian limestone
and chert reservoir of north-central Oklahoma. There are 17 lithofacies and 29 high-frequency cycles documented in the Mississippian interval of this study. The high-frequency cycles have thicknesses ranging from
0.3 to 30.5 m (1–100 ft) and are mainly asymmetric regressive phases. The pore characteristics, measured
through digital-image analysis (DIA) of thin-sections photomicrographs (N > 3100), exhibit unique correlations
with core porosity, permeability, and lithofacies within a sequence-stratigraphic framework. There are five fundamental correlations observed. First, porosity from DIA and laboratory core measurements has a strong positive relationship (R2 ¼ 0.94). However, some values from DIA porosity yield relatively higher values,
specifically in spiculitic mudstone wackestones and argillaceous spiculitic mudstone wackestones. The difference is hypothesized due to the presence of isolated nanopores that are not accessible by helium during measurement of core porosity. Second, the relationship between pore circularity and permeability is indeterminate.
The indeterminate relationship is related to a complex internal pore network, intensive diagenetic alteration, an
unconnected microfracture network, and isolated pores. Third, positive moderate to strong correlations
(R2 ¼ 0.46 − 0.85) between porosity and permeability are observed only in four lithofacies. Fourth, coarsegrained lithofacies within the uppermost depositional sequence of the Mississippian interval have a heterogeneous pore-size distribution, whereas fine-grained lithofacies tend to exhibit a homogeneous pore-size distribution. Fifth, higher reservoir quality is associated with the upper intervals of high-frequency shallowingupward cycles. This confirms that the sequence-stratigraphic variability of lithofacies is important to predict
reservoir quality and its distribution. An alternative graphical method of pore-size distribution is also developed.
To be a useful “technique,” examples of the plot are demonstrated using samples in this study. The plot successfully provides simple identification of pore-size classes, quantitative percentage of pore-size class, dominant
pore class, and approximate minimum and maximum pore size.

Introduction
Mississippian limestone and chert deposits of the
U.S. Mid-Continent form important petroleum reservoirs despite their generally low porosity (<10%), low
permeability (<1 mD), and highly variable pore systems. The limestone and chert reservoirs have been informally referred to as the Mississippi Lime or
Mississippi Chat. The chert-rich intervals were coined
chat by drillers because of the chattering noise and
bit-bounce during drilling (Rogers, 2001). As described
herein, the Mississippian Limestone refers to the Mississippian-age limestone and chert deposits that are
present above the Woodford Shale.
Previous research on the Mississippian Limestone of
the U.S. Mid-Continent has focused on carbonate sequences and architecture (Fritz and Medlock, 1994;

Mazzullo et al., 2013, 2016; Wittman, 2013; Leblanc,
2014; Price, 2014; Childress and Grammer, 2015;
Jaeckel, 2016; Wethington, 2017), structural features
(Gay, 2003), reservoir characteristics (Parham and
Northcutt, 1993; Rogers et al., 1995; Montgomery et al.,
1998; Watney et al., 2001; Franseen, 2006; Mazzullo et al.,
2009; Costello et al., 2014; Turnini, 2015; Lindzey et al.,
2017; Turnini et al., 2017), deposition and diagenesis of
chert deposits (Rogers, 2001), and pore characteristics
(Vanden Berg and Grammer, 2016). Vanden Berg and
Grammer (2016) show that there is a positive correlation between porosity and permeability in carbonate
mudrocks, similar to those observed in conventional
carbonates. However, they find no clear relationship between pore shape and laboratory-measured porosity or
permeability (Vanden Berg and Grammer, 2016). This is
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possibly due to the complex pore architecture,
extensive diagenetic alterations, and the presence of
a multiscale fracture network. However, for various
carbonate deposits in general, several studies have
illustrated how digital-image analysis (DIA) is a useful
approach for characterizing carbonate pores and predicting petrophysical properties (Anselmetti et al.,
1998; Bauget et al., 2005; Al-Kharusi and Blunt, 2007;
Sok et al., 2009; Norbisrath et al., 2015). The studies
document a predicable correlation between pore-scale
structure and petrophysical properties, especially
permeability.
To investigate this further for the Mississippian
Limestone, using core and well-log data, pore parameters including circularity and pore-size distribution as
well as porosity and permeability are related to lithofacies. This study provides an example of how lithofacies, reservoir quality, and pore characteristics can
vary within the Mississippian Limestone sequencestratigraphic framework. Moreover, this study proposes
an improved method to plot pore-size distribution to
(1) identify dominant pore-size classes, (2) investigate
pore-size contribution or percentage to pore volume,
and (3) compare pore-size distribution by samples or
lithofacies.
The study focuses on the Devon Energy 1–7 salt water
disposal (SWD) Frieouf well in Grant County, Oklahoma,
on the western side of the Nemaha uplift (Figure 1). The
cored well was selected because of the relatively thick
interval of Mississippian strata (160 m; 527 ft) that
consists of high-energy grainstones to low-energy mud-

stones with pores ranging in size from macro- to nanopores. This study provides an example of Mississippian
lithofacies and pore types from north-central Oklahoma
and serves as an analog to investigate Mississippian reservoirs that have similar pore characteristics, including
pore dimensions across several orders of magnitude.

Geologic setting
During the Mississippian Period, the North America
Mid-Continent was occupied by a shallow, tropical,
epeiric sea with a broad carbonate platform (Gutschick
and Sandberg, 1983). The period represents a transitional time from the greenhouse to icehouse conditions
with associated deposits that reflect an overall regression during this span of time (Buggisch et al., 2008; Haq
and Schutter, 2008). The Mississippian Limestone of
the Mid-Continent was deposited as a series of highfrequency trangressive-regressive, shallowing-upward
cycles (Watney et al., 2001; Mazzullo et al., 2009).
The core used in this study was deposited on the
Anadarko Shelf located 10°–15° south of the paleoequator in the Early Mississippian Period (approximately
359–347 Ma) (Gutschick and Sandberg, 1983; Blakey,
2013). Lane and DeKeyser (1980) and Gutschick and
Sandberg (1983) conclude that the Mississippian strata
were deposited on a carbonate shelf. Additionally, Gutschick and Sandberg (1983) suggest that the depositional conditions along the Anadarko shelf south and west
of the Ozark Uplift, produced a gentle foreslope with an
undefined shelf edge.

Figure 1. Regional base map showing the major tectonic and basinal features of Oklahoma and the northwestern part of Texas
(modified after Dutton, 1984; Campbell et al., 1988; McConnell et al., 1990; Northcutt and Campbell, 1995; Johnson and Luza, 2008;
LoCricchio, 2012). The Devon Energy 1–7 SWD Frieouf well (star) is located on the Anadarko Shelf and on the western side of the
Nemaha uplift.
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The Mississippian strata at the base of the Pennsylvanian become younger in a southwestward and westward direction away from the Central Kansas and
Nemaha uplifts, respectively (Nissen et al., 2004;
Franseen, 2006). Uplift resulted in subaerial exposure,
and extensive erosion of the Mississippian rocks forms
a regional unconformity that separates the Mississippian strata from the overlying Pennsylvanian rocks
(Parham and Northcutt, 1993; Rogers, 2001; Nissen
et al., 2004; Franseen, 2006).
Mississippian strata in Oklahoma comprise several
groups and members including, from oldest to youngest,
the Kinderhookian Shale, St. Joe Group, Reeds Spring
Limestone, Pineville Tripolite, Bentonville Limestone,
Cowley Formation, Ritchey Limestone, and undivided
Meramecian unit (Figure 2) (Mazzullo, 2011; Mazzullo
et al., 2011, 2016). The St. Joe Group is Kinderhookian-Osagean in age and lies conformably on the Kinderhookian Shale. The St. Joe Group is subdivided, in
ascending order, into the Compton Limestone, Northview Formation, and Pierson Limestone. The upper St.
Joe Group has a conformable contact with the Bentonville Limestone and is conformable to unconformable
with the Reeds Spring Limestone depending on location.
The Osagean Reeds Spring and Bentonville Limestones are coeval shelf and slope deposits with distinct
lithologic characters. The Reeds Spring Limestone is
conformably capped by the bioturbated or brecciated
Pineville Tripolite. In contrast, the Bentonville Limestone is unconformably overlain by the Cowley Formation. The Cowley Formation, early Meramecian in age,
is strictly a subsurface unit with spicule-rich shale and
bedded spiculites. Mazzullo et al. (2009) suggest that the
Cowley Formation represents a time when the carbonate factory of the Anadarko shelf was suppressed due to
silica poisoning of seawater and upwelling within a geographically restricted area.
In an ideal scenario, the Osagean limestones (the
Reeds Spring, Pineville Tripolite, and Bentonville) are
overlain by the Cowley Formation. However, Mazzullo
et al. (2016) interpret that the Osagean limestones,
particularly in Grant County, Oklahoma, have been
completely eroded due to the Kanoka Ridge uplift
during the late Osagean stage. Therefore, the Osagean
limestones are not present in this study area, and the
Cowley Formation is bounded unconformably by the
underlying St. Joe Group and overlying undivided
Meramecian or possibly Ritchey Limestone (Mazzullo
et al., 2016). The Ritchey Limestone is predominantly
light-colored cherty limestone with some dolomite
and dolomitic limestone (Mazzullo et al., 2016). These
limestones are mainly undivided, and their formal
formational subdivisions are not recognized in the subsurface of north-central Oklahoma.
Methodology
Lithofacies and sequence-stratigraphic framework
Lithofacies were identified from visual observation
of (160 m; 527 ft) of slabbed core and associated thin

sections (N ¼ 57). Lithofacies were defined following
Dunham (1962) classification based on differences in
composition, texture, and bioturbation. The lithofacies
color was determined using a Munsell (2009) rock-color
chart. The level of bioturbation was estimated using the
bioturbation index proposed by Miller and Smail (1997)
with values ranging from 1 to 6, where level 1 indicates
no visible bioturbation and level 6 indicated completely
homogenized beds.
Due to the lack of biostratigraphic data, the sequence-stratigraphic analysis is solely based on the vertical succession of lithofacies and recognition of key
stratigraphic surfaces. Lithofacies are assigned to their
relative spatial distribution using a generic depositional
model. The model was used to develop an idealized
vertical stacking pattern and to establish the sequence-stratigraphic framework.
Pore-architecture characterization
DIA provides quantitative characteristics of pore
parameters identified using color segmentation of thin-

Figure 2. Stratigraphic column for the Ordovician to Mississippian-age deposits in north-central Oklahoma (modified
after Mazzullo, 2011; Mazzullo et al., 2011, 2016).
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sections and scanning electron microscope (SEM)
photomicrographs (Anselmetti et al., 1998). The 57 thin
sections were made from their core plugs. Photomicrographs of whole thin sections were acquired using a
QImaging Retiga 2000R camera mounted on an Olympus BX41 optical microscope with 10x magnification to
capture pores ranging from macropores (4 mm <
pore width < 256 mm) to mesopores (62.5 μm <
pore width < 4 mm). To image pores ranging from micropores (1 μm < pore width < 62.5 μm) to nanopores
(1 nm < pore width < 1 μm), thin sections were placed
under an electron beam in an Field Electron and Ion
(FEI) Quanta 250 field-emission scanning electron
microscope for analysis and SEM photomicrograph
acquisition. The SEM photomicrographs were obtained
from six to eight random areas for each sample to
reduce sampling bias. More than 3000 SEM images were
captured from the 57 thin sections.
The optical microscope and SEM photomicrographs
were segmented with a color or gray-intensity-threshold
technique to differentiate matrix (the solid) and pore
using standard image-analysis software (JMicroVision).
The software requires the appropriate blue-color
threshold to represent blue-epoxy-filled pore space
and a pixel-size limit for scaling. A single pixel size
(1 pixel ¼ 1.4814 μm; approximately 5.83 × 10−5 in)
was applied to all optical microscope photomicrographs based on 10× magnification. In contrast, a
gray-intensity threshold with black pixels representing
pore space and various pixel sizes was used for SEM
photomicrographs depending on the magnification.
The segmented pores in each photomicrograph were
measured for their pore parameters and classified into
pore-size classes. The measured pore parameters include pore area, perimeter, length, and width (Figure 3).
The pore area is calculated as the sum of the areas of

Figure 3. A schematic illustration of a pore showing measured pore parameters. The measured parameters include
the pore area (shaded gray area), perimeter (solid black line),
length (dashed black line), and width (dotted black line). The
pore area is calculated as the sum of the areas of each individual pixel within the borders of the pore. The pore perimeter
is the total length of the pore boundary. The length and width
of a pore are the maximum distance between any two points
on the perimeter of the pore parallel to the major axis and
minor axis, respectively.

individual pixels within the pore boundary. The pore
perimeter is the total length of the pore boundary.
The length and width of a pore are the maximum distance between any two points on the pore perimeter
parallel to the major and minor axes, respectively. Circularity is calculated separately. Davis (1986) and Olson
(2011) define circularity C as the degree to which the
pore is like a circle and calculate it as
rﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4πA
;
(1)
C¼
P2
where C is the circularity (dimensionless), A is the area
(L2 ), and P is the perimeter (L). Circularity ranges from
0 for an elongate pore to 1 for a perfectly circular pore.
Anselmetti et al. (1998) show that the pore shape, in this
study, called circularity, in conventional carbonates has
a strong relationship with the pore connectivity

Figure 4. Pore-size classification used in this study. The classification is based on pore width following Loucks et al. (2012)
the pore-size classification for mudrock.
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(permeability). In general, rocks with more elongate
(circularity near 0) pores tend to have higher permeability than rocks with circular pores (circularity near 1).
Pore size is a key parameter for determining pore
characteristics in a rock sample. In this study, the pores
measured from each photomicrograph were classified
into macro-, meso-, micro, nano-, and picopores, based
on their pore width following pore-size classification for
mudrock proposed by Loucks et al. (2012) (Figure 4).
The two-dimensional pore morphology (e.g., interparticle, intraparticle, and moldic) was also described
based on visual observation from optical microscope
and SEM photomicrographs. This visual observation
is an attempt to build a catalog of pore types observed
in the Mid-Continent Mississippian Limestone.
Results and discussion
Lithofacies and sequence-stratigraphic framework
Seventeen lithofacies (Figures 5, 6, 7, and 8) were
identified based on their grain types, texture, and bioturbation (Table 1). Based on the vertical succession of
lithofacies, the interval consists of 29 relatively high-frequency cycles that are 0.3–30.5 m (1–100 ft) thick (Figure 9), and 24 of 29 cycles are asymmetric with thicker
regressive phases than transgressive phases. The relatively high-frequency cycles stack to form three lower
order depositional sequences (Figures 9 and 10) that
are bounded by erosional surfaces, intervals of brecciated lithofacies, or both. The sequence-stratigraphic
framework of the Mississippian interval was estab-

lished by using the interpreted idealized vertical stacking of lithofacies. The exact time intervals (orders) for
the sequence-stratigraphic framework cannot be determined because biostratigraphic data are not available.
Sequence 1 contains approximately 6.7 m (22 ft) of
shale (lithofacies 16) and approximately 12 m (38 ft) of
shaly claystone (lithofacies 17) (Figure 9). The basal sequence boundary (SB) was not observed in core. It is
interpreted as the contact with the underlying Woodford Shale and exhibits a relatively high gamma-ray response (>190 API). The upper boundary of sequence 1
is an erosional surface (Figure 11a).
Sequence 2 has a total thickness of approximately
81 m (268 ft) and consists of glauconitic sandstone
(lithofacies 15), argillaceous spiculitic mudstonewackestone (lithofacies 14), spiculitic mudstonewackestone (lithofacies 13), intraclast spiculitic mudstone (lithofacies 12), and brecciated spiculitic mudstone (lithofacies 11). The basal unit of sequence 2 is
glauconite sandstone that was deposited on top of
the sequence 1 erosional surface. The sequence is
capped by the erosional surface (Figure 11b).
Sequence 3 is approximately 62 m (200 ft) thick and
consists of bioturbated mudstone-wackestone (lithofacies 10), bioturbated skeletal peloidal packstone-grainstone (lithofacies 9), skeletal peloidal packstonegrainstone (lithofacies 8), nodular packstone-grainstone
(lithofacies 7), bedded skeletal peloidal packstone-grainstone (lithofacies 6), splotchy packstone-grainstone (lithofacies 5), skeletal grainstone (lithofacies 4), skeletal

Figure 5. Photographs of core-based lithofacies in the Mississippian interval of the Devon Energy 1–7 SWD Frieouf well. (a) Chert
breccia in a greenish shale matrix. (b) Chert breccia showing severely compacted clasts. (c) Skeletal mudstone-wackestone showing lenticular/flaser features (possibly spicule) and cross bedding. (d) Skeletal grainstone. Note the presence of the fracture filled
by possibly calcite and pressure solution feature. (e) Splotchy packstone-grainstone. (f) Bedded skeletal packstone-grainstone.
Note the presence of scour surface, stylolite, and possibly hardgrounds. (g) Nodular packstone-grainstone showing common silicareplacement nodules. Note that the nodule shapes are irregular. (h) Skeletal peloidal packstone-grainstone. Scale bar ¼ 5 cm.
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Figure 6. Photographs of core-based lithofacies in the Mississippian interval of Devon Energy 1–7 SWD Frieouf well (continued).
(a) Bioturbated skeletal-peloidal packstone-grainstone. Note the centimeter-size skolithos (black line). (b) Bioturbated mudstonewackestone and brecciated spiculitic mudstone, where most clasts are intact suggesting in situ deformation. (c) Intraclast mudstone-wackestone. (d) Spiculitic mudstone-wackestone with deformed lenticular/flaser features. (e) Argillaceous spiculitic mudstone-wackestone. Note the moderate fracture associated with this lithofacies. (f) Glauconitic sandstone deposited on top of a
scour surface. (g) Shale. (h) Shaly claystone showing very faintly fissile structure. Scale bar ¼ 5 cm.

Figure 7. Thin-section photomicrographs of lithofacies: (a) Chert breccia in a greenish shale matrix showing microcrystalline
quartz replacing grains and matrix and creating vuggy porosity. (b) Chert breccia showing calcite and microcrystalline quartz.
(c) Skeletal mudstone-wackestone showing predominant microcrystalline-quartz replacing grain and matrix. The cross-cutting
relationship indicates that silica replacement took place before fracturing and calcite filling. (d) Skeletal grainstone showing bryozoan with moldic pores after skeletal, calcite (cal), and dolomite (dol). (e) Splotchy packstone-grainstone showing extensive alteration of grains and matrix into microcrystalline quartz (white color). (f) Bedded skeletal peloidal packstone-grainstone showing
microcrystalline quartz, vuggy pores, peloids, and unidentified skeletal grains.
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Figure 8. Thin-section photomicrographs of identified lithofacies (continued): (a) Bedded skeletal peloidal packstone-grainstone.
Note oil-filling vuggy pores and microcrystalline quartz. (b) Nodular packstone-grainstone with predominantly calcite cement (cal)
and dolomite rhombic crystals (black arrow). Note the presence of the oil-filling fracture. (c) Bioturbated skeletal peloidal packstone-grainstone. Note the presence of the vuggy pore due to the dissolution of grains. (d) Bioturbated mudstone-wackestone with
mainly lime-mud, quartz grains (white-color grains), and glauconite grains (yellow arrow). (e) Spiculitic mudstone-wackestone.
Note that the bioturbations show a textural contrast between the filling (darker color) and the surrounding sediment, and note the
presence of the isolated bright area with sponge spicules. (f) Argillaceous spiculitic mudstone-wackestone. Note the presence of
glauconite grain and monaxon sponge spicules.

Table 1. Summary of key characteristics that distinguish each identified lithofacies in the core used in this study.
No.
1

2

3

4

5

Lithofacies

Texture/grain types

Characteristics and associated
features

Chert breccia in
Bryozoan, brachipod, Matrix- and clast-supported. Clasts
greenish shale crinoid, sponge spicules, with partial alteration. Stylolite.
matrix
microcrystalline quartz, Grain-suture contact. Poikilotopic
calcite cement. Saddle dolomite,
pyrite, and Fe-rich
dedolomitization.
nodules
Grain-supported. Grain suture
Chert breccia
Bryozoan, brachiopod,
peloids, microcrystalline contacts. Stylolite. Clasts with partial
alteration. Fractured clasts.
quartz, dolomite
Poikilotopic calcite cements. Saddle
crystals, and pyrite
dolomite. Calcite-filled fractures.
Oil-filled fractures.
Massive, cross bedding, parallel
Brachiopods, crinoids,
Skeletal
lamination, and flaser/lenticular.
sponge spicules,
mudstoneDolomite and calcite cements.
microcrystalline quartz,
wackestone
Dedolomitization.
and nodules
Skeletal
Bryozoan, brachipod, Massive, laminated, or wavy to wispy
grainstone
crinoid, pyrite, and
laminated. Saddle dolomite.
nodules
Splotchy
packstonegrainstone

Blotchy texture. Peloids,
skeletal grains,
mircocrystalline quartz,
quartz, dolomite
rhombic crystals, and
pyrite

Cross lamination

Color

Depositional
environment

Very light gray, white,
light gray, yellowish
gray, and greenish gray

Inner ramp

Light gray, very light
gray, white, and dark
gray

Inner ramp

Medium gray, dark gray,
yellowish gray, nodule:
white, dark gray

Lagoon

Light olive gray,
yellowish gray, white,
medium gray, and dark
gray
Light gray and medium
gray

Inner ramp

Inner ramp
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Table 1. Summary of key characteristics that distinguish each identified lithofacies in the core used in this study.
(continued)
No.

Lithofacies

Texture/grain types

Characteristics and associated
features

Color

Depositional
environment

6

Bedded skeletal
peloidal
packstonegrainstone

Local splotchy texture.
Peloids, skeletal grains
(brachiopods, crinoids),
chalcedony,
microcrystalline quartz,
quartz grains, and
dolomite crystals

Dusky yellowish brown,
light olive gray

Inner ramp

7

Nodular
packstonegrainstone

Irregular shape nodules,
dolomite crystals,
Disintegrated skeletal
grains (? brachiopod),
and pyrite

Medium gray, light olive
gray, dusky yellowish
brown, white, and very
light gray

Inner ramp

8

Skeletal peloidal
packstonegrainstone

Local mottled texture.
Peloids, ? brachiopods,
and quartz grains

Blotchy texture. Peloids,
Bioturbated
skeletal peloidal ? brachiopod, nodules,
quartz, microcrystalline
packstonequartz, glauconite, and
grainstone
pyrite

Medium gray, light gray,
light olive gray, bluish
white, and light olive
gray
Yellowish gray, light
gray, medium gray, and
dark gray

Inner ramp

9

Parallel lamination, cross bedding,
wavy bedded to wispy laminated,
and ragged or wavy to convoluted
boundaries. Shrinkage crack feature.
Calcite cement and saddle dolomite.
Grains suture contact. Saddledolomite-filled fractures. Oil-filled
fractures. Oil- or microcrystallinequartz -filled vuggy porosity.
Microcrystalline dolomite rimming
vuggy pores.
Wispy laminated to draped around
nodules. Anastomosing bedded.
Convoluted nodules. Nodules with
partial alteration. Shrinkage crack
feature on the nodules. Nodular
suture contact. Quartz-filled vuggy
porosity. Oil-stained. Calcite cement.
Convoluted bedded to wavy bedded.
Micritization. Calcite cements. Grainsuture contact. Calcite-filled
fractures. Oil stained.
Milli- to centimeters glossifungites
and skolithos. Irregular to
discontinuous wavy lamination.
Calcite-filled fractures. Open
fractures. Oil stained. Calcite and
poikilotopic cements.
Local silica replacement. Closed
fracture. Silica-filled vuggy pores.

10
11
12

Bioturbated
mudstonewackestone
Brecciated
spiculitic
mudstone
Intraclast
spiculitic
mudstone

13

Spiculitic
mudstonewackestone

14

Argillaceous
spiculitic
mudstonewackestone

15
16

Glauconitic
sandstone
Shale

17

Shaly claystone

Flecky texture
In situ-deformed clasts
Intraclasts (irregularly
nonskeletal grains or
broken down chert
clasts)
Monaxon sponge
spicules, brachipod,
crinoids, glauconite,
pyrite, dolomite crystals,
microcrystalline quartz,
and chalcedony

Structureless. Matrix to grain
supported. Uniformly fragmented
and disrupted nature of the clasts.
Structureless. Poorly Sorted. Matrix
supported. Oil stained.

Lenticular/Flaser spicules. Parallel
laminations and wispy laminations.
Millimeters bioturbation (planolites,
thallasinoides, cruziana, chondrites,
and zoophycos). Glauconite-filled
burrow. Diagenetic fronts. Closed
fractures; some are filled by
microcrystalline quartz, chalcedony,
or calcite cement. Stylolite. Saddle
dolomite and Poikolotopic calcite
cement.
Differentiated from facies 13 by
Monaxon sponge
spicules, brachipod, diversity and quantity of trace fossil,
crinoids, glauconite, and gamma-ray response. Lenticular/
pyrite, dolomite crystals, flaser spicules. Parallel laminations
microcrystalline quartz, and wispy laminations. Bioturbation
(planolites, thallasinoides, cruziana,
and chalcedony
chondrites, and zoophycos).
Glauconite-filled burrow. Diagenetic
fronts. Closed fracture, some are
filled by microcrystalline quartz,
chalcedony, or calcite cement.
Stylolite. Saddle dolomite and
Poikolotopic calcite cement.
Glauconite and quartz
Structureless. Glauconite-filled
burrow.
Unidentifiable grains Structureless, local very thin parallel
rare
lamination. Fissile.
Intraclasts and pyrite
Structureless to locally laminated.
Local darker blebs (? bioturbation).
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Middle ramp

Medium gray, dark gray,
and white

Outer ramp

Light olive gray

Inner ramp

Light olive gray

Inner ramp

Light gray, light olive
gray

Light gray, light olive
gray

Outer to
middle ramp

Greenish gray

Basinal

Dark gray and black

Basinal

Dark gray, light gray,
greenish gray, light
brownish gray

Basinal

mudstone-wackestone (lithofacies 3), chert breccia (lithofacies 2), and chert breccia in greenish shale matrix
(lithofacies 1). Trace fossils (e.g., skolithos, planolites,
chondrites, thalassinoides, and teichichnus) are commonly observed in bioturbated and splotchy lithofacies.
The upper interval of sequence 3 consists of mudstone to

packstone and grainstone with abundant skeletal grains
(e.g., crinoids and bryozoans). The uppermost part of
this sequence is chert breccia in a greenish shale matrix
(Figures 5a and 11c), a weathered chert breccia that possibly marks the major unconformity between the Mississippian and Pennsylvanian periods.

Figure 9. Devon Energy 1–7 SWD Frieouf well core lithofacies, properties, and cycles. The Mississippian strata in this well consist
of three sequences. The high-order sequence-stratigraphic framework is based on lithofacies stacking patterns. See Figure 10 for
the lithofacies key. Note that the higher reservoir quality is associated with the upper intervals of upward-shoaling high-order
cycles (black arrows on porosity and permeability tracks). TVDSS, true vertical depth subsea; BI, bioturbation index; Phi
(DIA), digital-image analysis calculated porosity; Phi (core), laboratory-measured core porosity; K, permeability; RT10, shallow
resistivity; RT90, deep resistivity; NPHI, neutron porosity; RHOB, bulk density; GR, gamma ray; and DTC, P-wave traveltime.
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Sequence 1 has only two basinal lithofacies that were
eroded. Therefore, an idealized stacking pattern for sequence 1 cannot be established. The idealized vertical
stacking pattern for sequences 2 and 3 was established
based on the relative spatial distribution of lithofacies
observed within the sequences. Sequences 1 and 2
represent an overall shallowing-upward interval (Figure 10). Sequence 2 has 11 higher frequency cycles with
three thick regressive cycles exceeding 18.2 m (60 ft)
each. The thick cycles suggest a relatively moderate
to high-amplitude relative sea-level oscillation in sequence 2. Sequence 3 has 18 higher frequency cycles
with boundaries that are mainly minor unconformities
with associated thin in situ breccias.
Depositional model
For each sequence, a generic carbonate ramp model
is assumed to place lithofacies in their relative spatial
positions (i.e., inner-, middle-, outer-ramp, and basinal
environments; Figure 12). Placement of the lithofacies

is guided by their grain size, texture, sedimentary structure, skeletal content, and degree and type of bioturbation (see Table 1 and Figure 12). Lithofacies 16 (shale)
and 17 (shaly claystone) of sequence 1 are interpreted to
have been deposited under quiet-water conditions below
the fair-weather wave base in a basinal environment. The
relatively low bioturbation and abundance of sponge
spicules in lithofacies 13 (spiculitic mudstone wackestone) and 14 (argillaceous spiculitic mudston wackestone) within sequence 2 suggest that deposition
occurred under more restricted conditions. Franseen
(2006) suggests that the abundance of sponge spicules
may also reflect in-place accumulation where sponges
thrived due to conditions inhibiting other biota (e.g.,
salinity, elevated silica and nutrients, cooler water
temperatures). Similarly, Mazzullo et al. (2009) suggest
the spiculitic-rich rocks represent a time when the
Anadarko shelf was suppressed due to silica poisoning
of seawater and upwelling within a geographically
restricted area.
The abundance of skeletal grains and the high degree
of bioturbation in sequence 3 suggests that deposition
occurred in relatively shallow water under a normal
marine condition. Sedimentary structures including
cross bedding, parallel laminations, and wavy laminations are rare. The presence of scoured surfaces, locally
preserved cross bedding, and skeletal fragments is
indicative of fluctuating energy conditions.
Pore-system characteristics
Image analysis was performed using 57 optical microscope photomicrographs and 3171 SEM photomicro-

Figure 10. Core legend, idealized shallowing-upward lithofacies succession for sequences 2 and 3 in the Mississippian
strata, and lithofacies color codes. The sequences are identified based on the presence of erosional surface or an interval
of brecciated lithofacies. Note that there is no idealized stacking pattern for sequence 1 due to the limited presence of lithofacies (only shale and shaly claystone lithofacies are
observed within sequence 1). The blue triangle represents
the relative sea level rise (transgressive — T), and the red
triangle represents the relative sea level fall (regressive — R).

Figure 11. Example of observed SB in the Devon Energy
1–7 SWD Frieouf well. The SB features include (a and b)
erosional surface (dashed black line) and (c) brecciation.

T1010 Interpretation / November 2018

Downloaded from https://pubs.geoscienceworld.org/interpretation/article-pdf/6/4/T1001/4588479/int-2017-0204.1.pdf
by University of Oklahoma user

graphs, and a total of 913,327 pores were identified,
measured, and analyzed. The types of pores consisted
of 682,143 nanopores, 188,535 micropores, and
42,649 mesopores (Figure 13). In addition to pore type,
the key parameters that were measured included the
pore area, perimeter, length, width, and circularity. Table 2 shows laboratory-measured properties (porosity
and permeability) and a statistical summary of data obtained from DIA organized by lithofacies.
Pore types

Pore types in Mississippian carbonate and chert
deposits range from simple to complex shapes and origins. Pores were formed by a combination of depositional and diagenetic processes such as compaction,
dissolution, shrinkage, or dolomitization. Pore types for
each lithofacies are summarized in Table 3. Most of the
pores observed in this study (Figures 14, 15, and 16) are
intraparticle (Figure 14a–14f) and interparticle
(Figure 14g and 14h) pores with some nonfabric selective pores including vuggy (Figure 14i), channel (Figure 14j), and microfractures (Figure 14k). Most pores
appear to have been enlarged through dissolution.
The crystal-form pore is similar to the dissolution-rim
pore of Loucks et al. (2012) and the shrinkage pore of
Vanden Berg and Grammer (2016). The pores within
crystals are defined as void spaces within a well-defined
crystal. A microfracture within a crystal pore is defined
as a highly elongated void space within a well-defined
crystal. The microfracture within a crystal is possibly
associated with fractures and/or dissolution along dolomite-crystal cleavage. The intercrystalline pores within
pyrite framboid, crystal-form pores, pores within crystal, microfracture within crystal, particle-rim pores, and
moldic pores as observed in the 2D SEM photomicrographs appear to be open. However, Vanden Berg
and Grammer (2016) observe a complex internal architecture in many of the interparticle pores caused by

Figure 12. Schematic diagram showing a generic carbonate
ramp depositional model for the Mississippian strata in Grant
County, Oklahoma, especially during deposition of sequences
1–3. Sequence 1 contains shaly claystone (17) and shale (16).
Sequence 2 consists of glauconitic sandstone (15), argillaceous
spiculitic mudstone-wackestone (14), spiculitic mudstonewackestone (13), intraclast spiculitic mudstone (12), and brecciated spiculitic mudstone (11). Sequence 3 consists of bioturbated mudstone-wackestone (10), bioturbated skeletal peloidal
packstone-grainstone (9), skeletal peloidal packstone-grainstone (8), nodular packstone-grainstone (7), bedded skeletal
peloidal packstone-grainstone (6), splotchy packstone-grainstone (5), skeletal grainstone (4), skeletal mudstone-wackestone (3), chert breccia (2), and chert breccia in a greenish
shale matrix (1). Note that the breccia lithofacies (1, 2, and 11)
are not placed in the model because breccia can occur in inner
to outer ramps depending on the relative sea-level change. Lithofacies are spatially distributed within their sequences based on
grain size, texture, sedimentary structure, degree, and type of
bioturbation.

Figure 13. Histogram of measured pores from >3100 SEM
and 57 thin-section photomicrographs. Note that the pores
are primarily nanopores (1 nm < width < 1 μm) with secondary mesopores (1 μm < width < 62.5 μm) and minor mesopores (62.5 μm < width < 4 mm).
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1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

4786.75
4792.4
4794.95
4804.95
4807.1
4814.75
4820.4
4823.1
4824.85
4834.8
4844.75
4854.8
4858.9
4864.85
4874.8
4877.15
4885.15
4894.95
4904.95
4914.85
4917.7
4924.65
4931.35
4935.25
4943.95
4953.55
4975
4984.95
4996.4
5005.3
5014.9
5025.35

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

6.22
0.17
0.13
0.08
0.00
0.12
0.00
7.15
3.14
0.17
0.93
0.07
0.06
0.05
0.00
0.00
0.00
0.06
0.51
0.14
0.77
0.00
1.92
12.52
0.00
0.00
3.31
0.06
0.00
0.00
0.00
0.00

12.55
1.29
1.78
4.11
7.53
2.04
9.21
9.95
14.49
11.01
21.51
21.83
2.77
13.25
4.72
4.98
5.05
7.54
9.83
5.80
10.22
1.74
8.47
7.30
7.90
9.23
6.37
11.27
5.39
3.27
3.22
1.33

2.50
2.32
1.79
2.29
1.40
0.65
0.96
0.81
1.96
1.70
1.00
0.93
0.41
0.89
1.12
1.78
0.72
2.01
1.72
0.50
1.37
1.83
0.61
0.62
1.11
1.63
0.64
1.74
1.29
0.47
2.47
1.28

No Sample Macropore Mesopore Micropore Nanopore
depth (ft)
(%)
(%)
(%)
(%)
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Number of
macropore
7890
163
164
47
0
1
0
9855
6379
502
1926
201
176
216
3
7
19
58
988
269
1713
1
5538
2779
0
0
3592
192
0
0
0
0

Number of
mesopore
20,393
1168
1231
2262
499
190
320
31,320
20,786
4728
13,614
4325
1748
5724
578
668
1472
1163
5834
2158
9423
321
29,490
374
146
4440
9507
1697
592
203
1100
210

Number of
micropore
21,456
28,349
29,235
41,689
13,624
10,495
94,391
25,784
23,619
40,780
49,149
19,323
506
10,864
2676
3311
4478
9156
8958
2232
3755
5982
1911
2509
13,964
35,608
1618
4287
4495
2512
11,146
2838

49,739
29,680
30,630
43,998
14,123
10,686
94,711
66,959
50,784
46,010
64,689
23,849
2430
16,804
3257
3986
5969
10,377
15,780
4659
14,891
6304
36,939
5662
14,110
40,048
14,717
6176
5087
2715
12,246
3048

21.27
3.78
3.70
6.48
8.93
2.81
10.17
17.91
19.59
12.88
23.44
22.83
3.24
14.19
5.84
6.76
5.77
9.61
12.06
6.44
12.36
3.57
11.00
20.44
9.01
10.86
10.32
13.07
6.68
3.74
5.69
2.61

19.30
2.70
2.34
6.15
3.36
1.67
9.42
17.00
20.38
13.66
24.50
23.26
2.16
10.94
6.60
6.94
6.74
6.14
12.45
5.03
9.77
2.66
10.38
19.60
8.64
12.48
8.54
13.53
5.44
3.20
2.77
0.84

0.766
0.0064
0.0037
0.218
N/A
0.122
0.086
4.44
0.85
0.689
9.41
7.2
0.0027
0.214
0.0026
0.012
0.0035
0.245
1.38
0.59
1.23
0.0023
0.04
80.2
0.185
0.416
0.11
0.049
0.012
0.0004
0.0042
0.0004

1
1
4
2
3
3
9
9
9
9
9
9
8
9
9
9
9
5
7
6
6
6
6
6
6
7
2
13
13
13
13
13

Number of Total number DIA
Core Permeability Lithofacies
nanopore
of pores porosity porosity air (mD)

Table 2. Summary of data obtained from DIA and laboratory measured properties including porosity and permeability for all 57 samples in the
Mississippian interval of the Devon Energy 1-7 SWD Frieouf well.
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No Sample Macropore Mesopore Micropore Nanopore
depth (ft)
(%)
(%)
(%)
(%)
33 5034.45
0.00
0.00
1.90
1.37
34 5045.5
0.00
0.00
3.45
1.65
35 5053.9
0.00
0.00
3.49
1.74
36 5063.8
0.00
0.00
2.45
1.18
37 5074.9
0.00
0.00
4.96
0.83
38 5084.95
0.00
0.00
3.98
1.37
39
5095
0.00
0.00
5.14
0.73
40
5105
0.00
0.00
5.48
0.69
41 5115.2
0.00
1.93
3.03
1.04
42
5125
0.00
0.00
1.09
0.20
43 5135.2
0.00
0.00
5.12
0.62
44 5144.85
0.00
0.00
4.71
0.65
45 5154.75
0.00
0.00
6.41
0.82
46 5165.15
0.00
0.00
4.25
0.48
47 5175.1
0.00
0.00
5.85
1.15
48
5185
0.00
0.00
0.41
0.98
49 5195.6
0.00
0.00
1.50
1.61
50 5205.15
0.00
0.00
2.76
1.45
51 5215.5
0.00
0.00
1.10
1.17
52 5225.15
0.00
0.00
1.40
1.80
53 5234.75
0.00
0.00
1.21
1.25
54 5245.15
0.00
0.00
2.13
1.51
55 5255.2
0.00
0.00
5.44
1.49
56 5265.15
0.00
0.00
4.74
2.06
57 5275.15
0.00
0.00
5.19
1.81

Number of
macropore
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Number of
mesopore
0
0
0
0
0
0
0
0
2
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Number of
micropore
260
219
468
263
336
494
712
351
1056
879
290
330
245
407
1145
91
185
270
124
653
268
199
402
496
708

Number of Total number DIA
Core Permeability Lithofacies
nanopore
of pores porosity porosity air (mD)
1974
2234
3.27
1.49
0.0002
13
5625
5844
5.10
2.06
0.0005
13
8666
9134
5.23
0.61
0.0003
13
2810
3073
3.63
0.52
0.0002
13
6543
6879
5.79
3.87
0.0007
13
8109
8603
5.35
3.83
0.0006
13
37,253
37,965
5.87
0.59
0.0001
13
2753
3104
6.17
5.68
0.0008
14
11,037
12,095
6.00
3.17
0.0003
14
9313
10,192
1.29
0.63
0.0005
14
1599
1889
5.74
3.84
0.0002
14
2141
2471
5.36
3.69
0.0001
14
1300
1545
7.23
7.29
0.0083
14
1866
2273
4.73
2.71
N/A
14
7519
8664
7.00
6.20
0.0018
14
2042
2133
1.39
0.75
N/A
13
4687
4872
3.11
0.77
0.0001
13
2486
2756
4.21
0.64
0.0001
13
1827
1951
2.27
0.74
0.0002
13
10,492
11,145
3.20
0.57
0.0002
13
3461
3729
2.46
0.67
0.0002
13
2143
2342
3.64
0.72
0.0002
13
4748
5150
6.93
5.60
0.0009
14
4050
4546
6.80
7.05
0.0003
10
6999
7707
7.00
3.98
0.0007
10

Table 2. Summary of data obtained from DIA and laboratory measured properties including porosity and permeability for all 57 samples in the Mississippian
interval of the Devon Energy 1-7 SWD Frieouf well. (continued)

Table 3. Pore types identified in 12 lithofacies that have their thin section and SEM photomicrographs available in
this study.
Lithofacies no.
1
2
3
4
5
6
7
8
9
10
11

12

Lithofacies

Pore types

Chert breccia in greenish shale Interparticle (pores between grains or crystals), microfracture, intraparticle
matrix
(pore within crystals, particle-rim pores), vuggy, and channel.
Chert breccia
Fracture, microfracture, vuggy, intraparticle (pores within crystals), and
interparticle.
Skeletal mudstoneMicrofracture, interparticle, vuggy, intraparticle (pores within crystals, moldic
wackestone
after crystals, and particle-rim pores).
Skeletal grainstone
Vuggy, moldic, microfracture, intraparticle (particle-rim pore), and interparticle
(pores between grains).
Splotchy packstone-grainstone Interparticle (pore between crystals or grains), vuggy, intraparticle (particle-rim
pores), and microfracture.
Bedded skeletal peloidal
Interparticle (crystal between grains or crystals), intraparticle (pore within
packstone-grainstone
crystals, crystal-form pores), vuggy, and microfracture.
Nodular packstone-grainstone Microfracture, intraparticle (pore within crystals), vuggy, and interparticle (pore
between crystals or grains).
Skeletal peloidal packstoneIntraparticle (crystal-form pores), microfracture, vuggy, and interparticle (pore
grainstone
between crystals).
Bioturbated skeletal peloidal Intraparticle (crystal-form pores, particle-rim pores), microfracture, vuggy, and
packstone-grainstone
interparticle.
Bioturbated mudstoneIntraparticle (intercrystalline pore within pyrite framboid, pore within grains,
wackestone
crystal-form pores), vuggy, and interparticle (pores between crystals or grains).
Spiculitic mudstoneMicrofracture, channel, intraparticle (intercrystalline pore within pyrite
wackestone
framboid, crystal-form pores, particle-rim pore, microfractures within crystals,
moldic pores after crystals, ), vuggy, and interparticle (pores between crystals or
grains).
Argillaceous spiculitic
Microfracture, vuggy, intraparticle (pore within crystals, moldic pores after
mudstone-wackestone
crystals), and interparticle (pore between grains or crystals).

Figure 14. Schematic diagram of the carbonate pore types observed in this study. Intraparticle pores include (a) intercrystalline pores
within pyrite framboid vuggy pore, (b) crystal-form pore channel pore, (c) particle-rim
pore, (d) moldic pores after crystals/skeletals,
(e) pores within crystals, and (f) microfracture
within crystals. Intraparticle pores include
(g) pores between crystals and (h) pores between grains. Nonfabric-selective pores include
(i) vuggy, (j) channel, and (k) microfracture.
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calcite or dolomite crystals growth from the pore wall
into the pore space and/or precipitation of clay minerals
on the pore wall or filling the pore space. This complexity of the internal complex architecture might occlude
the connectivity of the pore. Therefore, their contribution to permeability and fluid flow is assumed to be negligible.
Image-based porosity measurement

Porosity based on DIA, measured as the sum of all
pore areas divided by total image area, reveals that lithofacies 13 (spiculitic mudstone-wackestone) and 1

(chert breccia in greenish shale matrix) have the lowest
and highest porosity (for a single sample) at 1.86% and
24.20%, respectively. The smallest pore area is
0.0004 μm2 (nanopore) in lithofacies 9 (bioturbated
skeletal peloidal packstone-grainstone), and the largest
pore area is 2;261;479 μm2 (macropore) in lithofacies 1
(chert breccia in greenish shale matrix).
Although the overall comparison of DIA and laboratory-measured core porosity (Figure 17) reveals a positive correlation (R2 ¼ 0.94), it was observed that DIA
porosity of lithofacies 13 (spiculitic mudstone-wackestone) and 14 (argillaceous spiculitic mudstone-wackestone) tends to have values somewhat
greater
than
laboratory-measured
porosity. The greater DIA porosity values might be due to (1) image-analysis
statistical bias, (2) subjectivity in selecting color or gray intensity threshold,
(3) plucking of grains during thin-section polishing, and (4) helium porosimetry
measurements
of
effective
porosity compared with the total porosity from DIA. In this study, the latter reason is hypothesized as the cause. The
difference between DIA and laboratory-measured porosity suggests that
3%–20% of the pores were possibly inaccessible to helium during the laboratory
measurement and indicates the presence of predominantly isolated nanopores, particularly in lithofacies 13
(spiculitic mudstone-wackestone) and
14 (argillaceous spiculitic mudstonewackestone).
Pore circularity and its relationship to
permeability

Figure 15. Example SEM photomicrographs of common pore types. (a) Interparticle pore between dolomite crystals, channel, vuggy, and intraparticle pores
(crystal-form pores and intercrystalline within pyrite framboid). Note that the
dolomite crystals have a variety of polygon shapes. (b) Interparticle (pore within
dolomite crystals), intraparticle (microfracture within crystals), and vuggy
pores. (c) Microfracture and intraparticle pores (pore within crystals). (d) Vuggy
pores in bedded skeletal peloidal packstone-grainstone. The vuggy pores have a
large range in size (nano- to mesopore sizes). (e) Intraparticle (moldic pore after
crystal) and interparticle pores (pore between crystals). (f) Skeletal mudstonepackstone with predominantly intraparticle (particle-rim pores).

Pore circularity of 57 samples is
highly variable, ranging from 0.30 to
0.65 with an average of 0.52, indicating
that the Mississippian rocks have variable pore shapes that range from slightly
elongated to slightly circular. The relationship between average pore circularity and laboratory-measured core
permeability is indeterminate based on
the scattered data (Figure 18). This result contrasts the previous study in conventional carbonates by Anselmetti
et al. (1998), in which pore circularity
is an indication of pore connectivity
and more elongated pores tend to have
better permeability than more circular
pores. The real reasons for the poor relationship between the average pore circularity and permeability are unknown
and require further investigation using
other analysis methods (e.g., 3D image
analysis, mercury injection capillary
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pressure [MICP], or NMR). Vanden Berg
and Grammer (2016) propose that it
might be attributed to the complex internal pore network, unconnected microfracture network, and the presence of
pore-throat cementation or isolated
pores that hinder fluid-flow pathways.
Pore-size distribution

Figure 16. The SEM photomicrographs showing two examples of extracted
pores and their parameters. (a) A sample with crystal-form pore, vuggy, and interparticle. Extracted pore 1 has a more circular shape (circularity 0.4) compared to pore 2 (circularity 0.1). (a) A sample showing predominantly vuggy
and interparticle pores. Pore 3 is also an example of pore with circularity of
0.1. Note, pores with relatively lower circularity can have variety of shapes (from
elongated to amorphous shapes).

Figure 17. Comparison of porosity values obtained from core-plug helium porosimetry (laboratory-measured core porosity) and DIA porosity. A positive relationship (R2 ¼ 0.94) is apparent. Data are from thin sections for 12 lithofacies:
1. Chert breccia in greenish shale matrix, 2. chert breccia, 3. skeletal mudstonewackestone, 4. skeletal grainstone, 5. splotchy packstone-grainstone, 6. bedded
skeletal peloidal packstone-grainstone, 7. nodular packstone-grainstone, 8. skeletal peloidal packstone-grainstone, 9. bioturbated skeletal peloidal packstonegrainstone, 10. bioturbated mudstone-wackestone, 13. spiculitic mudstonewackestone, and 14. argillaceous spiculitic mudstone-wackestone. Note that
fine-grained dominated lithofacies 13 (spiculitic mudstone-wackestone) and
14 (argillaceous spiculitic mudstone-wackestone) tend to deviate from ideal correlation. The variation might be attributed to the difference between the effective
porosity from core-based laboratory measurements and the total porosity from
DIA; whereas in laboratory-measured core porosity, the dominant nanopores in
mud-dominated lithofacies are not accessible to helium.
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The pore-size distribution can be
depicted using a variety of graphical
methods. In this study, the pore-size distribution of each sample is alternatively
plotted as a probability percentage in
which the pore width (x-axis) is compared to the percentage of pores in the
sample that has a width greater than a
given width (y-axis) (Figure 19). The plot
provides for simple identification of
pore-size classes, dominant pore-size
class, quantitative percentage of a pore
size class, and the approximate minimum
and maximum pore size (see the black
arrows in Figure 19a). On the pore-size
distribution plot, the data (red line) are
divided into pore-size classes (colored regions on plot) with each pore-size class
represented by straight-line segments
(the black line in Figure 19a and the
black and orange lines in Figure 19b).
For each straight-line segment, the
(A) slope and (B) probability range
(range in y-values, %) are obtained. In
Figure 19a, the data show that the probability range for nanopores is 60%–100%,
or approximately 40% of measured pores
are nanopores with porosity of 2.50%
(see the purple and green lines in
Figure 19a).
The line-segment slopes for pore-size
classes of two samples are compared in
Figure 19b. For example, the straightline segment representing nanopores
of sample B (the solid orange line)
has a steeper slope compared to sample
A (the solid black line). This indicates
that sample B has a greater quantity
of nanopores compared to sample A
and a greater number of smaller nanopores than in sample A. Therefore,
sample B has lower nanoporosity
(ϕnano ¼ 2.32%) compared to sample A
(ϕnano ¼ 2.50%). Additionally, the line
segment representing mesopores of
sample A (the dashed black line) has
a similar slope to sample B (the dashed
orange line) but a higher probability (yvalue) indicating that sample A has a
greater quantity of mesopores and

higher mesoporosity (ϕmeso ¼ 6.22%) compared to sample B (ϕmeso ¼ 0.17%).
The pore-size class slope and probability range
(y-values) for samples can be compared and analyzed as
follows: (1) An equal slope and greater probability indicates higher porosity, (2) an equal slope but lower probability indicates lower porosity, (3) a steeper slope and
greater probability indicates a greater quantity of smaller
pores and lower porosity, (4) a gentler slope and lower
probability indicates a greater quantity of larger pores
and higher porosity, and (5) a slope near zero indicates
that there are few pores for that pore-size class.
Pore-size distributions from 57 samples for each
lithofacies (Figure 20) show complex pore-size distributions with a minimum pore size <0.02 μm and predominantly nanopores and micropores. The quantitative data
show that most samples of lithofacies 1, 2, 4, 5, 6, 7, 8,
and 9, which are coarse-grained lithofacies, generally
exhibit a wider spectrum of pore sizes ranging from
nano- to mesopores. These variable pore-size distributions could be the result of the complex diagenetic history of the Mississippian strata. Lithofacies 3, 10, 13,
and 14, fine-grained lithofacies, mainly have bimodal

Figure 18. Crossplot of average pore circularity versus laboratory-measured core permeability. Circularity is defined as
the degree to which the pore is similar to a circle. Data are
color coded based on lithofacies, including 1. Chert breccia
in greenish shale matrix, 2. chert breccia, 3. skeletal mudstone-wackestone, 4. skeletal grainstone, 5. splotchy packstone-grainstone, 6. bedded skeletal peloidal packstonegrainstone, 7. nodular packstone-grainstone, 8. skeletal peloidal packstone-grainstone, 9. bioturbated skeletal peloidal
packstone-grainstone, 10. bioturbated mudstone-wackestone,
13. spiculitic mudstone-wackestone, and 14. argillaceous spiculitic mudstone-wackestone. Note that the data show an indeterminate relationship. The poor relationship is possibly
due to the complex internal pore network, cemented pore
throats, or the presence of isolated pores.

Figure 19. Example of pore-size distribution plot for samples
A and B. The pore-size distribution is plotted as a probability
percentage in which the pore width (micron) (in the x-axis) is
compared with the percentage of pores in the sample that has
a width greater than a given width (%) (in the y-axis). Straightline segments (e.g., solid black, solid orange, dashed black,
and dashed orange lines) represent each pore-size class. The
plot provides simple identification of pore-size classes, dominant pore-size class, quantitative percentage of a pore class,
and the approximate minimum and maximum pore size (black
arrows). Data (the red line of part a) are divided into pore-size
classes (colored regions on the plot) with each pore-size class
represented by straight-line segments (the black line in part a
and the black and orange lines in part b). For each straightline segment, the (a) slope and (b) probability range (range in
y-values, %) are obtained. In part (a), the data show that the
probability range for nanopores is 60%–100% or approximately
40% of measured pores are nanopores with porosity of 2.50%
(the purple and green lines in part a). (b) The line-segment
slopes for pore-size classes of two samples are compared in
part (b). For example, the straight-line segment representing
nanopores of sample B (the orange solid line) has a steeper
slope as compared with sample A (solid black line). This indicates that sample B has a greater quantity of nanopores
compared to sample A and a greater number of smaller
nanopores than in sample A. Therefore, sample B has lower
nano-porosity (ϕnano ¼ 2.32%) compared to sample A
(ϕnano ¼ 2.50%). Additionally, the line segment representing
mesopores of sample A (the dashed black line) has a similar
slope to sample B (the dashed orange line), but a higher probability (y-value) indicating that sample A has a greater quantity of mesopores and higher mesoporosity (ϕmeso ¼ 6.22%)
compared to sample B (ϕmeso ¼ 0.17%).
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pore-size distributions with a significant proportion of
nanopores and therefore have a relatively lower DIA
total porosity.
These observations suggest that there is a clear primary textural control on the pore-size distribution of
two lithofacies groups; coarse-grained lithofacies that
occur mainly within sequence 3 have a more variable
pore-size distribution, and the fine-grained lithofacies
of sequences 2 and 3 are more uniform in terms of
pore-size distribution.
Porosity, permeability, and lithofacies
Based on laboratory-measured core porosity and
permeability, only lithofacies 6, 9, 13, and 14 have
well-defined
porosity-permeability
relationships
(Figure 21). The highest core-measured porosity and
permeability is in lithofacies 6 (bedded skeletal peloidal
packstone-grainstone) at 19.60% porosity and 80.2 mD
air permeability. The second highest core-measured

porosity and permeability is in lithofacies 9 at 24.50%
porosity and 9.41 mD air permeability. Lithofacies 13
(spiculitic mudstone-wackestone) and 14 (argillaceous
spiculitic mudstone-wackestone) have the lowest and
consistent air permeability ranging from 0.0001 to
0.049 mD with porosity varying from 0.52% to 13.53%.
A comparison of lithofacies 6, 9, 13, and 14 supports
a typical porosity-permeability relationship that coarsegrained lithofacies (lithofacies 6 and 9) tend to be more
permeable for a given porosity than fine-grained lithofacies (lithofacies 13 and 14). The porosity-permeability
transforms for these four lithofacies can be written as
•

•

•

Lithofacies 6 (bedded skeletal peloidal packstonegrainstone): k ¼ 0.0028e0.5041ɸ R2 ¼ 0.70.
Lithofacies 9 (bioturbated skeletal peloidal packstone-grainstone): k ¼ 0.0005 e0.4918ɸ R2 ¼ 0.94.
Lithofacies 13 (spiculitic mudstone-wackestone):
k ¼ 0.0002 e0.4762ɸ R2 ¼ 0.78.

Figure 20. Pore-size distribution plots for 12 lithofacies including (1) chert breccia in greenish shale matrix, (2) chert breccia, (3)
skeletal mudstone-wackestone, (4) skeletal grainstone, (5) splotchy packstone-grainstone, (6) bedded skeletal peloidal packstonegrainstone, (7) nodular packstone-grainstone, (8) skeletal peloidal packstone-grainstone, (9) bioturbated skeletal peloidal packstone-grainstone, (10) bioturbated mudstone-wackestone, (13) spiculitic mudstone-wackestone, and (14) argillaceous spiculitic
mudstone-wackestone. Note that fine-grained lithofacies 3, 10, 13, and 14 have predominantly nanopores and micropores, whereas
coarse-grained lithofacies 1, 2, 4, 5, 6, 7, 8, and 9 have a variable pore-size distribution ranging from nanopores to mesopores.
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•

Lithofacies 14 (argillaceous spiculitic mudstonewackestone): k ¼ 0.00009 e0.4332ɸ R2 ¼ 0.46.

Where k is the permeability (mD) and ɸ is the laboratory-measured core porosity (effective porosity) (%).
The poor relationship between porosity and permeability of lithofacies 14 (argillaceous spiculitic mudstonewackestone) is likely due to clay particles as indicated
by the relatively high gamma-ray response (Figure 9).
Lithofacies 1, 2, 3, 4, 5, 7, 8, and 10 have undefined
relationships between porosity and permeability. This
indeterminate correlation is due to limited data. Hypothetically, if there are MICP, sonic velocity (V P and V S ),
and more core porosity and permeability data available,
one can calculate the pore-structure index (γ μ ) and integrate it with core data to improve the accuracy of permeability prediction using porosity. This integration
approach has been proven successful to work in conventional carbonate (e.g., Dou et al., 2011; Huang et al.,
2017)

Figure 21. Plot of laboratory-measured core porosity versus
laboratory-measured core permeability for 12 lithofacies including 1. chert breccia in greenish shale matrix, 2. chert breccia, 3. skeletal mudstone-wackestone, 4. skeletal grainstone,
5. splotchy packstone-grainstone, 6. bedded skeletal peloidal
packstone-grainstone, 7. nodular packstone-grainstone, 8.
skeletal peloidal packstone-grainstone, 9. bioturbated skeletal
peloidal packstone-grainstone, 10. bioturbated mudstonewackestone, 13. spiculitic mudstone-wackestone, and 14.
argillaceous spiculitic mudstone-wackestone. Exponential
trend lines of lithofacies 6, 9, 13, and 14 show a reasonable
positive correlation between laboratory-measured core porosity and permeability. Lithofacies 13 and 15 are fine-grained
lithofacies, whereas lithofacies 5 and 9 are coarse-grained lithofacies. Note the poor relationship between the porosity and
permeability of lithofacies 14 (R2 ¼ 0.46). This might be attributed to the presence of clay as indicated by the relatively high
gamma-ray responses (Figure 9).

Porosity, permeability, and sequence-stratigraphic framework
The Mid-Continent Mississippian interval of this
study contains 29 relatively high-frequency cycles that
are 0.3–30.5 m (1–100 ft) thick and stack to form three
lower order depositional sequences (Figures 9 and 10).
Predicting reservoir-quality distribution in this stratum
is challenging due to the complexity of the pore systems
and diagenesis. There are no clear relationships between reservoir quality (porosity and permeability)
and fracture density or percentage of specific minerals
such as quartz, calcite, and dolomite. Detailed examination shows that the porosity and permeability are most
predictively controlled by stratigraphic cycles and lithofacies; therefore, the sequence stratigraphy could be
used as a predictable model for reservoir quality and
distribution. A predictable vertical distribution of
porosity and permeability is identified in the cycles
and reveals that the high reservoir quality in the MidContinent Mississippian strata appears to be associated
with high-frequency upward-shoaling regressive cycles
(Figure 9). This finding agrees with previous studies
(Wittman, 2013; Birch, 2015; Vanden Berg and
Grammer, 2016), which also observed that the highest
reservoir quality occurs at the tops of upward-shoaling
regressive cycles. However, unlike the Mississippianage rocks in Osage County, east of the Nemaha Ridge
(e.g., Vanden Berg and Grammer, 2016), there is no evidence of hydrothermal brecciation increasing porosity
and permeability value in the core of this study.

Conclusion
The Mississippian limestone and chert reservoirs of
north-central Oklahoma in the core of this study exhibit
pore characteristics that vary considerably with lithofacies and stratigraphy. The observed pore characteristics, including pore area, circularity, and pore-size
distribution, show unique relationships with the
core porosity, permeability, and lithofacies within a
sequence-stratigraphic framework.
There are at least 17 lithofacies and 29 relatively
high-frequency cycles (and three lower order depositional sequences) documented for the Mississippian Limestone of this study. The high-frequency cycles range in
thickness from 0.3 to 30.5 m (1–100 ft) and are primarily
represented as asymmetric regressive phases.
A generic carbonate ramp model is used to place identified lithofacies in their relative depositional positions
spatially. The result shows that sequence 1 was deposited under quiet-water conditions below the fairweather wave base in the basinal environment. The relatively low bioturbation and abundance of sponge spicules within sequence 2 are consistent with deposition
under more restricted conditions. The abundance of
skeletal grains and the high degree of bioturbation in sequence 3 correlates to deposition in relatively shallow
water under a normal-marine condition. The presence
of scoured surfaces, locally preserved cross bedding,
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and skeletal fragments indicate fluctuating energy conditions.
A positive correlation (R2 ¼ 0.94) is observed between porosity from DIA and laboratory core measurements with values from DIA yielding relatively higher
values, specifically in fine-grained lithofacies. The
porosity value discrepancy in the fine-grained lithofacies (bioturbated mudstone wackestone, spiculitic
mudstone wackestone, and argillaceous spiculitic mudstone wackestone) is hypothesized as a result of the
present of isolated nanopores that are not accessible
by helium during laboratory measurement of core effective porosity. Additionally, unlike the conventional carbonates, there is an insignificant correlation between
pore circularity and permeability. This low correlation
is hypothesized to be related to a complex internal pore
network that is not revealed by DIA using 2D optical
and SEM photomicrographs. To prove these hypotheses
of intensive diagenetic alteration that occluded porethroat flow paths, an unconnected microfracture network, and isolated pores requires 3D image analysis
or other analytical methods (e.g., MICP and NMR).
Also, unlike the conventional carbonate, there is no
general correlation between porosity and permeability
in the Mid-Continent Mississippian interval of the core
in this study. Only four identified lithofacies, including
skeletal peloidal packstone-grainstone, bedded skeletal
peloidal packstone-grainstone, spiculitic mudstonewackestone, and argillaceous spiculitic mudstonewackestone, have a positive strong correlation between
porosity and permeability. The Mississippian-aged rocks
in this study are also different than Mississippian Lime in
the east of the Nemaha Ridge because there are only a
few streaks of high-porosity and high-permeability rocks
in the core of this study. These rocks often occurred at
the upper intervals of relatively high-frequency shallowing-upward cycles. This finding agrees with previous
studies, which also observed the occurrence of the highest reservoir quality at the tops of upward-shoaling regressive cycles, and it confirmed that the sequencestratigraphic variability of the lithofacies is important
to predict reservoir quality and its distribution.
This study proposed an alternative graphical method
to represent and analyze the pore-size distribution. The
pore-size distribution is plotted as a probability percentage in which the pore width (x-axis) is compared with
the percentage of pores in the sample that has a width
greater than a given width (y-axis). The plot offers simple identification of pore-size classes, the quantitative
percentage of a pore-size class, dominant pore class,
and approximate minimum and maximum pore size.
The line-segment slopes and probability range for
pore-size classes of each sample in a plot also provide
an unique opportunity to compare pore-size distribution
as follows: (1) An equal slope and greater probability
indicates higher porosity, (2) an equal slope but lower
probability indicates lower porosity, (3) a steeper slope
and greater probability indicates a greater quantity of
smaller pores and lower porosity, (4) a gentler slope

and lower probability indicates a greater quantity of
larger pores and higher porosity, and (5) a slope near
zero indicates that there are few pores for that pore-size
class. The plot of pore-size distributions from 57 samples shows that coarse-grained lithofacies within the
uppermost depositional sequence of the Mississippian
have a more variable pore-size distribution, whereas
fine-grained lithofacies tend to exhibit a more uniform
pore-size distribution. These observations show that
there is a clear primary textural control on the pore-size
distribution of two lithofacies groups: coarse-grained
lithofacies that occur mainly within sequence 3 and
the fine-grained lithofacies within sequence 2.
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