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Abstract 
 
The Mid-Continent Mississippian Limestone is an unconventional carbonate reservoir with different scales of mineralogical, lithological, and 
petrophysical heterogeneity. A complex depositional and diagenetic history of the Mississippian Limestone has resulted in a variety of 
lithofacies and a pore system with different shapes, pore sizes, and pore-size distribution. The heterogeneous lithofacies and pore-system 
properties play a significant role in controlling reservoir distribution, fluid storage, connectivity of the pores, and fluid flow in a reservoir. 
Despite its scientific and economical potential, little information on lithofacies and pore-structure characteristics of the Mid-Continent 
Mississippian Limestone in the state of Oklahoma is currently available.   
  
This study focuses on lithofacies and pore-structure analysis of the Mid-Continent Mississippian Limestone from integrated core and digital 
image analysis. The Mississippian Limestone represents a distally-steepened ramp where seventeen (17) lithofacies ranging from mud-
dominated to grain-dominated and chert breccia lithofacies were deposited. Multi-scale 2-D pore-structure characterization using digital-image 
analysis (DIA) reveals that the majority of pores in the Mississippian Limestone are within the nanopore (1 nm2 < A < 62.5 μm2) to micropore 
(62.5 μm2 < A < 500 μm2) classification size. General pore types consist of interparticle and intraparticle, vuggy, channel, matrix, and micro-
fracture pores. DIA-porosity quantification yields a reliable result to predict porosity in several lithofacies. However, for mud-dominated 
lithofacies, DIA-porosity quantification results in a relatively higher porosity as compare to core-measured porosity. Relationships among 
several pore parameters such as pore shape, pore size, circularity, convexity, and solidity with the petrophysical properties are also investigated 
in the Mississippian unconventional carbonate reservoir. 

http://www.searchanddiscovery.com/documents/2017/80598suriamin/ndx_suriamin.pdf
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1. Abstract
The Mid-continent Mississippian limestone and chert reservoirs are unconventional 
reservoirs with different scales of mineralogical, lithological, and petrophysical 
heterogeneity. A complex depositional and diagenetic history of the Mississippian 
limestone and chert reservoirs have resulted in a variety of lithofacies and a pore system 
with different shapes, pore sizes, and pore-size distribution. The heterogeneous 
lithofacies and pore-system properties play a significant role in controlling reservoir 
distribution, fluid storage, connectivity of the pores, and fluid flow in a reservoir. Despite 
its scientific and economical potential, little information on lithofacies and 
pore-structure characteristics of the Mid-Continent Mississippian limestone and chert 
reservoirs in the state of Oklahoma is currently available. 

 This study focuses on lithofacies and pore-structure analysis of the Mid-Continent 
Mississippian limestone and chert reservoirs from integrated core and digital-image 
analysis. The Mississippian limestone and chert reservoirs represents a 
distally-steepened ramp where seventeen (17) lithofacies ranging from mud-dominated 
to grain-dominated and chert breccia lithofacies were deposited. 

 Multiscale 2-D pore-structure characterization using digital-image analysis (DIA) 
reveals that the majority of pores in the Mississippian limestone and chert reservoirs are 
within the nanopore (1 nm2 < A < 62.5 μm2) to micropore (62.5 μm2 < A < 500 μm2) 
classification size. General pore types consist of interparticle and intraparticle, vuggy, 
channel, and microfracture pores. DIA-porosity quantification yields a reliable result to 
predict porosity in several lithofacies. However, for mud-dominated lithofacies, 
DIA-porosity quantification results in a relatively higher porosity as compare to 
core-measured porosity. 

Relationships among several pore parameters such as pore shape (circularity) and pore 
size with the petrophysical properties are also investigated in the Mississippian 
unconventional reservoirs. Overall, quantitative data show positive correlation between 
porosity and permeability for lithofacies 5, 9, 13, and 15. On the contrary, relationships 
between pore circularity and  and porosity permeability are to indeterminate due to 
unrevealed internal pore network, intensive diagenetic alteration, unconnected 
microfracture network, and isolated pores. 

2. Objectives
The areas of focus for this research are:

1. to identify lithofacies of the Mid-Continent Mississippian strata in the study area.
2. to document pore types and their descriptive classification in the Mid-Continent
unconventional reservoirs that are dominantly low porosity (<10%) and low 
permeability (< 1 mD). 
3. to describe pore structure quantitatively based on key paramaters measured from
digital image analysis of photomicrographs captured using an optical microscope (OM) 
and a scanning microscope electron (SEM).
4. to investigate fundamental relationships between quantitative pore-structure data,
porosity, permeability, and their associated lithofacies in unconventional Mississippian 
limestone and chert reservoirs that has proven reservoir quality.

Figure 3. Subcrop map of northern Oklahoma and southern Kansas. Grant County is outlined in 
red. Erosion has removed significant portions of the Mississippian rocks, especially to the 
north. In an ideal stratigraphy section,  Kinderhookian, Meramecian, Osagean, and Chesterian 
units would all be present. In this study area, only Kinderhookian and Meramecian series are 
present.

Modified from Nissen et al., 2004
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Figure.4. Regional base map showing the major tectonic and basinal features of Oklahoma and Kansas. 
The study area of Grant County is marked in red and the well is labelled as red star. It lies on the 
southwest edge of the Anadarko Ramp that progrades to the south. The Nemaha Uplift is the tectonic 
feature with the largest imprint on the geology in the study area. It is the most likely contributor to the 
subaerial exposure and unconformities seen in the Mississippian interval.

Modified after Dutton, 1984; McConnel, 1989; Campbell et al., 1988; Northcutt and 
Campbell, 1995; Johnson and Luza, 2008; LoCriccho, 2012 

37° 37°
103°

103°

102°

102°

101°

101°

100°

100°

99°

99°

98°

98°

97°

97°

96°

96° 95°

35° 35°

36° 36°

34° 34°

RAMP

ANADARKO  BASIN

PLATFORM

OZARK
UPLIFT

ARKOMA  BASIN

OUACHITA
UPLIFT

UPLIFT
HOLLIS-HARDEMAN  

MARIETTA 

ARDMORE 

NEMAHA 
UPLIFT

ARBUCKLE

BASIN

 BASIN

BASIN

CIMARRON

PUSHMATAHA

TEXAS BEAVER HARPER
WOODS

WOODWARD

ALFALFA GRANT

MAJOR
GARFIELD

NOBLE

KAY

ELLIS

DEWEY

BLAINE
KINGFISHER

LOGAN

PAYNE

PAWNEE

OSAGE

LINCOLN

CREEK

TULSA

W
A

SH
IN

G
TO

N NOWATA

ROGERS

CRAIG

OTTAWA

D
E

LA
W

A
R

E

WAGONER CHEROKEE

ADAIR

SEQUOYAH

HASKELL

LE FLORE
LATIMERPITTSBURG

OKMULGEE MUSKOGEE

OKFUSKEE

SE
M

IN
O

LE

HUGHES

POTTAWATOMIE

OKLAHOMA

CLEVELAND

CANADIAN

M
cC

LA
INGRADY

CADDO

CUSTER

WASHITA

KIOWA

ROGER
MILLS

BECKHAM

GREER

JACKSON

HARMON

TILLMAN

COMANCHE

COTTON

STEPHENS

JEFFERSON

CARTER

LOVE

GARVIN

MURRAY

JOHNSTON

MARSHALL

BRYAN

PONTOTOC
COAL

ATOKA

CHOCTAW

McCURTAIN

MAYES

McINTOSH

UPLIFT

N

HEMPHILL

WHEELER

ROBERTS

LIPSCOMB
SHERMAN

DALLAM

HUTCHINSONMOOREHARTLEY

OLDHAM POTTER CARSON GRAY

COLLINGSWORTH
DONLEYARMSTRONGRANDALLDEAFSMITH

PARMER CASTRO SWISHER BRISCOE HALL CHILDRESS

AMARILLO

WICHITA 

BRAVO
DOME

Fault System

Mountain

HANSFORD

View

OCHILTREE

Meers Fault

PALO DURO BASIN

DALHART

BASIN

CIMARRON ARCH /
KEYES DOME

0

80 Km0

50 Mi

Concordia

K ingman

S alina

CHEYENNE RAWLINS DECATUR

SHERMAN

THOMAS SHERIDAN GRAHAM

WALLACE LOGAN GOVE TREGO

GREELEY WICHITA SCOTT LANE NESS

HAMILTON KEARNY
FINNEY HODGEMAN

CENTRAL
KANSAS
UPLIFT

NEMAHA 
UPLIFT

HUGOTON EMBAYMENT

BOURBON ARCH

SALINA BASIN

NE
MA

HA
 U

PL
IF

T

CHEROKEE
ANADARKO

STANTON GRANT HASKELL

GRAY
FORD

MORTON STEVENS SEWARD

MEADE CLARK

COMANCHE BARBER HARPER
SUMNER

SEDGWICK

PRATT

STAFFORD

KIOWA

EDWARDS

HAMILTON

RENO

HARVEY

KINGMAN

BUTLER

GREENWOOD

ELK

COWLEY
CHAUTAUQUA

WILSON

WOODSON ALLEN BOURBON

NEOSHO
CRAWFORD

MONTGOMERY LABETTE CHEROKEE

LYON

COFFEY ANDERSON LINN

OSAGE
FRNKLIN MIAMI

CHASE
MARION

DICKINSON

MORRIS 

WABAUNSEE

ALLEN 

GEARY SHAWNEE
DOUGLAS JOHNSON

JACKSON

BROWN

ATCHISON

DONIPHAN

JEFFERSON

NEMAHAMARSHALLWASHINGTON

POTTAWATOMIE

RILEY
CLAY

LEAVEN
WORTH

GEARY

CLOUD
MITCHELL

JEWELL REPUBLIC

OTTAWA

LINCOLN

SMITHPHILLIPS

OSBORNE

RUSSELL

ROOKS

ELLIS

SALINE

ELLSWORTH

BARTON
RUSH

NORTON

RICE MCPHERSON

PAWNEE

PRATT
ANTICLINE SEDGWICK

BASIN

38°

39°

40°

38°

39°

40°
United
States

Kansas

Oklahoma

3. Geologic Setting
The Mid-Continent Mississippian Limestone and 
chert reservoirs in north-central Oklahoma was 
deposited on a carbonate ramp , which locally 
was exposed and eroded. The study area is 
located in the Anadarko ramp, the shallow ramp 
portion of the Anadarko basin, and a foreland 
basin associated with the Ouachita Orogeny. 

In the study area, the Mississippian deposits show 
high- frequency transgressive-regressive cycles 
that result in a series of shallowing-upward cycles. 
The Mississippian stratigraphy is shown in Figure 
2. The Kinderhookian consists of basal shale and
the overlying Compton and Northview 
Limestones. The Osagean deposits are mainly 
chert, limestone, dolomitic limestone, and 
dolomite that conformably overlie Kinderhookian 
beds. The Meramecian consists of Cowley 
Formation, Ritchey Limestone, and Undivided 
Meramecian unit. 

Previous studies suggest that there are three (3) 
diagenetic stages in the Mississippian Limestone: 
early silicification and dolomitization;  subaerial 
exposure diagenesis (brecciation, silica 
dissolution, and fracturing); and hydrothermal 
alteration including dolomitization and 
pyritization. 

Modified from source: http://jan.ucc.nau.edu/rcb7/nam.html
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Figure 1. Paleography map of North America during Early Mississippian 
(Kinderhookian) from Blakey (2013), location of paleoequator and physiographies from 
Gutschick and Sandberg (1983). This paleogeoraphy map shows the location of study 
area (red star) at about 25-300 south of equator.  The Mississippian limestones in this 
study area were deposited in the Anadarko ramp, the shallow ramp portion of the 
Anadarko Basin, and a foreland basin associated with the Quachita Orogeny.

N

Figure 2. Generalized stratigraphic 
column showing an ideal Mississippian 
interval in north-central Oklahoma. 
Note that there are numerous 
unconformities of various orders of 
magnitude in the Mississippian rocks.  

Modified After Mazzullo 2011, Mazzullo et al.,
2011, and Mazzullo et al., 2016
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Figure 5. Grant County map show  the location of  
well Devon Energy 1-7 SWD Frieouf (data provided 
by Devon). This Devon Energy 1-7 SWD Frieouf  core 
penetrated nearly 528 ft (161 m) of Mississippian age 
strata. Well-logs data of this well are available but not 
emphasized in this study including Gamma-Ray, 
Resistivity, Density, Neutron porosity, and acoustic 
logs.
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4. Data and Methodology
The data used in this study include Devon Energy 1-7 SWD Frieouf core that 
has penetrated nearly 528 ft (~161 m ) of Mississippian age strata, routine 
core analysis of 57 core plug samples, 57 thin sections impregnated with 
blue epoxy, 26 high resolution thin-section images (HRTSI) of selected 
samples taken using a fully automated system installed on an optical 
microcope, and 23563 environmental scanning electron microscope (SEM) 
photomicrographs taken from gold/palladium-coated thin sections. 

Figure 6. Pore Size Classification 
used in this study. 

Modified after Loucks et al., 2012
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There are three main steps to acomplish the objectives of this study. First, data acquisition 
including core description and lithofacies analysis, thin section preparation, optical 
microscope and ESEM photomicrographs acquisition. Second, Digital Image Analysis as shown 
in the schematic workflow below. Third, data integration, analysis, and investigation. 
Lithofacies were identified from a detail description of the Devon Energy 1-7 SWD Frieouf core 
and its associated thin sections. The digital images, including high resolution thin-section 
images  and ESEM photomicrographs, were manipulated and partitioned into either pore or  
solid phase using photo editing and manipulation software, as well as image processing 
software. The HRTSI images were partitioned by assigning pore phase to all pixels containing 
blue color tones that represent impregated blue epoxy. To enhance this process, ESEM 
photomicrographs were first manipulated to increase the contrast between pore and solid 
phases.  

Thin section of core
plug

2.5 cm

View in Optical Microscope
(Not to scale)

Solid/Matrix

Macropore
(1 mm2 < A < 3.14 mm2) 

Mesopore
(500 μm2 < A < 1 mm2)  Solid/Matrix

Micropore
(62.5 μm2 < A < 500 μm2) 

Nanopore
(1 nm2 < A < 62.5 μm2)  

View in ESEM
(Not to scale) 

Pore Paremeters:
a. Area (A)
b. Perimeter (P)
c. Length (L)
d. Width (W)
e. Equivalent Circular

Diameter (ECD)
g. Circularity
h. Porosity

Core Description
and

Lithofacies Analysis

DIA Analysis for
each lithofacies

and
Investigation of

relationships
between pore

parameters, porosity,
and permeability 

Figure 7. The schematic workflow showing the concept of porosity quantification using digital image analysis. The carbonate porosity is separated into macropore, mesopore, micropore, and nanopore. The Optical 
Microscope photomicrograph was used to analyze macropore and mesopore (1 mm2 < A < 3.14 mm2  and 500 μm2 < A < 1 mm2 respectively). The ESEM photomicrograph was used to quantify micropore and nanopore (62.5 μ
m2 < A < 500 μm2 and 1 nm2 < A < 62.5 μm2 respectively). The pore parameters were integrated with lithofacies from core description to investigate the relationships among pore parameters, porosity, and permeability in an 
unconventional carbonate reservoir. 



5. Result - Core Description and Lithofacies

Figure 8. Core description of well Devon Energy 1-7 SWD Frieouf. This core penetrated nearly 528 ft (~161 m) of Mississippian age strata including Kinderhookian and Meramecian 
age rocks (Cowley Formation, ? Ritchey Limestone, and Undivided Meramecian unit). Seventeen (17) lithofacies classes are observed based on detailed core description in the 
Mid-continent Mississippian Limestone including: 1. Chert breccia in greenish shale matrix; 2. Skeletal grainstone; 3. Chert breccia; 4. Skeletal mudstone-wackestone; 5. 
Bioturbated skeletal peloidal packstone-grainstone; 6. Skeletal peloidal packstone-grainstone; 7. Splotchy packstone-grainstone; 8. Nodular packstone-grainstone; 9. Bedded 
skeletal packstone-grainstone; 10. Bioturbated mudstone-wackestone; 11. Brecciated spiculitic mudstone; 12. Intraclast spiculitic mudstone; 13. Spiculitic mudstone-wackestone; 
14. Shale; 15. Argillaceous spiculitic mudstone-wackestone; 16. Glauconitic sandstone; 17. Shaly mudstone. Examples of each lithofacies characteristics are depicted in the core 
images.  Core-depth unit is measured in feet and core-image unit is measured in centimeter.
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Twelve (12) of seventeen (17) observed lithofacies are represented by their routine core analysis data 
and thin sections. However, only seven (7) lithofacies have satisfactory data to draw conclusions. 
DIA-porosity quantification generally yields a reliable result to predict porosity.  Seven lithofacies have 
a strong positive correlation between laboratoty-measured porosity and DIA porosity. Most of the 
porosity obtained from DIA, particularly for mud-dominated lithofacies, are higher as compare to 
core-measured porosity. 

Figure 13.  Comparison of porosity value 
obtained from digital-image analysis (X-axis) and 
porosity value obtained from core-plug helium 
porosimetry (Y-axis). Noted DIA porosity of 
lithofacies 13 and 15 have higher porosity values 
than laboratory-measured porosity.   

Figure 14.  Semilog graph show the porosity-permeability 
transform for the Mississippian age strata in the 
Mid-continent. Only one data point has a measured 
permeability value of 80mD.  The majority of the 
laboratory-measured porosity and permeability is less than 
20% and 10mD respectively. Grained-dominated lithofacies 
tend to have a good correlation between porosisty and 
permeability.
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Figure 12. Crossplot of average pore circularity versus 
porosity (A) and permeability (B). Data points are 
color coded based on lithofacies. Both plots show 
the overall relationship are indeterminate. The lack of 
relationship between average pore circularity and 
permeability is possibly due to complex internal pore 
network, cemented pore throat, or the present of 
isolated pore.

Figure 11. Pore size distribution for each lithofacies. Noted that lithofacies 4, 10, 13 and 15 have predominantly nanopores and minor micropores while lithofacies 9 
and 5 have relatively high mesopores in addition to nano- and micropores.  

The pores identified in this study are mainly within nanopore (1 nm2 < A < 62.5 μ
m2) to micropore (62.5 μm2 < A < 500 μm2) classification size. The major pore 
types are interparticle and intraparticle pores. Most of these pores are enlarged 
by dissolution. The interparticle pores types consist of pores between crystals 
and pores between grains. The Intraparticle consist of intercrystalline pores 
within pyrite framboid, pore within crystals, moldic pore after a crystal, and 
particle-rim pore. Some samples containing vuggy, channel, and microfracture 
pore types. Two pore types are noted in this study, one is labelled as crystal-form 
pore, and the other is labelled as microfracture within crystal. These pore types 
are categorized as intraparticle pores.  

Figure 9. Pore type classes 
(Not to scale). Spectrum of 
pore types occuring within 
unconventional carbonate 
rocks. General pore types 
consist of interparticle and 
intraparticle pores, vuggy 
pores, channel pores, matrix 
pores, and microfracture 
pores.   
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Figure 10. Example of pore observed in SEM 
photomicrographs. (A) Interparticle pore 
between dolomite crystals, channel, vuggy, 
and intraparticle pores (crystal-form pores 
and intercrystalline within pyrite framboid). 
Noted the dolomite crystals have a variety of 
polygon shapes. (B) sample contains 
interparticle (pore within dolomite crystals), 
intraparticle (microfracture within crystals), 
and vuggy pores. (C) Microfracture and 
intraparticle pores (pore within crystals). (D) 
Common vuggy and interparticle (pore

between grains) pores in bedded skeletal peloidal packstone-grainstone. The vuggy pores have a large range in size (nanometer to 
mesopore). (E) intraparticle (moldic pore after crystal) and interparticle pores. (F) Skeletal mudstone-packstone with intraparticle 
(particle-rim pores). (G) Extracted pore 1 has more circular shape (circularity 0.4) compare to pore 2 (circularity 0.1). (B) an example of 
pore with circularity of 0.1. Noted, in this samples, that pore with relatively lower circularity can have variety of shapes (from elongated 
to amorphous shapes).          

6. Result - Pore Types, Pore Morphology, Pore Size Distribution, DIA Quantitative Analysis 
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7. Summary
1. The Mid-Continent Mississippian Limestones consist of seventeen lithofacies: 1. Chert breccia 
in greenish shale matrix, 2. Skeletal grainstone, 3. Chert breccia, 4. Skeletal 
mudstone-wackestone, 5. Bioturbated skeletal peloidal packstone-grainstone, 6. Skeletal 
peloidal packstone-grainstone, 7. Splotchy packstone-grainstone, 8. Nodular 
packstone-grainstone, 9. Bedded skeletal peloidal packstone-grainstone, 10. Bioturbated 
mudstone-wackestone, 11. Brecciated spiculitic mudstone, 12. Intraclast spiculitic mudstone, 13. 
Spiculitic mudstone-wackestone, 14. Shale, 15. Argillaceous spiculitic mudstone-wackestone, 16. 
Glauconitic sandstone, and 17. Shaly mudstone. These lithofacies are interpreted to have been 
deposited in carbonate ramp system with normal to slightly restricted environment.

2. Digital Image Analysis of unconventional Mid-Continent Mississippian limestone reveals that 
the pore system is complex with pore types including vuggy, channel, matrix, and microfracture 
pores; intraparticle pores such as intercrystalline pores within pyrite framboid, crystal-form pore, 
pores within crystals, microfracture within crystals, particle-rim pores, moldic pore after crystals; 
and interparticle pores such as pores between crystals, and pores between grains. 

3. Comparison of porosity obtained from digital image analysis and laboratory measurement 
indicates a good (R2 = 0.82) correlation between DIA-based porosity values and 
laboratory-measured porosity values. However, the porosity values, in mud-dominated 
lithofacies, obtained from digital image analysis tend to yield relatively higher values in 
comparison with laboratory-measured porosity. The deviation from ideal correlation may be due 
to biased data, thresholding grayscale image, grain-plucking, and erroneous laboratory 
measurements.  

4. Pore circularity has no relationship with porosity and permeability. This lack of correlation 
might be due to the complexity of the internal pore network that is unrevealed by digital image 
analysis using 2-D optical and SEM photomicrographs, extensive alteration that occluded pore 
throat flow path, unconnected microfracture network, or the abundant of isolated pores. 

5. Pore-size distribution, plotted as probability of equivalent circular radius greater than certain 
equivalent circular radius versus equivalent circular radius, provide a simple but powerful way to 
identify pore size classes as well as comprehensive interpretations. The slope and correspond 
y-value of a fitted line in to the pore size distribution data points can be interpreted as: 1) equal 
slope but greater corresponded y-value represent greater porosity, 2) equal slope but lower 
corresponded y-value represent smaller porosity, 3) steeper slope and greater corresponded 
y-value suggest likely lower porosity and more smaller pores, 4) gentler slope and lower 
corresponded y-value indicate likely greater porosity and more bigger pore, and 5) slope equal 
to 0 means the barren of pore at certain pore-size range.

6. Lithofacies 5, 9, 13, and 15 have a generally positive correlation between porosity and 
permeability. The grain-dominated lithofacies 5 and 9 tend to be more permeable for a given 
porosity than mud-dominated lithofacies 13 and 15.
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