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ABSTRACT

This research project is aiming to assess the carbon dioxide sealing capacity of most
common seal-rocks, such as shales and non-fractured limestones, by analyzing the role
of textural and compositional parameters of those rocks.

We hypothesize that sealing capacity is controlled by textural and/or compositional pa-
rameters of caprocks. In this research, we seek to evaluate the importance of textural
and compositional parameters affecting the sealing capacity of caprocks. The conceptu-
al framework involves two testable end-member hypotheses concerning the sealing ca-
pacity of carbon dioxide reservoir caprocks.

Better understanding of the elements controlling sealing quality will advance our
knowledge regarding the sealing capacity of shales and carbonates. Due to relatively low
permeability, shale and non-fractured carbonate units are considered relatively imper-
meable formations which can retard reservoir fluid flow by forming high capillary pres-
sure. Similarly, these unites can constitute reliable seals for carbon dioxide capture and
sequestration purposes. This project is a part of the comprehensive project with the final
aim of studying the caprock sealing properties and the relationship between microscopic
and macroscopic characteristics of seal rocks in depleted gas fields of Oklahoma Pan-
handle. Through this study we examined various seal rock characteristics to infer about
their respective effects on sealing capacity in special case of replacing reservoir fluid
with super critical carbon dioxide (scCO.).

To assess the effect of textural and compositional properties on scCO-. maximum reten-
tion column height we collected 30 representative core samples in caprock formations in
three counties (Cimarron, Texas, Beaver) in Oklahoma Panhandle. Core samples were
collected from various seal formations (e.g., Cherokee, Keys, Morrowan) at different
depths. We studied the compositional and textural properties of the core samples using
several techniques. Mercury Injection Porosimetry (MIP), Scanning Electron Microsco-
py SEM, and Sedigraph measurements are used to assess the pore-throat-size distribu-
tion, sorting, texture, and grain size of the samples. Also, displacement pressure at 10%
mercury saturation (Pg) and graphically derived threshold pressure (P.) were deter-
mined by MIP technique. SEM images were used for qualitative study of the minerals
and pores texture of the core samples. Moreover, EDS (Energy Dispersive X-Ray Spec-
trometer), BET specific surface area, and Total Organic Carbon (TOC) measurements
were performed to study various parameters and their possible effects on sealing capaci-
ty of the samples.

We found that shales have the relatively higher average sealing threshold pressure (P.)
than carbonate and sandstone samples. Based on these observations, shale formations
could be considered as a promising caprock in terms of retarding scCO. flow and leak-
age into above formations. We hypothesized that certain characteristics of shales (e.g.,



fine pore size, pore size distribution, high specific surface area, and strong physical
chemical interaction between wetting phase and mineral surface) make them an effi-
cient caprock for sealing super critical CO..

We found that the displacement pressure at 10% mercury saturation could not be the
ultimate representative of the sealing capacity of the rock sample. On the other hand, we
believe that graphical method, introduced by Cranganu (2004) is a better indicator of
the true sealing capacity.

Based on statistical analysis of our samples from Oklahoma Panhandle we assessed the
effects of each group of properties (textural and compositional) on maximum supercriti-
cal CO: height that can be hold by the caprock. We conclude that there is a relatively
strong positive relationship (+.40 to +.69) between supercritical CO- column height
based on P and hard/ soft mineral content index (ratio of minerals with Mohs hardness
more than 5 over minerals with Mohs hardness less than 5) in both shales and limestone
samples. Average median pore radius and porosity display a strong negative correlation
with supercritical CO. retention column height. Also, increasing bulk density is positive-
ly correlated with the supercritical CO- retention column height. One of the most im-
portant factors affecting sealing capacity and consequently the height of supercritical
CO. column is sorting of the pore throats. We observed a strong positive correlation be-
tween pore throat sorting and height of CO. retention column, especially in shales. This
correlation could not be observed in limestone samples. It suggests that the pore throat
sorting is more controlling the sealing capacity in shales and shales with well sorted
pore throats are the most reliable lithology as seal.

We observed that Brunauer—Emmett—Teller (BET) surface area shows a very strong
correlation with CO. retention column height in limestone samples while BET surface
area did not display significant correlation in shales. Pore structure based on SEM mi-
crographs exhibits strong correlation with CO. retention column height in limestones.
Both intercrystalline and vuggy structures have negative correlations while intergranu-
lar texture has positive correlation in limestone with respect to CO. retention column
height. Textural effects observed on SEM micrographs did not show statistically signifi-
cant correlation with supercritical CO. retention column height in shale samples.

Finally, we showed that increasing hard/soft mineral index is strongly correlated with
the displacement pressure in limestone samples. Vuggy texture displays a relatively
strong and negative correlation with displacement pressure values at 10% mercury satu-
ration in shale samples.
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EXECUTIVE SUMMARY

The primary goal of this project was to investigate the factors controlling sealing capaci-
ty of the caprocks and their respective contributions to seal integrity. Better understand-
ing of the elements controlling sealing quality will advance our knowledge regarding the
sealing capacity of shales and carbonates. Due to relatively low permeability, shale and
non-fractured carbonate units are considered as relatively impermeable formations
which can retard reservoir fluid flow by forming high capillary pressure. Similarly, these
unites can constitute reliable seals for carbon dioxide capture and sequestration purpos-
es. This project is a part of the comprehensive project with the final aim of studying the
caprock sealing properties and the relationships between microscopic and macroscopic
characteristics of seal rocks in depleted gas fields of Oklahoma Panhandle. Through this
study we examined various seal rock characteristics to infer about their respective ef-
fects on sealing capacity in special case of replacing reservoir fluid with super critical
carbon dioxide (scCOs).

To assess the effect of textural and compositional properties on scCO. maximum reten-
tion column height we collected 30 representative core samples in caprock formations in
three counties (Cimarron, Texas, Beaver) in Oklahoma Panhandle. Core samples were
collected from various seal formations (e.g., Cherokee, Keys, Morrowan) at different
depths. We studied the compositional and textural properties of the core samples using
several techniques. Mercury Injection Porosimetry (MIP), Scanning Electron Microsco-
py SEM, and Sedigraph measurements were used to assess the pore-throat-size distribu-
tion, sorting, texture, and grain size of the samples. Also, displacement pressure at 10%
mercury saturation (Pg) and graphically derived threshold pressure (P.) were deter-
mined by MIP technique. SEM images were used for qualitative study of the minerals
and pores texture of the core samples. Moreover, EDS (Energy Dispersive X-Ray Spec-
trometer), specific surface area, and Total Organic Carbon (TOC) measurements were
performed to study various parameters and their possible effects on sealing capacity of
the samples.

We found that shales have the relatively higher average sealing threshold pressure (Pc)
compared to carbonates and sandstone samples. Based on these observations, shale
formations could be considered as a promising caprock in terms of retarding scCO. flow
and leakage into above formations. We hypothesized that certain characteristics of
shales (e.g., fine pore size, pore size distribution, high specific surface area, and strong
physical chemical interaction between wetting phase and mineral surface) makes them
an efficient caprock for sealing super critical CO..

Also, we tried to find out whether caprock sealing capacity is controlled by textural
and/or compositional properties. We argue that the displacement pressure at 10% mer-
cury saturation could not be the ultimate representative of the sealing capacity of the
rock sample. On the other hand, we believe that graphical method, introduced by
Cranganu (2004) is a better indicator of the true sealing capacity.

Based on statistical analysis of our samples from Oklahoma Panhandle we assessed the
effects of each group of properties (textural and compositional) on maximum supercriti-
cal CO. height that can be hold by the caprock. We conclude that there is a relatively
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strong positive relationship (+.40 to +.69) between supercritical CO. column height
based on P. and hard/ soft mineral content index (ratio of minerals with Mohs hardness
more than 5 over minerals with Mohs hardness less than 5) in both shale and limestone
samples. Average median pore radius and porosity display a strong negative correlation
with supercritical CO. retention column height. Also, increasing bulk density is in favor
of supercritical CO. retention column height. One of the most important factors affect-
ing sealing capacity and consequently the height of supercritical CO. column is sorting
of the pore throats. We observed a strong positive correlation between pore throat sort-
ing and height of CO. retention column especially in shales. This correlation could not
be observed in limestone samples. This fact suggests that the pore throat sorting is more
controlling the sealing capacity in shales than other lithologies and, consequently, shales
with well sorted pore throats are the most reliable lithology as seal.

We observed that Brunauer—Emmett—Teller (BET) surface area shows a very strong
correlation with CO. retention column height in limestone samples while BET surface
area did not show significant correlation in shales. Pore structure based on SEM micro-
graphs exhibits strong correlation with CO. retention column height in limestones. Both
intercrystalline and vuggy structures have negative correlations while intergranular tex-
ture has positive correlation in limestone with respect to CO- retention column height.
Textural effects observed on SEM micrographs did not show statistically significant cor-
relation with supercritical CO. retention column height in shale samples.

Through this research we emphasized on studying the supercritical CO. retention col-
umn height based on P. values. However, we also looked at displacement pressure val-
ues at 10% mercury saturation as an important parameter which is used frequently in
literature. We showed that increasing hard/ soft mineral index is strongly in favor of the
displacement pressure in limestone samples. Vuggy texture displays a relatively strong
and negative correlation with displacement pressure values at 10% mercury saturation
in shale samples.



REPORT DETAILS

1. Introduction

Human activity since the industrial revolution has had the effect of increasing atmos-
pheric concentration of greenhouse gases such as carbon dioxide (CO.) and methane

(CHy). The high use of fossil fuels (more than 80% of the world’s current energy con-
sumption, is foreseen to continue well into this century (IEA, 2004), and is the major
contributor to increased anthropogenic emissions of CO..

Carbon dioxide is a major compound identified as affecting the stability of the Earth’s
climate. A significant reduction in the volume of greenhouse gas emissions (mainly
CO.) to the atmosphere is a key parameter for mitigating climate change. To meet mid-
and long-term targets in reducing either CO. emissions or their intensity, various miti-
gations approaches need to be considered, foremost among them being CO. capture and
sequestration (CS), which will play an important role at least in the first half of this cen-
tury if reduction targets are to be met (IEA, 2004).

In this context, CS is the removal of CO. directly from large anthropogenic sources and
its injection and retention in geological media or in oceans for significant periods of
time (centuries to millennia). Although the oceans represent possibly the largest poten-
tial CO- sink, ocean sequestration involves issues of poorly understood physical and
chemical processes, sequestration efficiency, cost, technical feasibility, and environmen-
tal impact. In addition, ocean circulation and processes may bring to the fore legal, po-
litical, and international limitations to this technology. Thus, CO. sequestration in geo-
logical media appears to currently be the best available option for the long-term seques-
tration of CO., and indeed this option is being actively pursued in the United States
(Klara et al., 2003), but also in Canada (Benion and Bachu, 2005), northern Europe
(Forster et al., 2006) and Australia (Varma et al., 2007). Furthermore, for landlocked
regions that are major energy and power producers, such as the Ohio Valley in the Unit-
ed States or Alberta in Canada, sequestration in geological media is the best and likely
only option currently available for increasing CO. sinks. By making possible the contin-
ued use of coal as fuel for power generation, CS is a technology that contributes to the
stability and security of energy systems in North America and elsewhere, and provides a
bridge from the current fossil-fuel based energy systems to a hydrogen-based economy
for late this century (Klara et al., 2003).

Geological storage of CO., or the injection and long-term stabilization of large volumes
of CO: in the subsurface in saline aquifers, in existing hydrocarbon reservoirs (depleted
and/or underpressured), in salt caverns, or in unmineable coal seams, is one of the more
technologically advanced options available (Figure 1). Until efficient, alternative energy
options can be developed, geological storage of CO. provides a mechanism to reduce
carbon emissions significantly whilst continuing to meet the global demand for energy.



Figure 1. Potential CO, sequestration reservoirs and products (Diagram from U.S. Geological Survey
Fact Sheet 26-03, March 2003 — Online Version 1.0. http://pubs.usgs.gov/fs/fs026-03/fs026-
03.html)

Among various potential strategies designed to reduce or limit gaseous carbon produc-
tion from fossil fuel use (carbon fixation in plants, photochemical conversion, electro-
chemical storage and conversion, etc.), carbon dioxide sequestration in subsurface res-
ervoirs may be considered a viable alternative (Figure 1). In the mid-1990s, Statoil pio-
neered the first geologic storage project at Sleipner West in the North Sea. Nearly 1
MMmt CO./year is removed from natural gas and injected into a salt-water filled sand-
stone formation deep under the North Sea (Benson, 2005a). Another example is the
Weyburn reservoir (Canada), where, until 2004, 1.9 MMmt CO./year have been injected
(White et al., 2004).

Global sequestration capacity in depleted oil and gas fields is estimated between
~450,000 MMmt CO. (Benson, 2005b) and ~923,000 MMmt CO. (Moritis, 2005). De-
partment of Energy is expecting that reductions of CO. by capture and sequestration will
reach almost 5,000 MMmt CO./year by 2050 (DOE, 2005).

Injection of CO- to enhance oil recovery, seasonal underground gas storage, and pilot
projects in Norway, Canada and elsewhere demonstrate that carbon sequestration is
technically feasible. However, additional scientific challenges are raised by long-term
sequestration. An improved understanding of the petrophysics, geophysics, hydrogeol-
ogy, geochemistry, and geomechanics is needed to develop performance assessment and
screening criteria so that this technology option can be implemented safely, efficiently,
and predictably (Rudnicki and Wawersik, 1999). While there is a proven technology ca-
pable of injecting CO- in underground natural storage facilities, much care should be
taken to characterize the potential reservoirs in terms of geometric, structural, and hy-
drologic properties.

To prevent the injected CO. from leaking into adjacent layers above the storage for-
mation, the sealing pressure of a seal rock (caprock) has to be determined in order to
choose an injection pressure that ensures the differential pressure across the seal rock is
smaller than the sealing pressure or breakthrough pressure (Berg, 1975; Schowalter,
1979; Hildebrand et al., 2002, 2004; Li et al., 2005, 2006; Chiquet et al., 2007). Other-
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wise, the caprock will leak, the injected CO. will penetrate into and through seal rock,
forming a continuous gas phase in the interconnected channels, will migrate into upper
layers, and will finally escape back into atmosphere.

Investigations of gas leakage through caprocks have been reported in the literature (e.g.,
Wollenweber et al., 2007; Hildenbrand et al., 2002, 2004; Kroos et al., 1992, 2005).
Two main mechanisms have been recognized to be responsible for migrations of gases
through seal rocks into adjacent upper layers (Kroos et al., 1992): (1) molecular diffusion
through the water-saturated pore space of the seal rock and (2) pressure-driven volume
flow or compressible slow Darcy flow of a free gas phase.

Molecular diffusion is a ubiquitous but slow process that is only considered significant
in geological timescales. The slow Darcy flow involves capillary pressure phenomena
(“gas breakthrough”) and two-phase flow. This pressure-driven flow is strongly influ-
enced by the geologic and hydrodynamic conditions of the system, including the reser-
voir, the cap rock, and the overburden formations, as well as the properties of the fluids
in both the reservoir and the cap rock (Li et al., 2005). Slow Darcy flow occurs when the
pressure difference across the seal rock is sufficiently high to overcome the sealing ca-
pacity of the seal rock. In principle, the sealing capacity of a seal rock is given by the ca-
pillary forces across the interface of the wetting phase (usually brine), which saturates
the seal rock, and non-wetting phase (oil or gas), which accumulates in the reservoir. It
should be mentioned that the possible leakage of the injected CO2 may also occur
through wellbores (Wilson and Monea, 2004), but this proposal refers only to caprocks.

Caprock refers to a relatively low permeable formation overlying or sealing the fluid flow
in porous, permeable formation (reservoir). Generally, any formation can be a potential
caprock for the hydrocarbons as long as the threshold capillary pressure (Pc) of the
caprock is greater than the buoyancy pressure created by the density differences be-
tween brine and height of the hydrocarbon column. It is widely accepted that retention
of scCO., for relatively long periods of time (thousands of years) is both highly affected
and controlled by permeability (both absolute and relative) and capillary sealing capaci-
ty of caprocks.

One of the challenging steps in every CS projects is selecting a proper injection site both
in terms of seal capacity and seal integrity. Evaluation and estimate of the reservoir ca-
pacity in depleted non-fractured (single porosity-single permeability) reservoirs with
enough geophysical data (seismic and well logs) is a relatively trivial task. In fact, esti-
mating capacity of the reservoir is one of the initial stages in exploration, decision mak-
ing and production of the new hydrocarbon reservoirs. In contrast, there is usually little
or no information available regarding the seal formations in oil and gas fields. General-
ly, petroleum companies are more interested in having more information on properties
of productive formations. That’s because more data in productive units of reservoir or
additional information on petrophysical properties (i.e., permeability, porosity) will fa-
vor decision making and production plans.

On the other hand, a relatively accurate seal integrity assessment is a crucial step in eve-
ry CS project including new formations and depleted reservoirs. Since in this study we
are dealing with depleted reservoirs in Oklahoma Panhandle, we know that the seal
formations had enough sealing ability to hold hydrocarbons for long period of time (geo-
logic time). Considering the fact that caprock was tight enough to hold the gas over geo-
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logic time why it is necessary to reevaluate the caprock integrity for CS project. The an-
swer lies in the different mechanical properties of the fluid systems. Comparing interfa-
cial tension of CO./brine system and CH,/brine, the first system of fluids has much low-
er interfacial tension in comparison with latter. This will result in lower breakthrough
pressure in caprock for CO./ brine system. Considering interfacial differences, it is pos-
sible that the seal formation is not tight enough to hold scCO. at same or higher pres-
sure of the initial reservoir gas cap (CHy).

There are numerous factors affecting the sealing capacity in various ways. It is possible
to divide these factors based on different scales and prospects of operation. For in-
stance, textural and compositional parameters can be assessed in microscopic scale,
while faults, joints, and fractures systems could be studied in prospect scale. In this
study we focused on microscopic scale properties of the caprock by studying core sam-
ples. Our ultimate goal in this stage of the project is to reveal the existing correlations
between the measured parameters and the maximum supercritical CO- height that can
be held by the caprock. Mapping, characterizing, and studding the parameters affecting
the sealing capacity over macroscopic or prospect scale (fractures, joints, and faults) is
highly important. In fact, study of the fractures and other important structural features
is indispensable phase in validation and study of the potential sequestration site and
should be addressed in detail as future suggested research.

It is widely accepted that retention for relatively long periods of time (thousands of
years) of carbon dioxide sequestrated in an underground reservoir is affected and con-
trolled by permeability (both absolute and relative) and capillary sealing capacity of cap
rocks. Our project is largely focused on studying the capillary sealing capacity of most
common seal-rocks, such as shales and limestones that can represent the caprock of a
CO. sequestration reservoir. (The permeability study will be carried out later). It is hy-
pothesized that seal capacity is controlled by textural and/or compositional parameters
of caprocks.

The capillary sealing capacity of caprocks is mainly controlled by textural parameters:
(e.g., the pore-throat size, distribution, geometry, and sorting, grain size, degree of bio-
turbation, specific surface area, preferred orientation of matrix clay minerals, and orien-
tation and aspect of ratio of organic particles) and compositional parameters (e.g., silt
content, ductility, compaction, mineralogical content, proportion of soft, deformable
mineral grains to rigid grains, cementation, organic matter content, carbonate content,
and ash content) (Gruber, 1995; Krushin, 1997; Dawson and Almon, 1999; Edwards et
al., 1999; Sutton et al., 2004, 2006). Among these, pore-throat size is particularly im-
portant for estimating sealing capacity, but other parameters may also play a significant
role.

In this research we seek to differentiate between the relative importance of textural and
compositional parameters mentioned above. The conceptual framework involves two
testable end-member hypotheses concerning the sealing capacity of carbon reservoir
caprocks:

Hypothesis 1: The sealing capacity of caprocks is mainly controlled by their textural
parameters.
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Hypothesis 2: The sealing capacity of caprocks is mainly controlled by their composi-
tional parameters.

These two end-member hypotheses are not mutually exclusive, nor are they intended to
be exhaustive. For example, it may be possible to find caprocks whose sealing capacity
is due equally to both types of parameters. However, these end-member hypotheses
constitute a useful concept to approach the problem. To differentiate between these two
hypotheses, geological, petrophysical, and geochemical data have been collected and
used to constrain the predominant factor(s) of sealing capacity.

Overall, the current research will fill a gap in our national database regarding the sealing
capacity of the most known caprocks (shales and limestones), with special reference to
existing and potential carbon sequestration reservoirs. Most of the similar studies have
been carried out in other countries (Canada, Australia, or Germany).

1.1. Study area — Regional geology and stratigraphy

Our study area is represented by three depleted gas fields (Keyes, NE Rice, and S. Guy-

Figure 2. Major geologic provinces of Oklahoma (from Johnson, 2008)

Fieure 3. The three deoleted ras fields f mon) and adjacent areas from Oklahoma Panhandle
igure 5. e ree depleted gas tields rrom . . .
Oklahoma Panhandle representing our study (Cimarron, Texas, and Beaver counties) (Figure 2).

area (from Puckette, 2006) Geological information about the area draws upon on

studies by Hart et al., 1976, and Johnson, 1989 and
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2008. According to Figure 3, the three counties mentioned above are part, form west to
east, of the Dalhart Basin, the Cimarron Arch and the Anadarko Shelf with a north-
eastern extension of the Anadarko Basin.

The rocks investigated in this research are of the Upper Mississippian, Pennsylvanian,
and Permian ages (Figure 4 and Table 1).

The Upper Mississippian in our study area is represented by Chester group, dipping
from about 5,500 ft. in Keys field to about 6,500 in S. Guymon area and to about 8,500
ft. in Beaver County (Figure 4). The sediments belonging to Chester group consist main-
ly of shallow-marine limestones, cherty limestones, and shales.

The Pennsylvanian represented a period of major changes in the geology of the studied
area and surrounding regions of Oklahoma: both orogeny and subsidence in the south
concomitantly with gently raising and partial lowering of large areas in the north. Penn-
sylvanian rocks are predominantly marine shales with intercalations of sandstones,
limestones, and conglomerates.

Situated above Chester group, the Pennsylvanian beds on our area are represented by
Morrow group (mostly shales), Atoka group (mostly shales), Cherokee and Marmaton
groups (mostly shales and gypsum), Kansas City-Lansing group (mostly gypsum and
shales) and Heebner shale.

The thickness of the Pennsylvanian strata varies is on average 2,000 ft. Overlying the
Upper Mississippian, they dip from about 3,500 ft. in the west to about 8,000 ft in Bea-
ver County (Figure 4).

Overlaying the Pennsylvanian, several formations of Permian age have been identified
in Oklahoma Panhandle. Rocks of Permian age underlie all of the Oklahoma Panhandle.
These rocks thicken east-southeastward toward the center of the Anadarko basin, and
exceed 1,000 ft. throughout the area. Lithologically, the Permian beds are represented
by carbonates, red beds, and evaporates. They crop out along the Beaver and Cimarron
Rivers and their tributaries in Beaver County. The red beds consist primarily of dark-
reddish-brown rocks comprised of sandstone, siltstone, shale, and sandy shale. Most of
the sandstone is fine to very fine grained. Silt is a common constituent in both the shale
and sandstone as is halite and gypsum. Stratigraphically, the Permian sequence in the
Oklahoma Panhandle comprises Council and Chase Groups, overlain by Wellington
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formation (mainly shale), a thin layer of Cimarron anhy-

Figure 4. Oklahoma Panhandle Stratigraphy (from Puckette, 2006). The numbers represent the major seal intervals: 1 — Hen-
nessey shale; 2 -Wellington formation; 3 — Upper Morrow/Atoka shales; 4 — Lower Atoka shale; 5 — Lower Morrow shale
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drite, Hennessey shale, a thin layer of Blaine Gypsum, and Cloud Chief/White Horse
formations (Figure 4).

The Permian layers extend from above the Pennsylvanian strata up to the surface. In
some places, the Permian is covered by younger formations of Triassic age (Dockum
gypsum) or Tertiary and younger age (e.g., Ogallala aquifer formation).

1.2. Sample locations and lithology

We analyzed 30 samples selected from wells drilled in the three depleted gas fields
(Keyes, NE Rice, and S. Guymon) and adjacent areas from Oklahoma Panhandle (Ci-
marron, Texas, and Beaver counties) (Figure 5).

Oklahoma Panhandle is located in extreme north-western part of Oklahoma State, com-
prising three counties: Cimarron, Texas, and Beaver. In this research, we used 30 core
samples acquired from pre-existing wells in this region (Figure 1). It should be noted
that number of samples were recovered at different depths from the same well. Table 1
includes well head coordinates, counties, formation, sample depths and their respective
lithologic sample descriptions.

Figure 5. Blue dots indicate the location of the 30 representative core samples collected from the seal rock formations. Two
red dots indicate additional wells providing only geothermal gradient information.
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Depth of our samples ranges between 816 m — 2,067 m with mean depth of 1 510m. Bur-
ial depth has known effects on porosity and density of the rocks. In most sedimentary
basins increasing burial depth will decrease the porosity (increase in density) of the
rocks. High temperature and pressure can also reduce the permeability by improving
the ductility of the formation.

Pressure of the scCO. after injection will be determined by hydrostatic pressure which is
function of the burial depth. Similarly, temperature of the formation in subsurface is a
direct function of the depth. As it will be discussed later, formation temperature is one
of the key considerations in CS project. “Cool” formations are relatively more favorable
for sequestration purposes.

TABLE 1. Sample locations and lithologic descriptions

ID | FILE For- Depth Lat Long A

& & Well Name County mation (m) ) W) Sample Description

1 120 Ferguson-1 Texas Morrowan 1354 36.84 -101.95 | Gray MG quartz sandstone

2 277 glv(\),(]:;‘lne Plant- Beaver Cimarron 470 36.62 | -100.63 | Red FG siltstone

3 601 Shrauner-2 Beaver Marmaton 1173 36.62 -100.49 | Gray MG limestone

4 868 | Quigley 1-A Texas Purdy 1382 36.96 -101.94 | Black FG fissile shale

5 878 | Hartly-1 Texas Cherokee 1390 36.68 -101.99 | Black FG lime mudstone

6 900 | Conover-5 Cimarron Morrowan 1380 36.92 -102.21 g(%r}ll:: brown FG quartz sand-

7 1081 | Steele A-3 Cimarron Topeka 1072 36.58 | -102.03 | Pink FG mudstone

8 1461 Spence-2 Cimarron Topeka 1070 36.55 | -102.04 | White FG limestone

9 1712 Treece-1 Texas Morrowan 1536 36.65 -102.01 | Brown CG limestone

10 | 2177 Brewer-2 Texas Morrowan 1726 36.86 | -101.88 | Black FG calcareous shale

11 | 2472 | Prothro 41-34 Cimarron Topeka 1083 36.60 | -102.29 | Light gray FG limestone

12 | 2609 | Knop1-A Texas Chase 852 36.98 -101.07 | Pink FG calcareous siltstone
13 | 3088 | Dailey 1-B Texas Chester 2014 36.90 -101.46 | Black FG fissile shale

14 | 3115 | Myers1-D Texas Keyes 1995 36.90 | -101.39 gzl;ll;gray medium - CG mud-
15 | 3138 | Stonebraker 1-AP | Texas Marmaton 1792 36.72 -101.79 ;lgr}ll; gray MG sandy lime-
16 | 3141 Stonebraker AN-4 | Texas Cherokee 1909 36.74 -101.56 | Black FG fissile shale

17 | 3146 Purdy 1-A Cimarron Keyes 1406 36.97 -102.11 | Red FG lime mudstone

18 | 3149 Purdy 1-C Cimarron Morrowan 1396 36.97 | -102.09 | Dark gray FG shale

19 | 3150 Purdy 1-E Cimarron Unknown 1397 36.99 -102.11 | Black FG shale

20 | 3355 gchluckebler-Umt Cimarron Keyes 2040 36.95 | -102.05 fllliilj FG layered calcareous
21 | 3780 | Durham-1 Cimarron Cherokee 1215 36.97 -102.31 | Dark Gray FG lime mudstone

Black FG very fissile calcare-
22 | 3952 | Gabler 2-7 Beaver Chester 2067 36.73 | -100.83 ous clayey mudstone
Harri-
23 | 3979 | son&Goodwin Texas Atoka 1971 36.92 -101.05 | Black FG calcareous shale
GU-1

24 | 4157 State-1 Texas Morrowan 1828 36.73 -101.44 | Purple layered FG mudstone
25 | 4164 | State-1 Cimarron Il;gsrflssm— 1666 36.79 | -102.82 | Gray FG shale

26 | 4224 | Durham-1 Cimarron Morrowan 1386 36.66 -102.07 | Black FG shale

27 | 4211 Rowan Trust-1 Cimarron Morrowan 1367 36.66 -102.07 | Black FG calcareous shale
28 | 4226 | Sparkman-1 Cimarron Morrowan 1381 36.66 -102.13 | Black FG shale

29 | 4458 | Nash-A1 Texas Morrowan 1828 36.73 -101.44 | Pinkish white lime mudstone
30 | 4515 | Ara2-36 Texas Cherokee 1783 36.68 -101.39 | Black FG shale
CG — coarse grained; MG — medium grained; FG — fine grained
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The samples are identified as shales (13), mudstones (8), limestones (5), sandstones (2),
and siltstones (2). Sample pictures are found in Annex A. An example is presented in
Figure 8.

2. Experimental methods

2.1. Mercury Intrusion Porosimetry (MIP)

Pore systems consist of relatively large voids, or pores, distributed among smaller pas-
sages called pore throats. Pore-throat sizes and their distribution in reservoir and non-
reservoir rocks can be estimated by capillary-pressure curves derived from mercury in-
trusion porosimetry (MIP). The MIP data are obtained by forcing mercury at pressures
up to 413,685 kPa (60,000 psi) into small voids and pore throats within the rock sam-
ple. Pore throats control access to larger voids (pores) because greater pressures are re-
quired to force mercury, or other nonwetting fluid, into smaller spaces (Purcell, 1949;
Keighin, 1997). Thus pores are bottle-necks in the system, and it is necessary to exceed
their critical capillary pressure in order to inject mercury into pores. Mercury injection
pressure is increased in a stepwise manner and time for equilibration between pressure
increments is allowed. The step pressure is plotted against mercury saturation (Figure 6
and Annex A).

Figure 6. Capillary-pressure curves obtain by MIP. (P, — capillary pressure; P4 — displacement pressure measured @10% Hg
saturation)
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Figure 7. Sample #1 (120). Sample picture, MIP parameters, TOC measurements, and XRD measurements. This figure is part
of Appendix A.

The relationship between applied pressure P and the minimum size pore D into which
mercury will be forced to enter is based on Washburn equation (Washburn, 1921):

D=-4ycosf@ /P (1)

where yis the interfacial tension of mercury-air system (0.485 N/m), and &is the air-
mercury-solid contact angle (140°).

MIP technique provide data for the determination of porosity, permeability, port type,
pore distribution and pore sorting, average pore-throat radius (APR), median pore-
throat radius (MPR), maximum threshold-entry radius (MTER), and other petrophysi-
cal properties (Figure 7 and Appendix A).

We used MIP technique to analyze 30 caprock samples selected from wells drilled in the
three depleted gas fields (Keyes, NE Rice, and S. Guymon) and adjacent areas from Ok-
lahoma Panhandle (Cimarron, Texas, and Beaver counties) (Figure 5).

A significant issue regarding the measurements was determining how representative the
samples are for caprocks of the Oklahoma Panhandle. Based on production information
included in the scout cards of each well, the sampling procedure ensured that most are-
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as of interest were sampled. Major modification of many of the properties to be meas-
ured occurs during extraction and storage of core samples. The samples are not in situ,
they reside in core warehouses, and are undoubtedly desiccated and not representative
of their in situ properties. Consequently, our main concern during sampling was to se-
lect only those cores that were the freshest, thus assuring that the residing time in the
core warehouse was minimal.

Following suggestions made by other researchers (e.g., Aplin et al., eds., 1999; Yang and
Aplin, 2007) necessary corrections for effects of clay desiccation to compensate the
missing of original fluids were applied.

Before using our MIP technique, we considered alternative methods that may preserve
the original fluids in place: porous plate, vapor desorption, and centrifuge methods (e.g.,
Newsham et al., 2004; Al-Hinai et al., 2008). The major drawbacks of the aforemen-
tioned methods are their longer time of experimentation (one month for a single meas-
urement) and relatively low range of operating pressures (1000 — 1250 psi). Unlike the
porous plate technique, MIP is very fast, often requiring only hours of operation rather
than days or weeks (Newsham et al., 2004). In addition, MIP technique is capable of
generating injection pressures up to 60,000 psi and thus allows investigating low poros-
ity and low permeability rocks.

2.1.1. Petrophysical Parameters

Samples were cut from core slabs, prepared and analyzed in a Micromeritics AutoPore
9500 using the method described by Deming et al., 2002; Cranganu, 2004; Villa, 2005;
and Cranganu and Villa, 2005, 2006, and 2013.

The parameters apparent porosity, average pore-throat radius, median pore-throat ra-
dius and maximum threshold entry radius were determined according to Webb, 2001:

Apparent porosity, ® (%), is measured by capillary-pressure analysis to a pressure of
60,000 psi (~414 MPa) and is defined as:

(%) = %xloo (2)

b

where Vi is the total intrusion volume of mercury required to fill all accessible pores of
the sample and is calculated as:

Vtot = Vj (3)
Here, the jth data point (measurement step) is the first such that:
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where P;j is the head-corrected pressure as stored by the instrument.

Vb is the bulk volume of mercury at atmospheric pressure and is calculated as:
V, =V, -V (5)

where V), is user-entered volume of penetrometer and Vi, is the volume of mercury in
pene-trometer.

Average Pore-Throat Radius, APR (um). The idealized cylindrical geometry of the pore
throats in the system is a function of the radius of the cross sectional circular area of the
pore throat. This average value, expressed in microns, is calculates as follows:

APR(um) =2x i (6)

otal

where I is the total specific intrusion volume of sample and A is the total specific
pore area of sample. Both parameters are calculated by the instrument.

Median Pore-Throat Radius, MPR (um), is calculated as the arithmetic average of the
median pore radius by volume (MPRV) and the median pore radius by area (MPRA).

MPRYV is calculated as follows:

MPRV = MPRV, (7)

where MPRVy is calculated from Px (head-corrected pressure as stored), and Px is inter-
polated from Ix and the collected data. Ix is defined as:

iy
[=]
2

|

(8)

<

(=]
-

tot
W
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where Vi is defined by Equation (3) and Ws is user-entered sample weight.
MPRA is calculated as follows:
MPRA = MPRA, 9)

where MPRAL( is calculated from Pk (head-corrected pressure as stored), and Pk is in-
terpolated from Ax and the collected data. Axis defined as:

Atot (10)

A =
K2

where At is the total specific pore area.

Commonly, MPRV and MPRA differ, because the smaller pores contribute more to the
total pore surface area than do larger pores for a given increment of mercury imbibition.
Therefore, the area distributions have a tendency to shift to the smaller pore sizes where
compared to pore volume distributions (Tanguay and Friedman, 2001).

Maximum Threshold-Entry Radius, MTER (um) is the entry radius at which significant
invasion of a sample with mercury occurs (Tanguay and Friedman, 2001). The recogni-
tion of this parameter is based on a histogram (Figure 2) created with the incremental
percentage of intrusion (times 10 to emphasize the values) and the size of the pore
throat radius to which it is equivalent. MTER is the largest radius of the largest popula-
tion of ubiquitous pore-throat sizes in a sample. The peak or peaks on the histogram re-
flect the distribution of the different pore-throat radius populations in a rock sample
(Pore-Throat Size Distribution or PTD). One peak represents a unimodal distribution;
two peaks represent a bimodal distribution, and multiple peaks represent a multiple (no
mode) distribution (Figure 8).

These distributions are linked to the locations of voids in the rock and they are im-
portant in determining if one, two, or more pore-throat systems dominate the pore ge-
ometry of a geo-logic formation. In turn, this determination has consequences in recog-
nizing the presence of one significant fluid invasion (unimodal distribution), two signifi-
cant fluid invasions (bimodal distributiono, or no significant fluid invasion (no mode
distribution).

As suggested by Hartmann (pers. comm., 2005), the distributions of pore throats repre-
sented by more than one mode are due to either the sample having two different pore
throat types corresponding to laminations or to the presence of connected vugs in a mi-
crocrystalline dolomite or calcite matrix, or grainstone, where the itergranular is the
largest port size, and micritized itergranular (microcrystalline) is the smallest pore
throat size.
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Figure 8. Pore-throat size distribution (PTD): unimodal (a single significant fluid invasion), bimodal (two significant fluid inva-
sions, one at a higher pore-throat size and another at lower pore-throat size), and no mode (no significant fluid invasion is
present) (from Cranganu and Villa, 2013)

Pore-Throat Sorting, PTS, is a measure of the sorting of the sizes of the pore throats in a
sample. Measurements of PTS from intrusion capillary curves have been both qualita-
tive and quantitative. Jennings (1987) proposed the following formula for PTS:

rd . 1/2
pTS = {3 Quartile Pressure} -

1% Quartile Pressure

where the first and third-quartile pressures are obtained directly from the capillary
pressure curve and reflect the 25 and 75% mercury saturation pressures adjusted for ir-
reducible saturation. A PTS value of 1.0 represents a perfectly horizontal plateau, while
values much above 5.0 pertain to curves displaying little or no plateau development.

Hartmann and Beaumont (1999) and Tanguay and Friedman (2001) measured the sort-
ing of pore throats by visual graphic analysis of the steepness of the plateau of the capil-
lary curves. In general, a horizontal plateau indicates a well sorting of the pore throats
(Figure 9). The values used are PS - Poorly sorting; MS - Medium Sorting, and WS -
Well Sorting. According to Tanguay and Friedman (2001), well-sorted pore-throat sizes
(WS) are characterized graphically by a MTER at less than 20% mercury saturation,
along with a horizontal to sub-horizontal plateaued injection curve that has a unimodal
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pore-throat size distribution. Capillary-pressure curves of pore throats that have a
moderately sorting size distribution (MS) are generally sinusoidal in shape and have a
MTER between 10 and 40% mercury saturation. Finally, capillary-pressure curves of
pore throats that have a poorly sorted pore-throat size distribution (PS) are generally
oblique or diagonal and have little to no plateau and a poorly defined MTER.

Figure 9. Pore-throat sorting (PTS): poorly sorted (PS), medium sorted (MS), and well sorted (WS) (from Cranganu and Villa,
2013)

The significance of PTS centers on the rock’s ability to accept oil saturation. Jennings
(1987, p. 1199) described the petrophysical role of pore throat sorting in reservoir analy-
sis in these terms: “In well-sorted rocks, once a threshold buoyancy pressure is ob-
tained, oil will rap-idly saturate the porosity up to the maximum capacity. Poorly sorted
rocks require a pressure increase over a much broader range to obtain the same level of
oil saturation.”

Port Type (PT) concept was used by Coalson et al. (1985) as a link between the Pore-
Throat Radius at 35% mercury intrusion, R35 (um), values and characterization of the
pore systems by size. Pore systems in rocks are characterized by port types, which are
measurable characteristics that can represent the reservoir quality. Extending Martin et
al. (1997) classification, five petrophysical flow units with different reservoir perfor-
mances are distinguished by ranges of R35 (Figures 6 and 8, Appendix A):

Megaport — flow units are defined as having an R35 ranging above a threshold of 10 um.
Production of medium-gravity crudes can readily attain tens of thousands of barrels per
day from a megaport flow unit if zonal thickness and other factors are constant.

Macroport — flow units having slightly smaller pore throat sizes that, with all other con-
straints held constant, are capable of thousands of barrels of oil per day. These flow
units are defined as having an R35 ranging between 2 and 10 pm.
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(1) Mesoport — flow units having an R35 ranging between 0.5 — 2 um. These units
may allow only hundreds of oil day with all other factors held constant.

(2) Microport — flow units having an R35 ranging between 0.1 — 0.5 um. Although
numerous tight gas reservoirs have these R35 properties, microport flow units are
mostly non-reservoir zones. Wells with mostly microport flow units produce at best
a few barrels of oil per day on pump.

(3) Nanoport — flow units that have an R35 ranging of less than 0.1 um. The na-
noport flow units best characterize non-reservoir zones and are of far more interest
as potential seals for higher quality reservoir downdip.

The complete MIP pictures of the 30 samples analyzed in this project are found in Ap-
pendix A.

2.2. Source-Rock Analysis (SRA) and Total Organic Carbon (TOC) Experimental
Procedure

Organic carbon is simply the remnant parts of the living materials preserved in sedi-
mentary rocks through geologic time. During burial these remnants go through many
processes imposed by sedimentation process (temperature and pressure) and time.
Thermal maturation is referred to cooking process in which organic content of the rock
decomposed as result of pressure and heat and turn into oil, gas, and pure carbon. TOC
content of the rock is the most important parameter in evaluation of the source rock. Al-
so, growing demand in hydrocarbon production from unconventional reservoirs turn
this parameter into one of the most important factors in exploration and production of
the hydrocarbons. Generally organic carbon refers to kerogen with almost the same den-
sity as water. One of the differences between kerogen and oil is the fact that kerogen is
insoluble in organic solvent but oil is soluble.

Along with the mineralogical content of the rock, TOC has considerable effect on ductili-
ty of the formation. Generally, higher TOC content is in favor of the formation ductility.
Ductility is the measure of the elastic behavior of the rocks under shear stress. Ductile
formations have the ability to remain seal after tectonic deformation. Since TOC content
of the sample could have considerable effect on sealing capacity or other properties of
the caprock it is important to involve this parameter in our analysis.

The standard classification of the organic matter in sediments is based on oxygen, Car-
bon, and hydrogen content of the sample. In this method weight of the pyrolyzable or-
ganic carbon dioxide in milligrams divided by total organic content is called oxygen in-
dex (OI) while pyrolyzable hydrocarbons in milligrams divided by total organic content
is called hydrocarbon index (HI).

By cross plotting oxygen index versus hydrocarbon index it is possible to classify organic
carbon to four distinctive group of kerogen. Determining different types of the kerogen
is highly important since the type of the kerogen determines the final product that will
be produced by kerogen. The first type of the kerogen is called type I. This type of kero-
gen is hydrogen rich and has high HI index (HI> 700). Kerogen type II in relatively in-
termediate in both oxygen and hydrogen content (HI=600). In kerogen type III the HI
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index is considerably lower than previous types of kerogen. This type of kerogen mainly
derived from cellulose of the plants. Last type of kerogen is very poor in hydrogen while
it is relatively rich in oxygen content. This type of kerogen mainly produced from fungal
bodies.

Typically results of the TOC measurements are described by the number of parameters™:
TOC% - Weight percentage of organic carbon
S1 = amount of free hydrocarbons in sample (mg/g)

S2 = amount of hydrocarbons generated through thermal cracking (mg/g) provides the
quantity of hydrocarbons that the rock has the potential to produce through diagenesis.

S3 = amount of CO2 (mg of CO2/g of rock) - reflects the amount of oxygen in the oxida-
tion step.

Ro = vitrinite reflectance (%)

Tmax = the temperature at which maximum rate of generation of hydrocarbons occurs
during pyrolysis.

Calculated results include:

Hydrogen index:
Hl - 100 xS2 (12)
TOC%
Oxygen index:
100 x S3
ol = —— 1
TOC% (13)
Production index:
S1
Pl = —— 1
(SL + s2) (4)

Table 2 shows the results of the TOC measurements for all 30 samples. We used TOC
content (forth column) as the indicator of the organic carbon content in our samples.
Our ultimate goal by measuring TOC content of the samples is to understand the role of
the different organic carbon content on sealing capacity. Figure 10 is the plot of the total
organic carbon and oil potential (S2) vs. depth for all the 30 samples. Also, Figure 11
shows the variation of the hydrogen, index (left) oxygen, index (middle), and production
index (left). Figure 12 shows the scatter plot of the hydrogen index vs. maximum tem-
perature (left) and Pseudo Van Krevelen graph (right).

“Source: http://www.spec2000.net/11-vs.htoc.htm
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Figure 10. Plot of the total organic carbon (left) and oil potential (right) vs. depth for all the 30 samples.

Figure 11. Variation of the hydrogen index (left), oxygen index (middle), and production index (right) vs. depth.
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Table 2. Result of the TOC measurements for all 30samples.
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Figure 12. Plot of the hydrogen index vs. maximum temperature Tmax (left) and Pseudo Van Krevelen graph (right).

These measurements have been performed on 30 samples by Corelab in Houston, TX.
Approximately 100 mg of crushed whole-rock and un-mineralized sample are pyrolyzed
at 300°C for 3-4 minutes, followed by programmed pyrolysis at 25°C/min to 550°C, in
helium atmosphere. During pyrolysis, a Flame Ionization detector (FID) measures the
thermally distilled hydrocarbons (S1 peak). The second peak (S2), also measured by the
FID, represents the hydrocarbons generated by pyrolytic degradation of the kerogen in
the sample. The third peak (S3) represents the amount of CO2 generated during pyroly-
sis. The temperature at which the maximum amount of S2 hydrocarbons is generated is
referred to as the Tmax. Pyrolysis is followed by oxidation under air at 550-600°C. The
CO and CO2 evolved during pyrolysis and oxidation are continuously measured by an
infrared cell (IR). The units of S1 and S2 are mg HC/g rock and the units of S3 are mg
CO2/g rock.

The Hydrogen Index (HI) (mg HC/g TOC) corresponds to the quantity of pyrolyzable
organic compounds from S2 relative to the TOC in the sample. The Oxygen Index (OI)
(mg CO2/g TOC) corresponds to the quantity of CO2 from S3 relative to the TOC. The
Production Index (PI) is defined as the ratio S1/(S1 + S2).

The SRA instrument determines the amount of organic carbon by adding pyrolyzed car-
bon (PC) and residual carbon (RC). The pyrolyzed carbon is computed from: (1) the hy-
drocarbon compounds released in peaks S1 and S2, assuming that they contain about
83% of organic carbon; (2) the CO released during pyrolysis up to 500°C; and (3) the
CO2 released during pyrolysis up to 400°C. The residual carbon (S4) is measured during
oxidation. The narrow temperature ranges are chosen in such a way as to avoid interfer-
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ence by the decomposition of carbonate minerals, thus contribution of mineral carbon
to the TOC. This is important since the mineral matter in the samples is not removed by
acid treatment prior to the analysis.

The instrument is calibrated often (every 10t sample) using a calibration standard that
has a known set of parameters (TOC, S2, S3, and HI) and a blank (to allow establish a
‘baseline’). Reproducibility of the standard’s own values is critical to ensure accuracy of
the unknown sample’s pyrolysis data.

All SRA and TOC measurements are presented in Appendix B.

2.3. XRD Analyses? and Hard/Soft Index

X-rays analysis used for XRD measurements has one wavelength (they are all one “col-
or”). Normally, a sample is a few grams of powder and is packed into a holder with a flat
surface. The beam of x-rays enters the sample surface and is reflected by the very small
crystals (crystallites) in the sample. When it is reflected the single beam of x-rays is split
so the x-rays come out of the sample in several beams at different angles to the sample.
The instrument has a detector that swings around the sample as the sample itself is ro-
tated and registers the position and strength of these beams. This data is plotted by
software as strength (intensity) vs. position (angle) to give a series of “peaks” or “lines”,
which is called the diffraction pattern.

Each chemical compound or phase reflects x-rays slightly differently and so has a differ-
ent diffraction pattern. A mixture of compounds gives a pattern that is made up of the
patterns of all the individual compounds. So, to identify the compounds present in a
mixture the pattern obtained is compared to a large database of patterns. Often there
are overlapping lines so experience and judgment are important. To give a guide when
phase identification is complete the peaks are classified as major, minor or trace. XRD is
used for identification of crystalline compounds or phases. Table 3 shows the XRD
measurements with percent mineral content (e.g. Illite & Mica, Kaolinite, Chlorite,
Quartz, K-Feldspar, Plagioclase, Calcite, Dolomite, Ankerite, Hematite, Pyrite) for every
one of the 30 samples.

As suggested by Sutton et al. (2004), the ratio of the hard minerals over soft minerals
could be an important parameter controlling the sealing capacity of the caprock. Basi-
cally, we divide minerals into two groups of hard and soft minerals. Hard minerals are
the ones with the hardness of more than 5 on Mohs scale. Similarly, minerals with hard-
ness of 5 and less are considered as soft minerals. Using this definition we can define
Hard / Soft index as following ratio:

(Quartz + Orthoclase + Plagioclase + Hematite + Pyrite)
(Mica + Illite + Chlorite + Calcite + Dolomite + An ker ite + Kaolinite)

Hard / Soft =

(15)

? Practical background information can be found at LSM Analytical Services website (www.Ismanalytical.com)
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Sutton et al. (2004) showed that Hard/Soft index displayed a negative correlation with
displacement pressure Pg in shales. They suggested that the cause of negative correla-
tion might be due to the reduction of pores as result decreasing strength of the rock
structure.

Calculated H/S index for our 30 samples is shown in the last column of Table 3.

Table 3. XRD measurements for all 30 samples.
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These measurements have been performed on 30 samples by K/T GeoServices, Inc., in
Gunnison, CO. They provided mineralogy of the samples. The data submitted by lab in-
clude the tabular XRD data (weight percentage), the X-ray diffraction traces and a de-
tailed description of sample preparation and analytical procedures.

Complete data concerning XRD measurements are found in Appendix C.

2.3.1. Discussion of Terminology and Limitations

Weight percentage data from X-ray diffraction methods are considered semi-
quantitative. There are many factors affecting the results.

XRD methods can quantify crystalline material only. Organic non-crystalline material in
large concentrations can be detected but not quantified. Therefore, any organic and/or
non-crystalline material is not included in the accompanying results.

Detection limits for XRD are on the order of one to five weight percent. The detection
limits differ for each mineral species.

Mineral standards used to determine calibration factors are often different from the ac-
tual minerals analyzed. Minerals such as feldspars that undergo solid solution are espe-
cially problematic. Clay minerals are problematic for this same reason. Clay minerals
also have a wide range of crystallinities (poorly crystallized to well crystallized) which
may compound this problem.

With this method the data always sums to 100%. This means that the percentages re-
ported for each mineral are dependent upon the percentages reported for the other min-
erals. If one mineral is underestimated the others will be overestimated. Also, if one or
more minerals are present but not detected then the percentages of the minerals that are
detected will be overestimated.

Any or all of the above factors may affect the estimated weight percentages.

Data are formatted as weight percent, but are actually calculated as weight fractions.
Therefore, slight rounding errors may be observed in the formatted data.

For this analytical method, the clay fraction is defined as the <4 micron ESD (Equiva-
lent Spherical Diameter) fraction of the sample. Clay fraction does not mean clay miner-
als (phyllosilicates) only, it is a size term and as such this size fraction can and almost
always does include non-clay minerals (quartz, plagioclase, etc.). This size fraction is
used because it typically contains abundant clay minerals.

2.3.2. Clay Fraction (<4 Micron) XRD

2.3.2.1. Sample Preparation

Samples submitted for XRD analysis are first disaggregated using a mortar and pestle,
weighed, and dispersed in de-ionized water using a sonic probe. The samples are next
centrifugally size fractionated into a bulk (>4 microns) and a clay-size (<4 microns ESD)
fraction. The clay suspensions are then decanted and vacuum-deposited on nylon mem-
brane filters to produce oriented mounts. Clay mounts are attached to glass slides and
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exposed to ethylene glycol vapor for a minimum of 24 hours to aid in detection and
characterization of expandable clays. The bulk fractions of each sample are dried and
weighed in order to determine weight loss due to removal of clay-size materials.

2.3.2.2. Analytical Procedures

XRD analyses of the clay-size fractions of the samples are performed using a Siemens
D500 automated powder diffractometer equipped with a CuKa radiation source (40 Kv,
35 mA) and a solid state or scintillation detector. The air-dried and glycol-solvated ori-
ented clay mounts are analyzed over an angular range of 2-36 degrees 2 theta at a scan
rate of 1 degree/minute. Quantitative analyses of the diffraction data are done using in-
tegrated peak areas (derived from peak deconvolution / profile-fitting techniques) and
empirical reference intensity ratio (RIR) factors determined specifically for the diffrac-
tometer used for data collection. Determinations of mixed-layer clay type, ordering and
percent expandable interlayers are done by comparing experimental diffraction data
from the glycol-solvated clay aggregates with simulated one dimensional diffraction pro-
files generated using the program NEWMOD written by R. C. Reynolds.

2.4. Surface Area Measurements

Brunauer et al. (1938) proposed a method of measuring special surface area based on
adsorption. Generally, when a vapor phase (including gas) is brought into contact to sol-
id surface, a thin film of the vapor phase will attach to the external surface of the solid.
This phenomenon could be explained by the weak Van der Waals attraction force be-
tween external solid surface and adsorbate. Such property could be used to measure the
specific surface area of the porous material.

Adsorption could be measured by determining the amount of adsorbed gas over the
range of gas pressure at constant temperature (isotherm) which is usually liquid nitro-
gen temperature (777 K). Similarly, desorption is the measured of the total gas removed
by the pressure reduction. Nitrogen was used as the adsorbate phase in special surface
area measurements of our samples. It should be noted that the nitrogen is the most
common adsorbent but in some circumstances using other gases (CO., CO, Ar, O,
C4H,0) are common too.

BET is the most common method in describing specific surface area. BET equation ex-
pressed as below:
1 1 C-1P
J’_

W(RP) D) W,C W R (16)

where W is the total weight of the adsorbed gas, P/P, is the relative pressure, W, is the
monolayer adsorbed gas quantity, and Cis the BET constant. Slop (s) and intercept (7)
are found in the linear plot of the 1/[W((P,/P)-1)] versus P/P,. These parameters could
be expressed as:
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§=—— (17)
W.C
i= L (18)
.C
weight of monolayer could be described as following equation:
1
W, =— (19)
S+1

Specific surface area (S) could be expressed by total surface area (S;) divided by sample
weight.

St — Wm NACS (20)
M
S
gt (21)
W

where N is the Avogadro’s number (6.023x1023), M is the weight of adsorbate, Acsis the
adsorption cross section of the adsorbing species (for nitrogen it is 16.2x10-1°m).

Cross plot and the linear trend line of the relative pressure data versus adsorbed quanti-
ty of the gas shown in Figure 13 (left) and the relative pressure versus 1/[ W((Po/P)-1)]
(right) for the sample #1. The slop and the intercept of trend line on the right plot in
Figure 13 used in BET specific surface area calculations. Measured BET specific area for
sample #1 is 8.1997 m2/g. complete BET measurement reports are available in. Also,
Table 4 contains the summary of BET surface area for all 30 samples.

Figure 13. Cross plot and the linear trend line of the relative pressure data versus adsorbed quantity of the gas (left)
and the relative pressure versus 1/[W((P,/P)-1)] (right) for the sample #1. The slop and the intercept of the on the
right plot in Figure 13 can be used to calculate BET specific su:bface area. Complete BET measurement reports are avail-
able in Appendix D.



These measurements have been performed by Micromeritics, in Norcross, GA. The sur-
face area of 30 samples were analyzed on a Tristar 3020. This is a gas adsorption ana-
lyzer which uses the BET method to calculate an external surface area from the volume
of gas adsorption in a pressure region of 0.05 to 0.3 relative pressure. The samples
were degassed at 110 degrees C for 16 hours. If provided, one should always use the
BET surface area instead of the single point method. The repeatability and accuracy of
the method is dependent on the sample (typically better than 1 or 2%).

Appendix D contains full BET data of the 30 samples.

2.5. Grain Size Measurements

Sedimentation analysis based upon Stoke’s Law provides a convenient method for de-
termining particle size distribution (PSD). A single solid (or nonporous) sphere settling
in a fluid has a terminal settling velocity which is uniquely related to its diameter. The
SediGraph determines particle size distributions using the sedimentation method. Parti-
cle sizes could be determined by measuring the gravity-induced settling velocities of dif-
ferent size particles in a liquid with known properties. The rate at which nonporous par-
ticles fall through a liquid is described by Stokes’ Law as:

DSI = 18& (22)

\9(p,~p)

where, Ds; = Stokes’ diameter, x = fluid viscosity, ps = density of the solid, p; = density of
the liquid, V = settling velocity, and g = acceleration due to gravity. Full description of
the method is available at Micromeritics web site3. Figure 14 shows the histogram of the
particle diameter and cumulative percent for the sample #1. Considering this graph,
mean value for particle diameter is 85.757, median 71.446 and mode is 125.835. Particle

dimension analysis for all 30 samples is available in Appendix E. Also, Table 4 contains
the summery of particle size analysis for all 30 samples.

Figure 14. Particle dimension analysis histogram for sample #1. Considering this graph mean value for particle diameter is
85.757, median 71.446 and mode is 125.835. Particle dimension analysis for all 30 samples is available in Appendix E.

3 source: Micromeritics website (http://www.micromeritics.com/)
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Table 4. BET special surface area and median grain size data for all 30 samples
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The grains size measurements have been performed on 30 samples by Micromeritics, in
Norcross, GA, using a Saturn digisizer 5205. This is a laser light scattering instru-
ment. The samples were analyzed by placing the sample powder directly into the in-
strument. The samples were dispersed internally using filtered DI water containing
0.005% sodium metaphosphate. This sample and liquid mixture was probed using ul-
trasonic energy for 60 seconds prior to analysis. The mean, median, and mode are typi-
cally statistics for any Gaussian distribution. The 90, 50, 10 percentiles are the diame-
ter where 90 percent of the particle are finer than that size, 50 percent of the particles
are finer than that size, and 10 percent of the particle are finer than that size. The me-
dian and 50 percentile are by definition the same number.

2.6. SEM Analysis

Before using petrographic microscope scientists thought that in order to fully describe
and classify the rocks it is enough to just study the physical structure of them. It is been
almost two centuries ago that the advent of the petrographic microscope changed that
approach forever. Generally, geologist use petrographic microscopy to examine two di-
mensional cross section of the rock sample. This technique enables geologists to deter-
mine mineralogy by studying the transmitted light through different minerals. Using
petrographic microscope, it is possible to study rock fabric, texture, porosity, orientation
of the minerals and matrix of the rock sample.
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By introducing the SEM micrographs (details and theory could be found in Goldstein et
al., 2003) geologists were enabled to take a giant step forward and study beyond the two
dimensional analysis. By using SEM technique it is possible to look deep down at pores
and texture of the sample and identify the distribution and fabric of the grains and pore
spaces. Although this does not mean that the SEM can take over the regular microscopic
analysis, information acquired using this method could be a valuable source of comple-
mentary information along with the regular petrophysical macroscopic study.

In this study we used SEM micrographs at several magnification ranges for 28 samples.
As it was mentioned previously, we used this technique to find possible correlations be-
tween descriptive texture of the sample surface and supercritical CO. retention column
height. In order to describe and analysis the possible effects of textural characteristics
numerically, we separated three textural properties, namely, intercrystalline, intergran-
ular, and vuggy texture. It should be noted that it is not possible to describe the micro-
graphs by definite terms. In other words it is difficult to describe the sample texture just
by terms vuggy or intergranular, simply because each sample dose not only consists of
one type of texture. Instead, we proposed to describe the sample by using respective
scores of each texture characteristic, reflecting the intensity of the specific type of fabric
seen in samples. Using scores to describe qualitative parameters enables us to analysis
those characteristics quantitatively. Figure 15 shows the SEM micrographs for sample
#1 with different magnification. SEM micrographs for 28 samples are available in Ap-
pendix F. Also, Figure 16 shows the SEM micrographs for the sample #22. This sample
shows intergranular fabric with clear vuggy texture. The respective descriptive scores in
this sample is 3, 5, 1 out of 5 for granular, vuggy, intercrystalline respectively. Also, Ta-
ble 5 summarized the description scores in all 28 samples.

One should bear in mind that scores used in describing each sample are completely
based on grader observations. Therefore, the assigned descriptive scores are not accu-
rately fixed and could be changed by different examiners. This introduce significant
source of uncertainty and it should be considered in interpretation of the results. Never-
theless, since SEM micrographs are qualitative source of information this approach will
help us to assess the effects of the rock fabric on sealing capacity in quantitative fashion.
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Tables. SEM micrograph descriptions in all 30 samples.

Sample #| Rock Type | Intercrystalline | Intergranular|Vuggy
1 Sandstone 4 2 2
2 Siltstone 1 4 3
3 Limestone 4 2 1
4 Shale 1 5 1
5 Limestone 1 5 1
6 Sandstone 3 3 4
7 Limestone 5 1 3
8 Limestone NA NA NA
9 Limestone 1 3 5
10 Shale 2 5 1
11 Limestone 2 5 1
12 Limestone 3 3 3
13 Shale 1 4 3
14 Limestone 4 1 4
15 Limestone 5 3 3
16 Shale 1 4 2
17 Limestone 2 4 2
18 Shale 2 4 2
19 Shale 2 4 1
20 Shale 2 4 1
21 Limestone 1 3 4
22 Mudstone 1 3 5
23 Shale 1 4 1
24 Limestone 1 4 2
25 Shale 1 3 3
26 Shale 2 4 2
27 Shale 1 3 3
28 Shale 1 3 2
29 Limestone 1 4 3
30 Shale NA NA NA
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Figure 15. SEM micrographs of sample #1. The texture of this sample is mainly intergranular but some vuggs are visible. We
describe the texture this sample as intercrystalline with some vuggs. Descriptive scores of 2 out of 5 for granular, 2 out of 5
to vuggy, and 4 out of 5 to intercrystalline were assigned to this sample.
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Figure 16. SEM micrographs of the sample #22. The texture of this sample is mainly intergranular with clear vuggs. We de-
scribe this sample as vuggy/ intercrystalline. Descriptive scores in this sample were assigned as following 3, 5, 1 out of 5 for
granular, vuggy, intercrystalline, respectively.
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2.7. EDS Analysis

Sealing capacity of the formation is highly affected by rock type. Parameters like porosi-
ty, permeability, and ductility controls directly by lithology. Thus, careful mineral iden-
tification in core samples is highly important. One of the common techniques used in
determining composition of the rock is Energy Dispersive Spectra (EDS) which were ob-
tained for 11 elements (Al Si, Ca, Mg, S, K, Fe, Cl, Ti, Br, and Na) in all 30 samples. The-
ory of the EDS analysis is fully discussed by Goldstein et al. (2003). Figure 17 shows the
typical EDS results for the sample #1. EDS graphs for all 30 samples are available in
Appendix G.

Figure 17. Energy Dispersive Spectra (EDS) for sample #1. In this sample silicon is the most dominant element. After silicon,
the most abundant elements are iron and aluminum

3. Results and discussions

3.1. Maximum height of the CO2

As it was mentioned earlier, maximum threshold pressure (P.) is the most important pa-
rameter controlling maximum height of the non-wetting fluid (CO- or hydrocarbon) that
seal rock can hold without leakage. This parameter determines the maximum height of
the supercritical CO. (or other fluids) that can be hold by caprock.

The general buoyancy formula for the pressure produced by the vertical column of im-
miscible fluids as result of their respective densities described as following:

P = Apgh (23)

where pis the density (kg/ms3), g is acceleration due to gravity (9.8 m/s2), and h is the
height of the fluid column. In case of scCO. capture and sequestration we can rewrite
equation (23) as following:

PCb/COZ =(p, - Pco, )gh (24)
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where Pcy,/co- is the capillary pressure (Pa) of reservoir water and CO- system. py, is the
density of reservoir water (kg/m3), pco- is the density of supercritical carbon dioxide.

In order to calculate the super critical carbon dioxide density at reservoir pressure and
temperature, we used the equation introduced by Ouyang (2011). He expressed the rela-
tionship between CO. density, temperature and pressure as following correlation equa-
tion:
p=A, +AP+AD +AD +AD (25)

where density (p) is in kg/ms3, pressure (p) in Psia, and the correlation coefficients Ao,
A1 — A4 are solely associated with temperature in degrees Celsius:

A =b, +b T+b,T? +b,T° +b,T* (i=0,1,2,3,4) (26)
The values for the correlation coefficients — bio, bii, bio, bis, and biy (i = 0, 1, 2, 3, 4) are
listed in Table 6 for pressure less than 3000 Psia (20.68 MPa) and in Table 7 for pres-

sure higher than 3000 Psia. Figure 18 is the three dimensional representation of the
predicted densities (Equation 25).

Table 6. b;; Coefficients in equation (26) for Pressure < 3000 Psia

bio bi1 bj2 bi3 bis
i=0 | -214832 | 11681.17 | -230.224 | 1.967429 | -0.00618
i=1 | 475.7146| -26.1925 | 0.521513 | -0.00449 | 1.42E-05
i=2 | -0.37139 | 0.020725 | -0.00042 | 3.62E-06 | -1.2E-08
i=3 | 0.000123 | -6.9E-06 | 1.41E-07 | -1.2E-09 | 3.95E-12
i=4 | -1.56-08 | 8.34E-10 | -1.7E-11 | 1.5E-13 | -4.8E-16

Table 7. Value of bij Coefficients in equation (26) for Pressure > 3000 Psia

bio bj1 bj2 bi3 big
i=0 | 689.7383 | 2.730479 | -0.02254 | -0.00465 | 3.44E-05
i=1  |0.221369 | -0.00655 | 5.98E-05 | 2.27E-06 | -1.9E-08
i=2 | -5.1E-05 | 2.02E-06 | -2.3E-08 | -4.1E-10 | 3.89E-12
i=3 | 5.52E-09 | -2.4E-10 | 3.12E-12 | 3.17E-14 | -3.6E-16
i= -2.2€-13 | 1.01E-14 | -1.4E-16 | -9E-19 | 1.22E-20
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Figure 18. Three dimensional representation of Equation 25 used for determining density of the scCO, as a function of the
temperature and pressure.

In order to calculate density of scCO. using equation 25 one needs to determine the hy-
drostatic pressure and temperature at sample depth. Based on salinity data collected in
state of Oklahoma (Cranganu et al., 1998), we used 1073 kg/m3 as the representative
density of the formation water. Considering the lack of any reliable information regard-
ing the geothermal gradient at all well locations, we used geothermal gradients meas-
ured by Cranganu (Cranganu et al., 1998; Cranganu, 2012) in vicinity of our 30 wells in
Oklahoma Panhandle. The positions of the wells with known geothermal gradient are
shown on the base map (Figure 5). According to Cranganu et al. (1998) and Cranganu
(2012), geothermal gradient at wells Hough 132 and 103 are 29.2 °C/km and 22.7
°C/km, respectively. We used an average value (26 °C/km) as our reference for all 30
wells. Also annual surface temperature as reported by Oklahoma Climatological Survey4
is approximately 13°C. Figure 19 shows the map of the normal annual temperature (in
degrees Fahrenheit) for Oklahoma state using data from 1981 to 20004. According to
Figure 19, the three counties of Texas, Cimarron, and Beaver are located in a region with
a low annual temperature (relative to the rest of the Oklahoma). Also, geothermal gradi-
ent of 26 °C/km is relatively low. Low formation temperature is highly in favor of the CS
project since formations with relatively low temperatures could hold injected scCO. at
higher density comparing formations with relatively higher temperature.

Hydrostatic pressure or normal pressure is referred to stress exerted by the weight of
the static fluid column. It should be noted that hydrostatic pressure is a function of the
height and density of the pore fluid and it is independent of the geometry of the fluid
column. Density of the fluid is function of the fluid type, aggregation of the unsolved sol-
ids (e.g., salt and other minerals), existence of gases, temperature, and pressure. Simi-

* Source: http://climate.ok.gov/index.php/site/page/climate_of oklahoma
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lar to rock matrix, density of the fluids tends to increases with depth. Here depth re-
ferred as the vertical distance between the measured point and the reference datum.
Hydrostatic pressure could be calculated using following equation:

h
Pnormal = gjpfluid (Z)dz (27)
0

where Pnormal is the hydrostatic pressure in Pascal, pauiq is the density of the fluid at
depth h in kg/m3 , g is the gravitational acceleration in m/s2 and h is the height of the
fluid column in m.

Figure 19. Map of the normal annual temperature (in degrees Fahrenheit) for Oklahoma State using data from 1981 to 2000.
From http://climate.ok.gov/index.php/site/page/climate of oklahoma

Using calculated values for hydrostatic pressure and temperature at sample depths, we
generated supercritical CO. densities at reservoir conditions using Equation 25. Calcu-
lated densities based on Equations 25 and 26 can be found in Table 8. According to cal-
culated values on Table 8, injected CO. at sample location #2 will have gas state with
density of 111 kg/m3. As documented by Benson and Cole (2008), for formations to
provide safe injections of the supercritical CO- they should have depth more than 800
m. Injection at such deep depth has two main advantages:

- At depths greater than 800 m, hydrostatic pressure is relatively high enough to keep
the injected CO. in supercritical state. In other words, as the result of the hydrostatic
pressure at such deep depths density of the supercritical CO. will increase. Considering
Equation 24, increasing supercritical CO. density is highly in favor of the retention col-
umn height by reducing the difference between the supercritical CO. density and for-
mation water.

- Increasing density of the supercritical CO- helps the injection process by increasing the
efficiency of the supercritical CO. in filling rock pores. Also, kinematic viscosity of the
scCO. increases with increasing depth of the injection. Increasing the viscosity will im-
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prove the filling property of the CO. and facilitate the safety and efficiency of the injec-
tion.

Figure 20 shows the schematic density and volume of the CO- as the function of depth.
Clearly, at depths greater than 800 m, density of the CO. will approach its upper limit.
Similarly, volume of supercritical CO. will reach its lower limit. Consequently, for-
mations at depths over 800 m are considered as the most appropriate target zones for
CS project.

General concerns regarding the contamination of the fresh water aquifers were always
an important issued. Although the risk of such contaminations are relatively low but,
supercritical CO. injection in deep formations will ensure the protection of ground water
from any possible contamination after injection.

Figure 20. Schematic variation of density and volume of CO, as function of depth (from Benson and Cole, 2008)
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Table 8. Super critical density and kinematic viscosity at sample depths.
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1354 14.2 | 48.21 |Overcritical Fluid| 705.3 | 0.056
470 4.9 | 25.21 Gas NA NA
1173 12.3 | 43.5 [Overcritical Fluid| 682.49| 0.054
1382| 14.5 | 48.94 [Overcritical Fluid| 708.07 | 0.057
1390| 14.6 | 49.15 |Overcritical Fluid| 708.73 | 0.057
1380| 14.5 | 48.87 [Overcritical Fluid| 707.82| 0.057
1072 11.3 | 40.88 [Overcritical Fluid| 676.56| 0.053
1070| 11.2 | 40.82 [Overcritical Fluid| 676.55 | 0.053
1536 16.1 | 52.95 [Overcritical Fluid| 711.57| 0.058
1726| 18.1 | 57.87 [Overcritical Fluid| 701.99| 0.057
1083 11.4 | 41.15 [Overcritical Fluid| 676.81| 0.053
852 | 9 |35.15|0vercritical Fluid| 625.88 | 0.047
2014 21.2 | 65.37 |Overcritical Fluid| 711.4 | 0.059
1995 21 | 64.86|Overcritical Fluid| 711.55]| 0.059
1792| 18.8 | 59.59 [Overcritical Fluid| 701.08 | 0.058
1911| 20.1 | 62.63 |Overcritical Fluid| 706.56 | 0.058
1406| 14.8 | 49.55 [Overcritical Fluid| 709.8 | 0.057
1396 14.7 | 49.29 [Overcritical Fluid| 709.13 | 0.057
1397| 14.7 | 49.33 [Overcritical Fluid| 709.18| 0.057
2040| 21.4 | 66.04 |Overcritical Fluid| 711.31 | 0.059
1215| 12.8 | 44.6 |Overcritical Fluid| 687.38| 0.054
2067| 21.7 | 66.75|Overcritical Fluid| 711.19 | 0.059
1971 20.7 | 64.26 [Overcritical Fluid| 711.66 | 0.058
1828| 19.2 | 60.54 [Overcritical Fluid| 701.85| 0.058
1666( 17.5 | 56.31 [Overcritical Fluid| 704.76| 0.057
1386| 14.6 | 49.04 [Overcritical Fluid| 708.38| 0.057
1367| 14.4 | 48.53 |Overcritical Fluid| 706.61 | 0.057
1381| 14.5 | 48.9 [Overcritical Fluid| 707.89| 0.057
1828 19.2 | 60.54 [Overcritical Fluid| 701.85| 0.058
1783| 18.7 | 59.37 [Overcritical Fluid| 701.05| 0.058
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3.2. Statistical analysis and interpretations
The ultimate goal of this project is to answer the following questions:

-Is there a relatively reliable seal rock in Oklahoma Panhandle which is tight enough to
be considered for a potential carbon dioxide sequestration site?

-Which one of the characteristics of the caprock is more likely controlling the sealing ca-
pacity of the caprock, textural or compositional and how these two sets of property re-
late to each other?

In order to answer the first question we analyzed the calculated CO. retention column
heights derived from MIP measurements. Table 9 summarizes the properties and final
calculated CO. retention column height for all 30 samples.

Considering retention column heights, depths, and formations which the samples were
taken, we conclude that the Morrowan and Cherokee shales have relatively higher seal-
ing capacity than the other formations with respect to sequestration of scCO.. Also,

these formations are deep enough to satisfy the 800 m rule of thumb suggested earlier.

In order to find reliable answer to latter question we used correlation analysis and mul-
tivariate statistics trying to find possible correlations between different parameters (in-
cluding textural and compositional) and possible relationship with maximum scCO- re-
tention column. For the sake of consistency we used following terms to interpret the
Pearson’s correlation coefficient throughout this section.

If r = £.70 or higher: Very strong positive relationship

+.40 to +£.69: Strong relationship (positive or negative)

+.30 to £.39: Moderate relationship (positive or negative)

+.20 to +.29: weak relationship (positive or negative)

+.01 to +.19: No or negligible relationship (positive or negative)

Also, by normal distribution assumption, "normal" data will all fall within around 2
standard deviations from the mean (sometimes referred to as the 95% confidence inter-
val). In this study we used this criterion to eliminate the outliers in the following statis-
tical analysis. Accordingly, data points with less than a 5% chance of being a true data
point (or is 95% likely to be an outlier) considered outlier and subsequently eliminated
from the calculations.

3.3. Sealing capacity in Oklahoma Panhandle

Using only calculated scCO- retention column heights in different formations, we found
that the variability of retention column height for a particular formations could be with-
in one order of magnitude. For example, in Morrowan formation, there was a sample
with scCO. retention column height as low as 43m, while in another sample from the
same formation we recorded a height of 1,308m. Similar variability in sealing capacity
was observed by Sutton et al. (2004) in Denver basin, Colorado. It should be noted that
the derived values for the retention column heights are in acceptable range found in lit-
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erature, although one might say that the relatively large values (e.g., over 200m) does
not represent the actual height of sequestered scCO.. Considering fine pore space in
shales and some limestones, it is possible that these rocks have high sealing potential
regardless of possible existence of fractures and joints which could reduce sealing poten-
tial significantly.

Based on this observation, we conclude that the number and the depths of the samples
in a particular formation are highly important for an accurate reporting of the maximum
CO. retention column height. We suggest that in order to study formation sealing capac-
ity accurately, samples should collect from different members of the same formation.
Even slight change in sample location could change the final retention column height
significantly.

Based on the calculated retention column heights in different formations we conclude
that both Cherokee and Morrowan formations are promising seal rocks both in terms of
average depth in the three counties of Oklahoma Panhandle and average scCO. maxi-
mum retention column height. As it was mentioned earlier, formations with depth
deeper than 800 m are considered a proper site for CS. Hydrostatic pressure at this
depth will reduce the volume while maximizing the density and kinematic viscosity of
the supercritical CO. which allows the proper filling of the pore spaces.

Considering Figure 4 and calculated scCO- retention column heights (average heights
over formation), it is possible to conclude that early Pennsylvanian caprocks have the
highest quality in terms of sealing capacity.

Scatter plot of the sample depths vs. CO. column height is presented in Figure 21. Ac-
cording to it, samples at depths around 1,400 m exhibit relatively high CO. retention
column heights. Interpretation of this figure confirms our previous hypothesis regard-
ing the suitability of the Cherokee and Morrow shales as potential caprocks in a seques-
tration site.
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Table 9. MIP results along with the supercritical carbon dioxide column height for all

30 samples
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1| Morrowan |[1354|14.25|48.21| 705.3 |1073| 2.7 003 | 44.11
2 Cimarron 470| 4.94 |1 25.21| NA 1073 1.3 1.3 NA
3 | Marmaton |1173|12.35| 43.5 | 682.49(1073| 1.6 0.04 | 2461
4 Purdy  |1382| 14.55|48.94| 708.07(1073| 26 0.01 | 428.01
5| Cherokee [1390|14.64|49.15|708.73|1073| 45 12 742.13
6 | Morrowan |1380|14.52|48.87|707.82(1073| 0.76 | 0.76 12.5
7| Topeka |1072|11.29|40.88|676.56(1073| 0.37 | 0.24 5.61
8 | Topeka [1070|11.26(40.82|676.55(1073| 0.02 | 0.03 0.36
9 [ Morrowan |1536|16.17(52.95|711.57|1073| 5.8 0.91 96.4
10| Morrowan |[1726|18.17|57.87|701.99|1073| 8.8 0 142.49
11| Topeka |[1083| 11.4 | 41.15|676.81|1073| 80 0.01 |1213.05
12| Chase 852 | 8.97 |35.15| 625.88(1073| 0.17 | 0.17 2.28
13| Chester |2014| 21.2 |65.37| 711.4 |1073| 3.2 0.01 | 53.16
14| Keyes |[1995| 21 |64.86|711.55|1073| 0.03 | 0.03 0.45
15| Marmaton |[1792|18.86|59.59|701.08|1073| 6.8 6.8 | 109.84
16| Cherokee |[1909]20.09|62.63|706.56|1073| 12 0.01 | 196.73
17| Keyes  |1406| 14.8 | 49.55| 709.8 |1073| 16 0.01 | 264.64
18| Morrowan |1396|14.69|49.29(709.13{1073| NA NA NA
19| Unknown [139714.71|49.33|709.18|1073| 70 0.03 |1155.86
20| Keyes |2040|21.47|66.04|711.31|1073| 47 0.35 | 780.63
21| Cherokee [1215]|12.79| 44.6 | 687.38|1073| 49 0.01 | 763.35
22| Chester [2067|21.76|66.75|711.19|1073| 0.34 | 0.01 5.65
23| Atoka [1971]20.75| 64.26| 711.66|1073| 20 0.02 | 332.51
24| Morrowan |[1828]19.25|60.54|701.85|1073| 62 0.01 |1003.52
25 |Mississippian | 1666| 17.54| 56.31 | 704.76|1073| 70 0.01 |1141.97
26| Morrowan |[1367|14.38|48.53|706.61|1073| 44 0.07 | 721.43
27| Morrowan [1386|14.59|49.04|708.38|1073| 66 0.01 |1087.41
28| Morrowan [1381|14.53| 48.9 | 707.89|1073| 66 0.01 |1085.95
29| Morrowan |[1828]19.25|60.54|701.85|1073| 11 0.01 | 178.04
30| Cherokee |1783|18.77|59.37|701.05[1073| 5 6.1 80.76
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Figure 21. Scatter plot of the sample depth vs. CO, column height. Clustering of the samples with relatively high retention
column height around 1,400 m depth suggests that the formations found around that depth are likely to have high sealing
potential.

3.4. Textural and compositional parameters vs. scCO: retention column
height

As discussed earlier, various parameters are affecting the caprock sealing capacity.
These parameters could be classified into two main categories: textural and composi-
tional. Textural parameters are the ones describing the fabric and texture of the rock. In
this project we measured several textural properties of the samples: grain size, various
pore structure parameters, and BET superficial surface area. On the other hand, compo-
sitional parameters are the ones describing the complex lithology of rocks. Among vari-
ous compositional parameters, we focused on the key ones, namely mineral contents
and total organic carbon as two major compositional parameters which might control
the sealing capacity of the caprock.

Rock type is known as a major parameter determining the sealing capacity of the
caprock. Figure 22 shows the box-and-whisker plot of the CO- retention column heights
for different lithologies. As it is evident from this figure, shales have relatively higher
threshold pressures in comparison to limestones and sandstones. This evidence con-
firms the general founding that shale formations act as seal rocks in many hydrocarbon
reservoirs.

Figure 23 illustrates the effect of the average median pore radius on maximum scCO2
retention column height. As implied by Figure 23 and Table 10, there is a very strong
negative correlation between the average median pore radius and sealing capacity in
both shale and limestone samples. Generally, reducing average median pore radius re-
sults in increase in scCO. retention column height.
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Figure 22. Box-and-whisker plot of the CO, retention column heights for different lithologies. Shales exhibit better sealing
quality (higher CO, retention height) compared to limestone and sandstone samples

Figure 23. Average median pore radius and versus CO, column height in shales and limestone samples. It could be noticed
that there is a very strong negative correlation between average median pore radius and CO, height.

As defined earlier, hard minerals have hardness > 5 on Mohs scale (quartz, orthoclase,
plagioclase, hematite, pyrite), while soft minerals have hardness <5 (mica, illite, chlo-
rite, calcite, dolomite, ankerite). We observed that there is a strong positive correlation
between the grain type (hard/soft ratio) and maximum CO. retention column height in
limestone samples (Pearson’s correlation coefficient ~ 0.5). However, in shale samples
we observed a positive correlation, but in this case the correlation was not statically sig-
nificant. Calculating correlation coefficient of hard/soft minerals content and scCO- re-
tention column in all 30 samples (excluding samples with unavailable data), we ob-
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served that strong positive correlation coefficient suggesting that increase in hard min-
erals content of the sample will increase the sealing capacity of the rock.

As it was explained in chapter 2.1, we expressed the quality of pore throat sorting by
scores from 1 to 5 (scores are natural numbers). Here, 1 represents very poor sorting
while 5 represents very good sorting. Any scores between 1-5 represent medium sorting
of the pores. Pore sorting scores derived from MIP measurements did not show statisti-
cally significant correlation with CO. column height.

Considering all 30 samples, effective porosity and scCO. retention column height show
moderate negative correlation. The correlation coefficient is more significant in lime-
stones, while there is no significant correlation in shale samples. This observation sug-
gests that porosity in shales does not control the sealing capacity while porosity is im-
portant factor affecting the sealing capacity in sandstone and limestone samples.

BET surface area shows significantly strong correlation with CO. retention column
(r=0.93) in limestones (Figure 24). Conversely, BET surface area did not show any cor-
relation in shales samples. We hypothesize that increasing BET surface area is direct ef-
fect of the pore sizes reduction while number of the pores on the limestone surface is in-
creasing. Accordingly, reducing pore throat size will increase the sealing capacity of the
limestones. The situation for the shales is different because shales already have high
sealing capacity (due to other factors), and an increase in surface area will not lead to
notable improvement of the sealing capacity. We also plot the retention column height
vs. BET special surface area using all the samples (Figure 24). Statistically strong corre-
lation coefficient implies that generally a positive correlation exists between these two
properties. We hypothesize that increasing BET surface area is the result of decreasing
median grain size. Accordingly reducing grain size will reduce the pore throat radius
which leads to increase in sealing capacity. Decreasing median grain size will lead to in-
crease in BET special surface area. Decreasing median grain size in limestones samples
shows negative correlation with pore throat sorting. Overall, BET surface area in lime-
stones is an effective parameter correlating with sealing quality and scCO. retention
column height.

In general, limestones have lower sealing capacity in compare with shales. As shown in
Figure 25, standard deviation in limestone samples is much higher comparing with
shale samples. Accordingly, we conclude that special surface area in limestones is more
disperse from average than shales. This disparity and its high correlation with sealing
capacity suggest that textural parameters in limestones have significant impact on seal-
ing capacity.

CO.retention column heights in limestone samples are also associated with SEM micro-
graphs observations. Correlation analysis using SEM micrograph in limestones revealed
that samples with intergranular porosity have higher sealing capacity while intercrystal-
line fabric is not in favor of sealing quality.
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Table 10. Pearson’s correlation coefficients between various parameters. In this table,
underlined correlation coefficients have statistical significance of 95%.

Shale Samples| Limestone Samples [All Samples
CO2 Column Height vs. Pore Throat Radius SD 0.22 0.48 0.43
CO, Column Height vs. Hard/Soft 0.41 0.51 0.46
CO, Column Height vs. Average M.P.R -0.69 -0.72 -0.64
CO, Column Height vs. Porosity -0.21 -0.73 -0.4
CO, Column Height vs. Bulk Density 0.34 0.45 0.36
CO, Column Height vs. BET 0.03 0.93 0.6
Displacement Pressure vs. Hard/ Soft 0.03 0.67 0.3

Figure 24. Scatter plot of the CO, column height versus BET surface area in limestone (right) and all 30 samples including
limestones (left). Limestone samples show very strong linear correlation with BET special surface area while shale samples
do not exhibit notable correlation.
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Figure 25. Histogram of BET surface area in shale (right) and limestone samples (left). Standard deviation in shales is
much less than standard deviation in limestones.

Pore radius standard deviation is another parameter derived directly from MIP meas-

urements. Correlation analysis show strong positive relationship between pore radius

standard deviation and maximum scCO. retention column height using all 30 samples
(Figure 26).

Figure 26. Scatter plot of the pore throat standard deviation vs. scCO, retention column height. Correlation suggests strong
positive relationship between pore radius standard deviation and maximum scCO, retention column height for all 30 sam-
ples.

3.5. Textural and compositional parameters vs. displacement pressure

Displacement pressure is the force required to displace water from the cylindrical pore
and forcing the oil (or any nonwetting phase) filament through the pore. This resistant
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force to migration is analogous to injection pressure as defined by Berg (1975). Also,
Schowalter (1979, p. 733) stated that “the displacement pressure for any hydrocarbon-
water-rock system then could be of importance in subsurface petroleum exploration,
as the magnitude of this value would determine the sealing capacity for a caprock seal,
the trapping capacity for a lateral facies change or fault, or the minimum vertical hy-
drocarbon column needed to explain an oil show in a given rock”.

We analyzed the effects of different textural and compositional parameters on the
measured displacement pressure of the samples. We conclude that there is no noticeable
correlation (= -.033) between displacement pressure at 10% mercury saturation (Pq)
and maximum threshold pressure (P.) (Figure 27). Accordingly, we believe that these
two parameters act independently. In other words, one cannot draw any conclusion re-
garding the maximum retention column height based on the observed displacement
pressure.
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Figure 27. Pc vs. Pd scatterplot. The correlation coefficient is r = -.033

Grain type (hard/soft ratio) shows strong positive correlation (r=0.67) with displace-
ment pressure in limestone samples, while shale samples exhibit relatively low correla-
tion (r= 0.03) with P4 (Table. 10). The observed correlation could be explained by con-
sidering the fact that shales generally have relatively fixed composition, while grain type
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and composition could change the 10% displacement pressure more noticeably in lime-
stone samples.

3.6. Multivariable analysis

By analyzing various textural and compositional parameters we tried to find factors with
notable correlation (negative or positive) with the maximum retention column height.
Principal Component Analysis (PCA) is an alternative approach to analyze datasets with
more than one variable. PCA is a robust mathematical tool which can be used to visual-
ize large dataset in one image. Visualizing the dataset as a single image will help us to
identify and interpret the patterns within variables in whole new way.

In simple scatter plot (2D or 3D) data points that are close together are relatively more
similar to each other. In PCA biplot also, data points close to each other are more alike.
Also, by projecting original variable into new coordinate system created by selected
principal component (here we used principal component one and two) we can evaluate
the importance and correlation between different variables. As a rule of thumb, if the
variables positioned close to origin of the new coordinate system, we can conclude that
those variables are not influencing the model. In other words, those variables do not
have significant projection on selected principal components. In contrast if variables po-
sitioned next to each other and far from the origin we can conclude that those variables
have relatively notable correlation with each other and they contain almost the same in-
formation. Also, two variables projected on the opposite sides of the origin indicate that
those variables have more or less negative correlation with each other. If particular
sample was close to a variable this could be interpreted as the samples has high value of
the particular variable. In contrast, if the sample was positioned on the other side of the
origin in respect to the variable, one can infer that the sample has low value of that spe-
cific variable. Considering latter property, PCA is a robust tool in clustering the samples
based on measured variables. Also, it is possible to find outliers in large datasets. Since
with traditional biplot it is only possible to look at maximum 3 variables at the same
time (we cannot visualize more than 3 dimensions) this property makes PCA a robust
tool in finding and eliminating outliers in datasets with numerous variables.

Scree plot and biplot of the samples and measured properties are showed in Figure 28.
Based on that figure and Table 11, it is possible to project our dataset using first 2 prin-
cipal components as new coordinate system by losing only 32% of the original data. In
other words, by doing this coordinate projection we reduced the initial 5 dimension into
2 dimensions with minimum data lost possible (32%).

Figure 28 shows biplot of the selected textural and compositional parameters in all 30
samples. According to Table 12 we can reduce the dimensions of the initial dataset to
two using two principal components. By selecting the first two components it is possible
to project the dataset in new coordinate system by minimizing the data lost and retriev-
ing 67% of initial information which is a relatively an acceptable percentage considering
the number of observations and variables. Also, based on Table 10, scCO, retention col-
umn height, bulk density, BET special surface area, and pore throat radius standard de-
viation have positive contribution, while average median pore radius and porosity have
negative coefficients on first principal component. Hard/soft mineral content, average
median pore radius and bulk density have negative coefficients on principal component
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two while scCO. retention column height and hard/soft index have positive coefficients
on second principal component. It should be noted that we excluded the outliers in data
before using them in generating Figure 28 and Tables 11 and 12. Figure 28 (left side)
show the scores and loading plot using the first and the second principal component. On
this plot scCO. retention column height and BET surface area and hard/ soft index ex-
hibit relatively strong positive correlation, while porosity and average pore radius show
relatively strong negative correlation with bulk density, scCO. retention column height,
and BET special surface area. Based on this figure it could be observed that hard/soft
mineral index has negative correlation with average median pore radius.
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Figure 28. PCA Analysis. Biplot (left) and scree plot (right) of the data set after excluding outliers. Details about the interpre-
tation of this analyses are given in text.

Table 11. Eigenvalues of the Correlation Matrix

Eigenvalue | Percentage of Variance | Cumulative

1 2.52471 0.3607 0.3607
2 2.19488 0.3136 0.6742
3 0.8694 0.1242 0.7984
4 0.63899 0.0913 0.8897
5 0.41997 0.06 0.9497
6 0.2332 0.0333 0.983
7 0.11884 0.017 1
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Table 12. Extracted Eigenvectors
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Pore Throat Radius SD| 0.4985 |-0.10239]-0.32043| 0.16933 | 0.73139
Average PORE radius | -0.24676|-0.50374| 0.3488 | 0.38636 | -0.04444

Prosity -0.49415] 0.27316 | -0.38361| 0.04375 | -0.00435

Bulk Density 0.43256 |-0.38905| 0.2637 |-0.28413]-0.25357
Retension height 0.32371 | 0.48818 | 0.09861 | -0.38196]| -0.21859
BET 0.38293 | 0.28866 | -0.06294 | 0.7592 |-0.41759
Hard/Soft -0.08889| 0.43376 | 0.73843 | 0.13089 | 0.42025

3.7. Indirect relationships and their possible effects on sealing capacity

In previous section we tried to identify the major parameters which have direct effect on
maximum retention column height. Here, we tried to identify the secondary parameters
that could be effective indirectly by controlling the median grain size and average mean
pore radius. As discussed earlier in this chapter and chapter 2.1, average mean pore ra-
dius is the most important parameters controlling scCO. retention column height and
displacement pressure at 10% mercury saturation. Based on our observations, median
grain size has negative correlations with BET special surface area, and vuggy porosity.
Also, we observed that the BET special surface area presents very strong negative corre-
lation with average mean pore radius in shales and limestone samples (Figure 28).

We also found that average mean pore radius has strong positive correlation with inter-
crystalline porosity and negative correlation with intergranular texture in shale samples.
Base on this observation, we conclude that shales with intercrystalline texture have high
average mean pore radius which lead to poor sealing capacity.

Median grain size shows strong negative correlation with BET special surface area in
shales and vuggy fabric in limestones. According to our analysis, median grain size
shows a good positive correlation with vuggy texture in limestones. It could be conclud-
ed that increasing grain size in limestones will increase the detectable vugs (on SEM mi-
crographs) in the texture of the limestone samples. Also, BET surface area shows strong
negative correlation with median grain size in shale samples.

4. Conclusion

The main objective of this research was twofold: evaluating the sealing capacity of the
caprocks in terms of maximum hydrocarbon column height that caprockscan hold with-
out leakage and investigating the effects of textural and compositional parameters on
sealing capacity of the caprock.
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Based on MIP measurements of the core samples acquired from depleted gas fields in
Oklahoma Panhandle we conclude that Morrowan and Cherokee shales could be consid-
ered as reliable seal candidates for CS project with average maximum scCO. retention
column height of 400 m. This retention column height provides enough safety margins
for successful sequestration project. It is suggested that, in order to study the formation
sealing capacity, samples should be collected from different members of the formation.
Even slight change in sample location could change the final retention column height by
an order of magnitude.

Generally, rock type is the most important parameter affecting sealing capacity of the
rocks. By performing correlation and principal component analysis we conclude that the
ratio of hard minerals (Moh’s hardness more than 4) over soft minerals (Moh’s hardness
less than 4) is an important parameter exhibiting strong positive correlation with seal-
ing capacity in both shale and limestone samples. On the other hand, average mean pore
radius and porosity show strong negative correlation with sealing capacity in both shale
and limestone samples. Clearly, pore radius and porosity are correlated with each other.
We observed that bulk density show positive correlation with sealing capacity and this
correlation is more pronounced in shale samples. We also conclude that BET surface ar-
ea presents very strong positive correlation with sealing capacity in limestone samples,
while shale samples do not show notable correlation.

Type of the porosity (based on SEM) is more important in limestones than shales. Inter-
granular fabric shows positive correlation with sealing capacity, while intercrystalline
fabric is not in favor of retention column height.

5. Suggested Future Research

Parameters affecting sealing capacity could be divided into two categories: parameters
operating on microscopic scale, namely textural and compositional parameters which
we tried to address in this research, and parameters acting on microscopic and/or pro-
spect scale, namely faults, joints, and fracture systems.

Identification, modeling and characterization of the seal rock fractures are the key com-
ponent determining the sealing potential of the caprock to ensure the proper sequestra-
tion of the supercritical carbon dioxide. Proper mapping and modeling of the seal rock
fractures are important in both initial site selection and long term status of the seques-
tered scCO.. Spatial distributions of the fractures in seal rock are highly affecting the
flow of the reservoir fluids including injected scCO.. Characterization of the naturally
fractured reservoirs plays an important role in modeling and simulation of the reser-
voir’s fluids flow thus, a complete study on the sealing should include the natural occur-
ring fractures in the reservoir and seal formation.
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GRAPHICAL MATERIALS LIST

Figure 1. Potential CO. sequestration reservoirs and products (Diagram from U.S. Geo-
logical Survey Fact Sheet 26-03, March 2003 — Online Version 1.0.
http://pubs.usgs.gov/fs/fs026-03/fs026-03.html)

Figure 2. Major geologic provinces of Oklahoma (from Johnson, 2008)

Figure 329. The three depleted gas fields from Oklahoma Panhandle representing our
study area (from Puckette, 2006

Figure 4. Oklahoma Panhandle Stratigraphy (from Puckette, 2006). The numbers repre-
sent the major seal intervals: 1 — Hennessey shale; 2 —Wellington formation; 3 — Upper
Morrow/Atoka shales; 4 — Lower Atoka shale; 5 — Lower Morrow shale

Figure 5. Blue dots indicate the location of the 30 representative core samples collected
from the seal rock formations. Two red dots indicate additional wells providing only ge-
othermal gradient information.

Figure 6. Capillary-pressure curves obtain by MIP. (P. — capillary pressure; Pq — dis-
placement pressure measured @10% Hg saturation)

Figure 7. Sample #1 (120). Sample picture, MIP parameters, TOC measurements, and
XRD measurements. This figure is part of Appendix A.

Figure 8. Pore-throat size distribution (PTD): unimodal (a single significant fluid inva-
sion), bimodal (two significant fluid invasions, one at a higher pore-throat size and an-
other at lower pore-throat size), and no mode (no significant fluid invasion is present)

(from Cranganu and Villa, 2013)

Figure 9. Pore-throat sorting (PTS): poorly sorted (PS), medium sorted (MS), and well
sorted (WS) (from Cranganu and Villa, 2013)

Figure 10. Plot of the total organic carbon (left) and oil potential (right) vs. depth for all
the 30 samples.

Figure 11. Variation of the hydrogen index (left), oxygen index (middle), and production
index (right).

Figure 12. Plot of the hydrogen index vs. maximum temperature Tmax (left) and Pseudo
Van Krevelen graph (right).

Figure 13. Cross plot and the linear trend line of the relative pressure data versus ad-
sorbed quantity of the gas (left) and the relative pressure versus 1/[ W((Po/P)-1)] (right)
for the sample #1. The slop and the intercept of the on the right plot in Figure 13 can be
used to calculate BET specific surface area. Complete BET measurement reports are
available in Appendix D.
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Figure 14. Particle dimension analysis histogram for sample #1. Considering this graph
mean value for particle diameter is 85.757, median 71.446 and mode is 125.835. Particle
dimension analysis for all 30 samples is available in Appendix E.

Figure 15. SEM micrographs of sample #1. The texture of this sample is mainly inter-
granular but some vuggs are visible. We describe the texture this sample as intercrystal-
line with some vuggs. Descriptive scores of 2 out of 5 for granular, 2 out of 5 to vuggy,
and 4 out of 5 to intercrystalline were assigned to this sample.

Figure 16. SEM micrographs of the sample #22. The texture of this sample is mainly in-
tergranular with clear vuggs. We describe this sample as vuggy/ intercrystalline. De-
scriptive scores in this sample were assigned as following 3, 5, 1 out of 5 for granular,
vuggy, intercrystalline, respectively.

Figure 17. Energy Dispersive Spectra (EDS) for sample #1. In this sample silicon is the
most dominant element. After silicon, the most abundant elements are iron and alumi-
num

Figure 18. Three dimensional representation of equation 25. Equation 25 is the empiri-
cal formula for determining density of the scCO. as a function of the temperature and
pressure.

Figure 19. Map of the normal annual temperature (in degrees Fahrenheit) for Oklahoma
State using data from 1981 to 2000. From
http://climate.ok.gov/index.php/site/page/climate of oklahoma

Figure 20. Schematic variation of density and volume of CO. as function of depth (from
Benson and Cole, 2008)

Figure 21. Scatter plot of the sample depth vs. CO. column height. Clustering of the
samples with relatively high retention column height around 1,400 m depth suggests
that the formations found around that depth are likely to have high sealing potential

Figure 22. Box-and-whisker plot of the CO. retention column heights for different li-
thologies. Shales exhibit better sealing quality (higher CO. retention height) compared
to limestone and sandstone samples

Figure 23. Average median pore radius and versus CO. column height in shales and
limestone samples. It could be noticed that there is a very strong negative correlation
between average median pore radius and CO- height.

Figure 24. Scatter plot of the CO. column height versus BET surface area in limestone
(right) and all 30 samples including limestones (left). Limestone samples show very
strong linear correlation with BET special surface area while shale samples do not ex-
hibit notable correlation.

Figure 25. Histogram of BET surface area in shale (right) and limestone samples (left).
Standard deviation in shales is much less than standard deviation in limestones.
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Figure 26. Scatter plot of the pore throat standard deviation vs. scCO. retention column
height. Correlation suggests strong positive relationship between pore radius standard
deviation and maximum scCO. retention column height for all 30 samples.

Figure 27. Pc vs. Pd scatterplot. The correlation coefficient is r = -.033

Figure 28. PCA Analysis. Biplot (left) and scree plot (right) of the data set after exclud-
ing outliers. Details about the interpretation of this analyses are given in text.
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APPENDICES
APPENDIX A: MERCURY INTRUSION POROSIMETRY (MIP) MEASURE-
MENTS, SAMPLE PICTURES, AND SAMPLE SUMMARIES
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Sample#1 — 120
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Sample#2 — 277
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Sample#3 — 601
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Sample#10 — 2177
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Sample#11 — 2472
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Sample#12 — 2609
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Sample#13 — 3088
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Sample#14 — 3115
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Sample#15 — 3138
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Sample#16 — 3141
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Sample#20 — 3355
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Sample#21 — 3780
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Sample#22 — 3952
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Sample#23 — 3979
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Sample#26 — 4224
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Sample#28 — 4226
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Sample#29 — 4458
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Sample#30 — 4515
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APPENDIX B: SOURCE-ROCK ANALYSIS (SRA) AND TOTAL ORGANIC
CARBON (TOC) MEASUREMENTS
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Source Rock Analysis
TOC, Kerogen Quality and Thermal Maturity Testing

City University of New York

Multiple Wells
6316 Windfern Houston, TX 77040

7/11/2011
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Informal database

73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
89
90
91
92
93
94
95
96
97
98
99

10
11
12

DATAFILE ID
1b.RAW
2b.RAW
3b.RAW
4h.RAW
5b.RAW
6b.RAW
7b.RAW
8b.RAW
9b.RAW
10b.RAW
11b.RAW
12b.RAW
13b.RAW
14b.RAW
15b.RAW
16b.RAW
17b.RAW
18b.RAW
19b.RAW
20b.RAW
21b.RAW
22b.RAW
23b.RAW
24b.RAW
25b.RAW
26b.RAW
27b.RAW
28b.RAW
29b.RAW
30b.RAW

120

277

601

868

878

900
1081
1461
1712
2177
2472
2609
3088
3115
3138
3141
3146
3149
3150
3355
3780
3952
3979
4157
4164
4211
4224
4226
4458
4515

TYPE WEIGHT cTemp(Tmax)

TPH 98.1 324.4
TPH 100.3 327.9
TPH 100.2 444
TPH 98 441.7
TPH 103.3 440.8
TPH 100.9 419.3
TPH 102.8 434.3
TPH 102.6 432.7
TPH 102.1 481.2
TPH 100.9 436.7
TPH 102.3 327.2
TPH 101.9 432
TPH 105.2 450.4
TPH 103.7 320.6
TPH 103.4 431.1
TPH 104.3 458.1
TPH 100 326.2
TPH 104.7 319.4
TPH 98.8 437.4
TPH 103.4 448.4
TPH 103.2 443.1
TPH 95.5 442.9
TPH 99.8 448.4
TPH 100.5 342.8
TPH 104 339.8
TPH 105.2 438.5
TPH 105 436.3
TPH 103 323.7
TPH 99 445
TPH 98.7 443.6

130

tTemp

363.4
366.9

483
480.7
479.8
458.3
473.3
471.7
520.2
475.7
366.2

471
489.4
359.6
470.1
497.1
365.2
358.4
476.4
487.4
482.1
481.9
487.4
381.8
378.8
477.5
475.3
362.7

484
482.6

S3
0.25
0.22
0.22
0.25
0.32
0.24
0.3
0.27
0.26
0.26
0.32
0.27
0.28
0.21
0.3
0.26
0.26
0.25
0.28
0.27
0.26
0.55
0.36
0.26
0.23
0.27
0.3
0.27
0.42
0.34

TOC
1.29
121
1.23
1.85

2.1
1.74
1.76
1.38

1.2
1.45

15

1.7
1.35

1.3
1.35
1.47
1.28
1.89
1.79
1.94
171
2.66
1.91
1.24
1.07
1.84
1.72
1.69
2.35

3.2

HI
138
136
130
106
108
215
121
154
131
113
107
96
122
123
118
120
139
96
109
112
113
167
106
132
146
102
105
103
96
271

Ol
19
18
18
14
15
14
17

21
18
21
16
21
17
22
18
20
13
16
14
15
21
19
21
21
15
18
16
18
11

Pl

0.19
0.19
0.17
0.17
0.17
0.24
0.27
0.27
0.17
0.17
0.17
0.18
0.16

0.2
0.18
0.17

0.2
0.18
0.18
0.16
0.17
0.12
0.16
0.18
0.17
0.16
0.18
0.17
0.16
0.12

S1/TOC
0.32
0.31
0.27
0.22
0.22
0.67
0.46
0.56
0.27
0.23
0.22
0.21
0.24

0.3
0.25
0.25
0.34
0.21
0.24
0.21
0.23
0.23

0.2
0.29

0.3
0.19
0.22
0.21
0.18
0.36
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APPENDIX C: X-RAY DIFFRACTION (XRD) MEASUREMENTS
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CC110 2177 BREWER 2 223 777 0 0 0 0 0 255 0 0 81 99 100 14.0 0 0 325 0 0 0 0 100 CCEG110 CCAD110
CC111 2472 PROTHRO 41-34 30.3 69.7 0 0 0 0 0 10.3 0 0 191 54 76 56 18 3.0 438 34 0 0 0 100 CCEG111 CCAD111
CC112 2609 KNOP 1-A 85 915 0 0 0 0 0 0 0 37 100 05 36 59 08 12 14 729 0 0 0 100 CCEG112 CCAD112
CC113 3088 DAILEY 1-B 29.2 70.8 0 0 0 0 281 0 0 0 245 219 148 10.7 0 0 0 0 0 0 0 100 CCEG113 CCAD113
CC114 3115 MYERS 1-D 10.0 90.0 0 0 0 0 0 0 11.0 0 41 173 334 154 04 09 6.9 09 97 0 0 100 CCEG114 CCAD114
CC115 3138 STONEBRAKER 1-AP 58 94.2 0 0 0 0 0 0 0 0 37 38 34 303 14 47 320 32 175 0 0 100 CCEG115 CCAD115
CC116 3141 STONEBRAKER AN-4 19.5 80.5 0 0 0 0 0 17.9 0 0 156 553 72 31 0 09 0 0 0 0 0 100 CCEG116 CCAD116
CC117 3146 PURDY 1-A 11.1 88.9 0 0 0 0 0 0 11.9 0 124 41 20 104 15 33 397 538 0 89 0 100 CCEG117 CCAD117
CC118 3149 PURDY 1-C 155 84.5 0 0 0 0 0 222 0 0 115 468 6.6 129 0 0 0 0 0 0 0 100 CCEG118 CCAD118
CC119 3150 PURDY 1-E 23.1 76.9 0 0 0 0 0 144 0 0 77 77 0.6 589 0 0 79 28 0 0 0 100 CCEG119 CCAD119
CC120 3355 SCHLUCKEBIER 3 29.5 705 0 30.7 0 0 0 0 0 0 104 196 9.6 236 0 0 61 0 0 0 0 100 CCEG120 CCAD120
CC121 3780 DACOMA 1-21 20.5 795 0 0 0 0 0 124 0 0 125 129 263 113 27 7.2 101 19 0 0 27 100 CCEG121 CCAD121
CC122 3952 GABLER 2-7 36.6 63.4 47.3 0 0 0 0 0 0 0 38 233 194 57 0 0 05 0 0 0 0 53 CCEG122 CCAD122
CC123 3979 HARRISON 1 26.1 73.9 0 28.0 0 0 0 0 0 0 236 16 10.7 165 0 0 19.6 0 0 0 0 100 CCEG123 CCAD123
CC124 4157 STATE 1 25.0 75.0 0 0 0 0 0 20.8 0 0 276 36 78 196 14 33 26 0 0 133 0 100 CCEG124 CCAD124
CC125 4164 STATE 1 16.6 83.4 0 0 0 0 0 0 0 7.6 459 147 134 130 12 24 0 0 0 0 1.8 100 CCEG125 CCAD125
CC126 4211 ROWAN TRUST 1 244 75.6 0 270 0 0 0 0 0 0 144 20.0 10.8 23.8 0 0 40 0 0 0 0 100 CCEG126 CCAD126
CC127 4224 DURHAM 1 26.0 74.0 0 0 0 0 0 27.2 0 0 295 20.1 157 53 05 08 0 0 0 0 09 100 CCEG127 CCAD127
CC128 4226 SPARKMAN 1 32.1 67.9 0 0 0 0 0 19.2 0 0 31.0 29.7 110 86 01 04 0 0 0 0 0 100 CCEG128 CCAD128
CC129 4458 NASH Al 245 755 0 0 0 0 0 171 0 0 114 98 7.1 158 05 0.6 308 0 31 0 3.8 100 CCEG129 CCAD129
CC130 4515 ARA M 2-36 10.6 89.4 0 0 0 0 0 23.7 0 0 121 232 151 135 11 6.6 0 10 0 0 3.7 100 CCEG130 CCAD130

Mixed-Layer Clays

RO M-L 1/S90S, 60S - Randomly Ordered Mixed-Layer Illite/Smectite with 90% and 60% Smectite layers
RO M-L C/S 60S - Randomly Ordered Mixed-Layer Chlorite/Smectite with 60% Smectite layers

R1 M-L C/S 40S - R1 Ordered Mixed-Layer Chlorite/Smectite with 40% Smectite layers

R1 M-L I/S 40S, 30S, 20S - R1 Ordered Mixed-Layer lllite/Smectite with 40%, 30% and 20% Smectite layers
R3 M-L I/S 10S - R3 Ordered Mixed-Layer Illite/Smectite with 10% Smectite layers
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