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Abstract 
 

The Iowa Stored Energy Plant Agency selected a geologic structure at Dallas Center, 
Iowa, for evaluation of subsurface compressed air energy storage. The site was 
rejected due to lower-than-expected and heterogeneous permeability of the target 
reservoir, lower-than-desired porosity, and small reservoir volume. In an initial 
feasibility study, permeability and porosity distributions of flow units for the nearby 
Redfield gas storage field were applied as analogue values for numerical modeling of 
the Dallas Center Structure. These reservoir data, coupled with an optimistic reservoir 
volume, produced favorable results. However, it was determined that the Dallas 
Center Structure cannot be simplified to four zones of high, uniform permeabilities. 
Updated modeling using field and core data for the site provided unfavorable results 
for air fill-up. This report presents Sandia National Laboratories’ petrologic and 
petrophysical analysis of the Dallas Center Structure that aids in understanding why 
the site was not suitable for gas storage.   
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1. INTRODUCTION  
 
The Iowa Stored Energy Plant Agency (ISEPA) selected a domal geologic structure at Dallas 
Center, Iowa (Figure 1), for evaluation of subsurface compressed air energy storage (CAES). 
The site was ultimately rejected due to lower-than-expected and heterogeneous permeability of 
the target reservoir and smaller-than-expected reservoir size. CAES envisions storing electrical 
energy in the form of high-pressure compressed air in a suitable vessel (Succar and Williams, 
2008). The stored energy is retrieved by releasing the air for flow in a turbine. The geologic 
storage vessel must meet specific pressure and air flow rates to sustain operation of the turbo-
generator equipment. The Hydrodynamics Group, LLC, with technical contributions from Sandia 
National Laboratories (SNL), completed a performance analysis of the feasibility of the Dallas 
Center Structure for CAES (see the project final report by The Hydrodynamics Group, 2011). 
The target for air storage was the Mount Simon Sandstone, a regional aquifer overlain by Eau 
Claire Formation, a low permeability caprock formation. 
 
Two essential elements of developing and operating a CAES site include: 1) the initial filling of 
a structure with air and concomitant displacement of formation water to irreducible water 
saturations; and 2) the deliverability or air mass flow rate of the storage vessel needed to sustain 
turbo-generator equipment (The Hydrodynamics Group, 2011). Air fill-up to irreducible water 
saturations maximizes air withdrawal rates by achieving the highest effective permeability to air 
and reduces the amount of produced water (The Hydrodynamics Group, 2011). Further, a large 
air “bubble” results in injection and production cycles without large changes in reservoir 
pressure (The Hydrodynamics Group, 2011).The major finding for the Dallas Center Structure, 
based on a variety of field data and numerical modeling, is that initial air fill-up is problematic. 
The lower-than-expected and heterogeneous permeability and shale interbeds, according to the 
modeling results, would limit creation of a continuous large air bubble and instead cause 
fingering of injected air and establish air flow in pathways that do not fill the entire structure. 
 
The Dallas Center Structure was chosen based on an initial feasibility study using reservoir 
properties of the nearby Redfield natural gas storage field (Hershey, 1962). The permeability 
distributions for Redfield, for four flow units in the Mount Simon Sandstone, were applied as 
analogue values for numerical modeling of the Dallas Center Structure. These permeability 
values, and the thicknesses of the four storage zones, resulted in favorable modeling results 
(Moridis et al., 2007). However, the Dallas Center Structure cannot be simplified to four zones 
of relatively high, uniform permeabilities. Updated modeling based on Dallas Center Structure 
field and core data provided unfavorable results for air fill-up (The Hydrodynamics Group, 
2011).The geologic properties change spatially from Redfield to Dallas Center Structure, which 
highlights the need for understanding regional and local variation in petrophysical properties. 
 
This report presents SNL’s petrologic and petrophysical analysis of the Dallas Center Structure, 
within the context of The Hydrodynamics Group’s performance analysis. Data provided herein 
include absolute and relative permeability, capillary pressure, composition via X-ray diffraction 
(XRD), and thin-section examination of pore types and rock textures (i.e., petrography). 
Geomechanical results are presented separately by Dewers et al. (submitted 31 October 2012). 
SNL’s contribution provides insight into geologic controls on the flow properties  
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Figure 1. a) Structural elevation map of the top of the Mount Simon Sandstone at the crest of the 
Dallas Center Structure (from The Hydrodynamics Group, 2011). b) Map showing the location 
of the well Keith No. 1 in Iowa.  
 
 
of both the target reservoir and the sealing integrity of the caprock. A focus is on pore-scale 
control of permeability and porosity. The major finding is that the Mount Simon Sandstone at the 
Keith No. 1, near the top of the geologic structure, is very heterogeneous, with only the upper 
quartzarenite portion being the most easily characterized as a uniform flow unit. The lower 
portion contains heterolithic rock types with a variety of pore types, diagenetic cements 
including evaporites and iron- and titanium-oxides, and hence heterogeneous petrophysical 
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properties. Quantification of pyrite was obtained to assess whether enough pyrite exists to pose a 
concern for acidification by interaction with oxidized pore fluids due to air injection. Pyrite is a 
minor constituent, occurring in less than one areal percent via point counting or less than one 
wt% by XRD. These data are presented in a framework of regional geology and lithologies for 
possible application to other localities, as the Mount Simon Sandstone is target throughout the 
Midwest United States for geologic CO2 sequestration, natural gas storage, and underground 
injection of waste (e.g., brine). 
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2. REGIONAL GEOLOGIC AND SITE-SPECIFIC BACKGROUND 
 
Regional geologic information is presented to allow comparison between properties of the Mount 
Simon Sandstone and the overlying Eau Claire Formation at the Dallas Center Structure with 
other locations in the Midwest United States. These formations are receiving much scrutiny 
because they are targets for geologic CO2 sequestration (Medina and Rupp, 2012), other waste 
disposal, and natural gas storage. The Cambrian Mount Simon Sandstone, a major sandstone 
aquifer, extends broadly throughout the Midwestern United States, overlying Precambrian 
crystalline basement or sedimentary rocks in Iowa, Illinois, Indiana, Ohio, Michigan, Minnesota, 
Wisconsin, and Nebraska, reaching thicknesses of  > 305 m (1,000 ft) in eastern Iowa, Illinois, 
Indiana, and Michigan (Anderson, 1998). In Ohio, several lithofacies (i.e., up to eight) have been 
identified and interpreted as indicating deposition as a tidally-influenced transgressive barrier 
sequence, with environments including: swash and surf zones; mud, sand, and mixed flats; sand 
flats to tidal channel; tidal inlet channels, and bioturbated sand flats (Saeed and Evans, 2012). 
Lithologies encompass conglomerate to pebbly to fine sandstone, siltstone, mudstone, and 
heterolithic sandstone-mudstone (Saeed and Evans, 2012). Bowen et al. (2011), focusing on the 
Illinois Basin, state that depositional environments may include shallow-marine, deltaic, fluvial, 
eolian, and possibly sabkha settings, with lithofacies including: cobble conglomerate; stratified 
conglomerate; poorly to well-sorted sandstone; and interstratifed sandstone and shale; and shale.  
 
The abundant Mount Simon Sandstone lithofacies have been modified by diagenesis including 
mechanical compaction, pressure solution, and dissolution and precipitation of a variety of 
cements (Hoholick et al., 1984; Bowen et al., 2011). Bowen et al. (2011) summarize pore types 
as including “intergranular porosity, elongate pores, oversize pores, fracture porosity, and 
dissolution porosity.” Major cements for the Illinois Basin include quartz and feldspar 
overgrowths, clays, iron oxides, carbonate, chlorite, and chert, which display regular spatial 
distribution patterns over large areas of the Illinois Basin (Hoholick et al., 1984; Bowen et al., 
2011). Porosity types (i.e., intergranular, elongate pores, etc.) can be mapped to trends in percent 
porosity (e.g., see Fig. 6 on page 79 in Bowen et al., 2011). To our knowledge, permeability 
values have not been similarly related to porosity types, although permeability is a key metric for 
fluid injection-related activities. Permeability trends have been related to sandstone texture (i.e., 
grain size), depth, and percent porosity for the Illinois Basin (Frailey et al., 2011).  
 
Thus, the Mount Simon Sandstone is heterolithic, with a range in porosity and permeability 
values due to a variety of depositional environments and diagenetic modifications, which have 
been assessed, mainly for the Illinois Basin, to attempt to obtain trends in values for siting and 
planning operations of CO2 sequestration locations. Geophysical well logs help to constrain 
porosity trends (e.g., net pay) and define flow units for reservoir modeling. Well-log-based flow 
units or informal lithostratigraphic subdivisions of the Mount Simon Sandstone for the Illinois 
Basin were defined to determine what portion of the formation is suitable for geologic CO2 
storage (Medina and Rupp, 2012). These units include upper, middle, and lower portions of the 
formation, where the upper has high gamma-ray values and is shaly. The shaly portion of the 
upper unit includes the so-called “B-Cap” of Becker et al. (1978). The quartzose-rich, middle 
unit has relatively lower and constant gamma-ray values (i.e., the values are relatively uniform 
with depth), and represents a potential main flow unit (Medina and Rupp, 2012). The lower unit 
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has relatively higher and more variable gamma-ray values, with a feldspar content that increases 
with depth (Medina and Rupp, 2012).  
 
In the Mount Simon in western Ohio, informal three-unit subdivisions include an upper unit of 
relatively low and uniform gamma-ray values (Saeed and Evans, 2012), which is a clean (i.e., 
predominately quartzarenite) sandstone and probably corresponds with the middle unit of 
Medina and Rupp’s (2012) work in the Illinois Basin. The top of the upper unit grades into the 
overlying Eau Claire Formation over a 0.5 m zone with an increase in shale, glauconite, and K-
feldspar, and thus Saeed and Evans (Saeed and Evans, 2012) do not mention or identify the “B-
Cap.” The clean sandstone is then underlain by a strongly heterolithic middle unit with 
sandstone, siltstone, and mudstone, corresponding to a variety of tidally-influenced lagoon to 
tidal inlet channel depositional environments (Saeed and Evans, 2012). The lower unit is 
conglomerate-rich, with interbedded mudstones, siltstone, and fine-grained sandstone couplets.  

 
Overlying the Mount Simon Sandstone over much of its regional extent is the Cambrian Eau 
Claire Formation. The formation varies, from north-to-south, from being siliciclastic-dominated 
in its type area near Eau Claire in western Wisconsin to mixed siliclastic-carbonate to carbonate-
dominated in northeastern Missouri (McKay, 1988). The following summarizes McKay’s (1988) 
descriptions of three informal units, the upper, middle, and lower portions, of the Eau Claire 
Formation in eastern Iowa. The upper portion of northeastern Iowa contains finely and coarsely 
interlayered feldspathic and glauconitic sandstone and shale, which contain inarticulate 
brachiopod shells, trilobite and hyolithid molds. In southeastern Iowa, the sandstone-shale facies 
grades into a variably glauconitic, dolomitic, feldspathic siltstone-shale facies, with sparse 
inarticulate brachiopod shells and fragments of trilobite molds. The middle Eau Claire 
Formation, from northeastern to southeastern Iowa, grades from siltstone-shale facies to a shale 
and dolomite facies. The siltstones display bioturbation and glauconite. The dolomite facies 
includes skeletal dolomite packstones to grainstones, bioturbated dolomites, dense crystalline 
dolomite, and dolomite algal thrombolites and stromatolites. The lower Eau Claire is a fine 
sandstone and shale facies in eastern Iowa. Lithologies range from laminated to ripple laminated 
to bioturbated shaly sandstone and interlayered sandstone and shale, shale, flat pebble 
conglomerate, and dolomite echinoderm packstones. In summary, the Eau Claire Formation has 
significant large-scale facies changes from being siliciclastic to carbonate, and includes a large 
variety of lithologies. 
 
The Dallas Center Structure lies near the southeastern edge of the Iowa Horst of the Mid-
Continent Rift System, next to the Thurman-Redfield structural zone (TRSZ), where domal 
structures occur due to deformation near the horst and the TRSZ (Anderson and McKay, 1989; 
Moridis et al., 2007). The Dallas Center Structure lies six miles to the west of the Redfield gas 
storage field. The Hydrodynamics Group (2011) oversaw seismic mapping and coring of the 
Keith No. 1, Mortimer No. 1, and Mortimer No. 3 wells (see Figure 1 for well locations) to 
confirm and update previous structural interpretation of seismic reflection data collected by Bay 
Geophysical, Inc. (2006). The updated structural interpretation, using both core and revised 
geophysics, has ~ 65-70 ft of structural closure over an ~1.5 mi2 area (Figure 1; The 
Hydrodynamics Group, 2011), which was less than the more favorable initial interpretation by 
Bay Geophysical. The total structure, based on the contour map of Figure 1, has two structural 
domes. The Hydrodynamics Group (2011) identified four flow units for the Dallas Center 
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Structure wells based on geophysical well log signatures that were similar to those of the 
Redfield gas storage field. The four units, labeled A through D from shallower to deeper, for the 
feasibility modeling of the Dallas Center Structure (see Section 1) were assigned uniform 
permeabilities of 97, 309, 1,016, and 411 md, respectively, based on permeability values from 
Redfield. Based on the actual heterogeneous and generally lower permeability results obtained 
from the Dallas Center Structure core (see Section 4.2), it was determined that these Redfield 
permeabilities are not realistic as analogue values.
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3. METHODS AND MATERIALS 
 
3.1 General approach and data consistency 
 
To support evaluation of Dallas Center Structure for CAES, SNL performed petrologic and 
petrophysical analyses on conventional core from the Keith No. 1 and Mortimer No. 1 wells (see 
Figure 1a). Several complimentary data types were obtained for Keith No. 1 (which lies near the 
top of the Dallas Center Structure; see Figure 1), which were collected at or close to the same 
core depth location to remain within the same lithofacies. The data for Mortimer No. 1 include 
only permeability, porosity, and bulk density (and well logs). In the following sections, the focus 
is on the Keith  No. 1 well: if the well is not specifically named, the reader should assume it is 
Keith No. 1. The Mortimer No. 1 data are given in Appendix A. 
 
3.2 Porosity, bulk density, permeability, and TOC 
 
Samples were selected at specific core depths from Keith No. 1 and Mortimer No. 1 wells for 
their representativeness of lithofacies present in the core. Samples labeled A and B are vertical 
core plugs (i.e., plugs cut parallel with the long axis of the core) from the same depth, which 
were used for permeability, porosity, bulk density measurements, and for triaxial testing (after 
permeability testing; Dewers et al., submitted 31 October 2012) . Additional core plug samples 
labeled V or H are from the same depth, but are cut parallel (V) or perpendicular (H) to the core 
axis. It follows that A, B, V samples represent vertical permeability, and H represents horizontal 
permeability. It should be noted that cross bedding in some of the lithofacies obfuscates the 
“value” of horizontal versus vertical sampling.  
 
All samples were dried by pulling a vacuum on cored- and end-prepped samples for 24 to 48 
hours, until the sample mass remained constant. Porosity was determined with a Coberly-Stevens 
gas porosimeter (developed by Frank Jones and Associates), which is based on Boyle’s Law. 
Density was determined through calculations using the measured mass and dimensions of 
prepared dry samples.  
 
Permeability was determined using a modified gas permeameter system. Each specimen was 
subjected to a drying phase prior to the permeability measurement, which consisted of being 
subjected to a vacuum and then stored in in a dry environment. Permeability was measured using 
a constant head (or pressure) technique and nitrogen as the permeant. In this technique, the test 
specimen is placed between two metal platens having central ports that permit the permeant 
(nitrogen) to enter and exit the specimen. Highly-permeable porous felt metal disks are placed in 
the interface between the platens and specimen to distribute the permeant and permeant pressure 
across the full cross-section of the specimen (the permeability of the system without a rock 
sample was evaluated and was found to be 1-2 orders of magnitude greater than the greatest 
permeability measured). The specimen is jacketed with a paint-on ultraviolet-cured polyurethane 
material that is sealed to the platens and serves to protect the specimen from hydraulic confining 
fluid and also to prevent permeant from short-circuiting around the sides of the specimen during 
testing. The jacketed specimen-platen assembly is placed inside a pressure vessel (permeameter) 
and the upstream and downstream ports of the platens are connected to a permeant source and to 
a flow meter, respectively. The annulus between the specimen and pressure vessel is filled with 
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isopar fluid and pressurized during the test (applying a pressure to the external surface of the 
specimen) to simulate in situ stresses and also to further enhance the jacket-specimen interface 
seal. In this test series, the confining pressures investigated were generally 500 psi, 1,000 psi, 
1,500 psi, 2,000 psi, 2,500 psi, and 3,000 psi. 
 
Once the confining pressures had stabilized to a constant value, permeant was allowed to enter 
the upstream side of the specimen at a constant pressure (usually 25 or 50 psig depending on 
sample porosity). The downstream side of the specimen was vented to the atmosphere using a 
flow meter. The flow meter was connected to the data acquisition system and gave flow in 
cm3/min.  
 
Intrinsic permeability k was calculated from the following equation: 
 

 22

2

eaia

eae

PPA

PLQ
k






         (1)
 

 
where  is dynamic viscosity of the permeant; L is specimen length; A is specimen cross-
sectional area; Qe is steady-state permeant flow rate; and Pia and Pea are the inlet and exit 
absolute pressures.   
 
A subset of core samples were sent to TerraTek, a Schlumberger company, for “Tight Rock 
Analysis” (TRA), which is suited for mudstone or low permeability lithologies. The TRA 
method is meant to measure rock permeability and not permeability due to pressure-release 
fractures or damage caused by drilling, coring, or core handling. Four Eau Claire Formation 
samples were sent, and one from the Mount Simon Sandstone. TerraTek also performed analysis 
of total organic carbon of these five samples. 
 
3.3 Air-displacing-water capillary pressure and relative permeability 
measurements 
 
Samples were chosen from two distinct lithofacies of the Mount Simon Sandstone to facilitate 
evaluation of the impact of geologic heterogeneity on multiphase flow properties. Sections of 
whole core were examined by helical computed tomography (CT) scanning to aid in choosing 
the location of the horizontal (i.e., perpendicular to the long axis of the core) plugs. The plugs 
were also scanned. Two sets of plugs at approximately the same depths were obtained for the 
capillary pressure measurements and corresponding relative permeability tests. Plug dimensions 
were approximately 1.5 inch diameter by 2 inch long. Weatherford Laboratories in Houston, 
Texas, performed the following:  
 

 examination of the core and plugs by helical CT scanning; 
 drilling of plugs; 
 cleaning of plugs by azeotrope/methanol multi-phase cleaning methods; 
 formation water/brine preparation for use in the capillary pressure measurements, based 

on formation water chemistry from the field site (see The Hydrodynamics Group, 2010, 
for water chemistry data); 
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 high speed centrifuge capillary pressure measurements; and 
 relative permeability measurement using a steady-state method at a net confining 

pressure of 800 psi and temperature of 72°F. 
 
Centrifuge techniques do not directly measure capillary pressures and water saturations at a 
specific location in the core plug. Calculation is necessary to convert angular velocity, average 
water saturation for the entire plug, and other parameters of the centrifuge measurements into 
capillary pressure and water saturation at the endface inlet of the sample. These calculations 
were made following methods by Forbes (1991; 1994; 1997). 
 
3.4 Mercury intrusion capillary pressure measurements 
 
For the CAES project, mercury intrusion capillary pressure (MICP) measurements were obtained 
on Keith No. 1 core for these purposes:  
 

 evaluation of the ability of the Eau Claire Formation to act as a seal against the loss of 
pressurized air from the underlying target reservoir; 

 investigation of capillary pressure as a function of fluid saturations for both the Eau 
Claire Formation and the Mount Simon Sandstone;  

 pore throat size distributions; and 
 defining flow units for to support future modeling of the multiphase flow of air and 

groundwater.  
 

The MICP measurements involve injection of the “non-wetting” mercury into a rock sample 
from low to high (i.e., 60,0000 psia) pressure. Rock samples are placed under vacuum prior to 
the measurements. Data produced include incremental (and cumulative) volumes of mercury 
injected into the penetrometer bulb containing the rock sample and the corresponding pressures.  
 
A total of thirty samples were used in the MICP tests. Twenty-eight cylindrical plugs from the 
core with dimensions of approximately 0.75-in long × 0.75-in diameter were jacketed with epoxy 
for directional mercury intrusion through the open top and bottom. Two samples of smaller 
dimensions were too thin for jacketing and thus underwent omni-directional intrusion. Photos of 
all samples were taken prior to the tests. Poro-Technology in Sugar Land, TX, performed the 
MICP tests on a Micromeritics AutoPore IV 9500 V1.07 instrument. 
 
Many methods for determining closure pressure exist (Katz and Thompson, 1987; Dullien, 1992; 
Sigal, 2009). For repeatability and to reduce subjectivity, and since non-intrudable blanks for 
corrections were not used, estimation of the closure pressure was based on a compressibility 
method. The compressibility coefficient gives the relationship of a solid under uniform 
compression, which can be rearranged and integrated with boundary conditions V = V0 at P = 0 
to give an equation relating deformation to pressure (Colombo and Carli, 1981; Almon et al., 
2008):   
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where β is the compressibility coefficient; V is the bulk volume of the rock sample at some 
pressure; V0 is the original sample volume (at the beginning of the test); and P is pressure. For 
porous media, it is assumed that a plot of the natural log of V/V0 versus pressure will be linear 
until mercury begins entering the pore space (Colombo and Carli, 1981; Almon et al., 2008). To 
obtain the value of V before closure, we subtracted the intruded mercury volume from V0. The 
assumption is that the volumes of intruded mercury equal the decrease in bulk volume of the 
sample due to compression. After closure, this method of determining V no longer represents 
sample bulk volume because of the entry of mercury into the pore space. The pressure at which 
the measured curve begins to deviate from the linear fit is termed “closure” or closure pressure 
during this study (e.g., see Figure 2). The cumulative mercury volume at the closure pressure is 
used for the corrections. The sample bulk volume at closure is used in calculations of MICP-
based bulk density, grain density, and porosity. 
 
 

 
 

Figure 2. Plot of the change in sample volume, normalized by the original sample volume, 
versus pressure. The point of departure of the curve from the linear fit represents the “closure 
pressure.” 
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Conversion of intrusion pressure to pore throat diameter used a “bundle of capillary tubes” 
model via the Washburn equation (version of the Young-Laplace equation; Washburn, 1921; 
Dullien, 1992): 
  

cP
d

 cos4
           (4) 

 
where d is the pore throat diameter of the modeled cylindrical pores; γ is the surface tension of 
mercury (or in general the interfacial tension between the non-wetting and wetting fluids); θ is 
the mercury-air/vacuum-rock contact angle; and Pc is the capillary pressure or in this case the 
mercury intrusion pressure (pressure difference between non-wetting and wetting fluids). Values 
used for contact angle and the mercury surface tension were 140° and 0.480 N m-1 (Pittman, 
1992), respectively.  
 
Change from the mercury-air/vacuum system to the air-groundwater system is made using this 
equation:  
 

 
 mercuryairmercuryair
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     (5) 

 
where P represents the capillary pressure for the system in question labeled by the subscripts; 
and γ and θ represent interfacial tensions and contact angles. 
 
“Breakthrough pressure” is the pressure in a nonwetting phase at which that nonwetting phase 
penetrates a rock through a connected pore network of arbitrarily large size, which was 
previously saturated with the wetting phase (Dullien, 1992). This applies to sealing behavior of 
the Eau Claire Formation in terms of the pressures needed to result in significant multiphase 
fluid flow through the formation.  
 
3.5 X-ray diffraction 
 
To ensure correspondence between thin section evaluation and X-ray diffraction (XRD), a 
section of each thin section rock sample was removed and prepared for XRD (Figure 3). X-ray 
diffraction was completed using a Siemens model D500 –2 powder diffractometer (Bruker 
AXS, Inc.; Madison, WI) using Cu K radiation (0.15406 nm). Measurements employed a 
diffracted-beam, curved-graphite monochromator for data collection with samples maintained at 
room temperature. The instrument power settings were 40 kV and 30 mA, and fixed slits were 
used. The diffraction patterns were collected over a range of 2 at a step size of 0.04o and a count 
time of 20 seconds per step.   
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Figure 3. Schematic of rock sample used for thin sections, billets, and XRD samples. The 
horizontal dimension left of the cut-line for the XRD is approximately 24 mm, the vertical 
dimension is approximately 40 mm, and the depth is approximately 1 cm. The material removed 
for XRD is such that it provided at least 1 gram of ground-up material. 
 
 
3.6 Thin-section examination 
 
Locations of 28 rock samples for thin sections, billets, and XRD were selected after hand-sample 
evaluation of the core (see Appendix C for photo-inventory of thin sections). The locations were 
intended to support identification of distinct and reoccurring lithofacies within the Eau Claire 
Formation and Mount Simon Sandstone. Blocks of rock, at least 24 mm × 40 mm ×1.5 cm in 
size, were cut from the core. The up-hole or younging direction was marked with a notch (see 
Figure 3). Rock samples were impregnated with red fluorescent, low viscosity epoxy resin under 
vacuum. The samples were mounted to standard thin section slides (24 × 46 mm). The samples 
were then cut and ground to ~ 30 μm thickness. The remaining blocks of rock, with a “mirror” 
surface corresponding to the thin sections, were polished to produce a billet for laser scanning 
confocal microscopy, the results of which are not presented in this report. Thin sections were 
prepared by Wagner Petrographic, Lindon, Utah. 
 
Optical petrography by transmitted and reflected light was performed with a Leitz Wetzlar 
Orthoplan-Pol polarizing microscope. Reflected light was especially relevant to assess pyrite, 
which is opaque in transmitted light. Photomicrographs were taken using a Lecia DFC425 digital 
camera. Backscattered electron imaging and energy dispersive X-ray spectroscopy were 
performed on a Zeiss SUPRA 55VP instrument equipped with a Bruker quad silicon drift 
detector. Variable pressure mode was used with the Zeiss SUPRA 55VP, which obviated coating 
of the samples to mitigate charging. 
 
Grain size was estimated visually using a textural comparator (American/Canadian Stratigraphic, 
Denver and Colorado) and measurements on digital images. The degree of sorting was 
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determined using comparators by Longiaru (1987). Modal composition of two thin sections was 
determined by point counting (300 points) using both transmitted and reflected light (i.e, opaques 
were examined with reflected light). Separate 100 point counts were performed solely on 
porosity to evaluate relative percentages of pore types.
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4. RESULTS 
 
4.1. Overview of Keith No. 1 well logs, permeability, and XRD data 
 
Figure 4 displays Keith No. 1 well logs with the depth locations from the picks by The 
Hydrodynamics Group (2011) for the Eau Claire Formation and Mount Simon Sandstone, 
including informal A-D subdivisions, with the permeability and XRD data of this study. The Eau 
Claire Formation contains substantial dolomite. The Mount Simon Sandstone displays a quartz-
rich upper portion and a very compositional heterogeneous portion at depths greater than 
approximately 2,950 ft. An important observation is that this permeability variation does not 
reach the high values (~1 D) of that initial Dallas Center Structure feasibility study (Moridis et 
al., 2007). Permeability measurements include those done on plugs for geomechanical tests or 
solely for permeability, which can be oriented vertically or horizontally to the direction of the 
wellbore. “TRA” indicates Tight Rock Analysis by TerraTek, Inc., a Schlumberger company, 
which is a pressure-decay measurement on crushed rock sample and thus an omni-directional 
measurement. “TerraTek routine” indicates measurement on a plug. Permeability varies greatly 
for the lower units (B, C, and D). Some measurements include clay-rich samples, which resulted 
in very low permeability (Figure 4). Low values may also be due to gypsum and hematite pore-
filling cements, which are more dominant below the A unit (see Section 4.6). 
 
 
4.2. Porosity, bulk density, absolute permeability, and TOC 
 
The Keith No . 1 porosity, bulk density, and permeability measurements are displayed in Figures 
4-8. Appendix A contains tables of these data, including values for Mortimer No. 1 well and 
results of increasing the effective confining pressure during permeability measurements. The gas 
permeabilities reported are at 1500 psi confining pressure; data was collected at pressures from 
500 psi to 3000 psi confining pressure (see Appendix A). A 10% to 20% change of permeability 
with increasing confining pressure was observed. The depths represented are predominantly for 
the Mount Simon Sandstone. Permeability varies over five orders of magnitude within the Mount 
Simon, showing a pronounced change to more variable values at depths greater than 
approximately 2,950 ft. This change corresponds with a lithofacies change from a quartzarenite 
to arkose and subarkose sandstones with depth. Porosity and permeability display no clear trends 
with depth (Figures 5 and 6), nor does bulk density (Figure 8). Porosity is poorly correlated with 
permeability for these Mount Simon Sandstone samples (Figure 7). Total organic carbon for 
samples depths 2,849.41, 2,906.11, 2,918.54, 2,923.81, and 2,979.20 ft are the following, 
respectively: 0.08, 0.06, 0.13, 0.08, 0.09 wt%. 
 
4.3. Air-displacing-water capillary pressure and relative permeability 
measurements 
 
During primary drainage air-displacing-water capillary pressure measurements, the shallower 
sample at 2,933.63 ft drained to low water saturations at correspondingly low capillary pressure 
(Figure 9; see Appendix B for original data from Weatherford Laboratories). The sample reached 
irreducible water saturation (i.e., the volume of water per volume of voids when increasing  
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Figure 4. Well logs, permeability, XRD data, and log-based geologic units for Keith No. 1 well. 
The legend for permeability data indicates the direction (e.g., vertical or horizontal) or type of 
measurement. 
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Figure 5. Permeability versus depth for Keith No. 1 well. 
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Figure 6. Porosity versus depth for Keith No. 1 well. 
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Figure 7. Porosity versus permeability results for Keith No. 1 well. 
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Figure 8. Sample bulk density versus depth for Keith No. 1 well. 
 
 
capillary pressure does not remove more water) of 7.3% at the capillary pressure of 37 psi. The 
sample has porosity and permeability values, measured at confining pressure of 800 psi, of 
16.0% and 514.1 md. In contrast, a core plug from a deeper lithofacies has much poorer 
multiphase flow properties. This sample, at a depth of 2,962.33 ft, exhibited water saturation of 
41.2% at the capillary pressure of 37 psi. This lower lithofacies will require higher capillary 
pressures to achieve significant drainage of formation water. For the range in conditions of the 
centrifuge measurements, the lower sample did not exhibit a clear irreducible water saturation. 
At the last capillary pressure measurement of 102 psi, the water saturation was 29.7%. Porosity 
and permeability, measured at a confining pressure of 800 psi, were 20.2% and 31.2 md. 
 
An increasing change in pressure while flooding was noted during relative permeability testing 
of different core plugs from the capillary pressure measurements, but at similar depths. 
Weatherford Laboratories attributed this increasing pressure change to fines migration and 
plugging of pore throats. Sample cleaning required longer than expected, which may also 
indicate “dirty” samples and thus the problems with the relative permeability testing. The testing 
rig was evaluated as not causing the pressure problems. Reversing the direction of flow initially 
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improved the flow, which then subsequently became plugged again. This is also indicative of 
fines plugging pores. These plugs were rejected as the relative permeability data would have 
been faulty.  
 
The capillary pressure plug from the depth of 2,933.63 ft was then used for one relative 
permeability test (Figure 10), which did not exhibit the same increasing pressure change. The 
specific permeability to water (based on measured groundwater chemistry) is 309 md, whereas 
the specific permeability to air and the Klinkenberg permeability (the Klinkenberg correction 
was applied by Weatherford, see Appendix B) are 514 and 482 md, respectively. Porosity is 
0.16. Gas relative permeability at a gas saturation of 0.54 is 0.20. The residual water saturation 
of 0.46 differs from that of the capillary pressure test, which was 0.07. 
 
 

 
 
Figure 9. Primary drainage capillary pressure curves by centrifuge methods on two Mount 
Simon Sandstone core samples from Keith No. 1 well.  
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Figure 10. Relative permeability data (drainage cycle only) for air-water system at net confining 
stress of 800 psi and temperature of 72°F, for a sample depth of 2,933.63 ft from Keith No. 1 
well. 
 
 
4.4. Mercury capillary pressure measurements 
 
Mercury intrusion capillary pressure (MICP) measurements collected for both the overlying Eau 
Claire Formation and the Mount Simon Sandstone are converted to Washburn pore diameters 
(see Section 3.4, Eq. 4) in Figure 11. The Eau Claire Formation has pore throat diameters and 
capillary pressure characteristics consistent with a seal (i.e., high breakthrough pressures). The 
underlying Mount Simon Sandstone has capillary pore throat characteristics (i.e., low 
breakthrough pressures) generally consistent with reservoir rock. Figure 11displays clear 
separation of the majority of the Mount Simon Sandstone samples as being distinct from the Eau 
Claire Formation caprock samples, indicating the differences in pore throat sizes and capillary 
sealing behavior. 
 
4.5. X-ray diffraction 
 
Figure 12 and Table 1 present XRD results as a function of depth. Samples from depths from 
2,836.50 to 2,919.27 ft fall within the Eau Claire Formation. Mount Simon Sandstone samples 
are from depths 2,925.92 to 3,004.55 ft. The Eau Claire Formation samples are carbonate-
dominated, with variable amounts of siliciclastics, clays, and minor occasional iron and titanium 
oxides and hydroxyapatite. Only the deepest sample at depth 2,919.27 ft, still included at the 
base of the Eau Claire Formation (see Figure 4 for depths of formation tops and bottoms), 
contains gypsum. Hydroxyapatite (associated with fossils, see Section 4.6) occurs at the base of 
the Eau Claire in samples of depths 2,913.34 and 2,918.27 ft. Dolomite is substantial at many 
depths, reaching 89.3 wt%. Clays include illite and kaolinite, which are 11.3 wt% or less. 
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Figure 11. Plot of incremental mercury saturation versus pore throat diameter for the 30 samples from Keith No. 1 well. Blue 
represents Mt. Simon Sandstone samples, whereas red indicates the Eau Claire Formation. “V” and “H” stand for vertical or horizontal 
directional porosimetry.
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Table 1. X-ray diffraction results 

Depth (ft) Quartz Microcline Orthoclase Hematite Gypsum Dolomite Calcite Illite Kaolinite Hydroxyapatite Anatase 

2836.50 22.6(5) 20.3(5) 16.3(5) 0.1 - 12.4(5) 21.5(5) 5.7(5) 0.5 - 0.6 

2837.96 22.5(5) 0.6 22.8(5) - - 12.7(5) 34.2(5) 6.0(5) 0.8 - 0.4 

2850.89 19.6(5) 0.2 17.6(5) - - 18.8(5) 36.1(5) 6.2(5) 1.2(5) - 0.3 

2860.76 2.2(5) 0.8 1.3(5) - - 25.9(5) 65.1(5) 4.7(5) - - - 

2863.17 7.1(5) 0.7 1.8(5) - - 86.3(5) 1 3.1(5) - - - 

2868.27 5.3(5) 0.1 1.8(5) - - 89.3(5) 3.5(5) - - - - 

2879.09 13.6(5) 9.2(5) 20.7(5) - - 45.2(5) - 8.7(5) 2.6(5) - - 

2891.68 12.7(5) 0.3 8.8(5) - - 73.8(5) 3.8(5) 0.6 - - - 

2896.00 27.2(5) 0.2 19.2(5) 0.6 - 52.8(5) - - - - - 

2909.10 24.3(5) 0.4 19.6(5) - - 47.3(5) - 7.3(5) 1.1(5) - - 

2913.34 18.4(5) 0.2 1.8(5) - - 76.3(5) - - - 3.0(5) 0.3 

2918.27 84.6(5) 0.1 4.2(5) - 2.8(5) - - - - 8.3(5) - 

2919.27 85.3(5) - 1.3(5) - 11.5(5) - - - - - 1.9(5) 

2925.92 96.0(5) 0.3 1.2(5) - - - - - - 2.0(5) 0.5 

2931.10 97.7(5) - - - 1.2(5) - - - - 1.1(5) - 

2948.91 96.3(5) - - - - - - - - 3.7(5) - 

2951.58 47.3(5) 19.9(5) 25.9(6) - - - - 5.5(5) 0.8 0.6 - 

2953.73 23.6(5) 35.4(5) 30.6(7) - - 0.8 - 7.5(5) 0.8 - 1.3(5) 

2963.56 86.1(5) 0.6 7.6(5) 1.7(5) 2.3(3) - - 1.5(5) - 0.2 

2964.81 62.2(5) 1.4(5) 25.2(5) - - - - 9.3(5) 0.9 - 1.0(5) 

2967.20 82.6(5) 0.6 4.7(5) 0.8 7.9(5) - - 2.4(5) 0.4 - 0.6 

2968.24 72.3(5) 0.6 26.2(5) 0.9 - - - - - - 

2970.30 59.4(5) 0.5 29.4(5) 3.3(5) - - - 6.5(5) 0.9 - - 

2983.42 67.8(5) 0.7 8.6(5) - 17.5(5) - - 4.9(5) 0.5 - - 

2989.15 27.2(5) 20.1(5) 27.8(5) 16.5(5) - - - 7.9(5) 0.5 - - 

2990.53 51.4(5) 1.2(5) 26.6(5) - 4.7(5) - - 13.9(5) 1.0(5) - 1.2(5) 

2994.92 85.4(5) 1.6(5) 6.7(5) - 5.5(5) - - 0.8 - - - 

3003.71 96.0(5) 0.2 1.8(5) 0.4 1.6(5) - - - - - - 

3004.55 90.2(5) 0.1 4.4(5) 2.3(5) 0.9 - - 1.6(5) 0.5 - - 
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The upper Mount Simon Sandstone, based on samples 2,925.92 to 2,948.91 ft, is quartz-
dominated with values of 96.0 to 97.7 wt%. The upper portion contains hydroxyapatite 
(associated with fossils, see Section 4.6) and gypsum. Deeper samples contain typically lesser 
quartz with substantial amounts of microcline and orthoclase feldspar, iron and titanium oxides, 
gypsum, and clays.  
 
4.6. Thin-section examination 
 
Tables D1 through D4 in Appendix D summarize petrographic observations of 16 Mount Simon 
Sandstone thin sections with emphasis on framework and non-framework components, and on 
diagenesis. Table D1 focuses on grain size, sorting, and mineralogy of framework grains. Table 
D2 addresses non-framework components, especially authigenic minerals and porosity types. 
Table D3 presents diagenetic observations, such as authigenic mineral textures, the nature of 
contacts between framework grains, and dissolution textures. Table D4 provides modal 
composition based on pointing counting of two thin sections. Framework refers to grains that 
comprise the rigid framework of the rock. Non-framework refers to the interstitial components 
that reside in the spaces between or around the framework grains. Appendix E presents several 
photomicrographs, the observations of which were summarized in Tables D1–D4. The pink color 
of the scanned thin sections or the transmitted light images indicates connected porosity and 
hence permeability.  
 
The lithologies of the Mount Simon Sandstone samples vary from quartzarenite, arkose, and 
subarkose to sand- and silt-bearing mudstones (Table D1). Grain size ranges from clay (< 4 µm) 
to pebble-sized (~ 10 mm). Sorting similarly varies from very poorly sorted to very well sorted. 
The samples exhibit great variability in geologic properties from the depths of 2,925.92 to 
3,004.55 ft.  
 
Samples from depths 2,925.92, 2,931.10, and 2,948.91 ft are almost pure quartz sandstone (i.e., 
quartzarenite) with minor fossil rock fragments (i.e., hydroxyapatite; inarticulate brachiopods) 
and authigenic minerals. Dissolution textures indicate that pore-filling cement (i.e., in situ 
precipitation)  may have at some time filled interstitial spaces between the quartz grains, as 
indicated by ragged, caries (i.e., bite-like) texture, automorphic penetration, and embayed 
margins. Residual pore-filling, poikilotopic (i.e., cement that surrounds grains, typically as a 
single continuous crystal) cement is rare, however. Subarkose and arkose sandstones, samples 
deeper than 2,953.73 (except for sample N26 at depth 3,004.55 ft), also show ragged, corroded 
margins of framework and contain poikilotopic cements, such as gypsum and hematite. These 
cements are typically near zones of “floating” or almost “floating” grains (i.e., framework grains 
that have minimal to no contact with surrounding grains). Cements probably filled the pores 
around the floating grains, inhibiting compaction. The cements were later partially or fully 
dissolved (see Appendix E for photomicrographic examples).  
 
Contacts between framework grains vary from floating to tangential to long, with lesser 
occurrence of concavo-convex contacts (Table D3). These contacts occur at many depths, 
showing that compaction and some pressure dissolution has affected porosity at all depths. 
However, floating grains with corroded margins also occur, mainly at depths of 2,951.58 ft or 



37 

deeper, which indicate that compaction may have been inhibited by a once pore-filling cements 
that was later dissolved.  
 
Fe-Ti oxides (i.e., hematite and anatase) occur at most depths and display replacement textures 
of possible pre-existing ilmenite or titaniferous magnetite (see Morad and Aldahan, 1986, for a 
discussion of Fe-Ti oxides in sandstones); however, these grains occur in small (<1%) amounts. 
Ilmenite replacement can occur in mildly reducing conditions, with concomitant pyrite 
precipitation. Pyrite occurs in several thin sections in small amounts. Bulk XRD does not 
indicate any pyrite. Point counting of samples with pyrite-after-ilmenite grains did not measure 
areal percentages greater than 1%. 





39 

5. DISCUSSION AND IMPLICATIONS 
 
The major finding is that the intrinsic permeability distribution within the Dallas Center is 
relatively low and more heterogeneous than that of Redfield gas storage field. The feasibility 
study for Dallas Center Structure (Moridis et al., 2007) used favorable permeability values (up to 
1,016 md for the Unit C, based on Redfield as an analogue, which do not correspond with the 
actual site permeability presented herein (see Section 4.2). Thus, re-evaluation of flow modeling 
found unfavorable conditions for air bubble formation at the site, which is one reason why the 
site was rejected (The Hydrodynamics Group, 2011). 
 
Petrographic observations indicate strong heterogeneity with depth of the Mount Simon 
Sandstone. Grain size, sorting, composition, and diagenetic characteristics all vary over large 
ranges. Such heterogeneity will impact compressed air energy storage in terms of fingering of air 
and efficiency during air cycling. Combination of these observations with permeability, capillary 
pressure, and well log data indicate that the upper portion (A unit; Fig. 4) of the formation is a 
potential flow unit, whereas the lower portion is difficult to separate into distinct flow units, 
which is in contrast to Redfield. The lower portion includes lithofacies of non-reservoir quality 
(i.e., low permeability and high mercury intrusion or breakthrough pressures).  
 
Major factors affecting pore size distributions and connectivity of pore space is the occurrence 
and dissolution of gypsum and hematite cements. These cements have affected the compaction of 
framework grains, in some cases inhibiting compaction and resulted in floating or almost-
floating grains after dissolution of cements. In places without cements, compaction has reduced 
porosity through long and sutured contacts between framework grains and filling of pore space 
by overgrowths on framework grains. Some samples exhibit more precipitation of hematite and 
gypsum cement within zones of relatively coarse sand grains, as opposed to nearby zones of finer 
sandstone. Permeability and porosity probably vary substantially with depth due to the patchy 
nature of the gypsum and hematite cements. The cement probably enhanced permeability by 
inhibiting compaction and then later being dissolved to provide connected pore space; however, 
if it still fills pore space, then it reduces porosity and permeability. We speculate that Redfield 
gas storage field may have undergone dissolution of evaporite (i.e., gypsum) cement due to 
soluble nature of gypsum, which in turn may have improved its permeability. 
 
Pyrite occurs in association with Ti oxide due to replacement of pre-existing ilmenite grains (see 
Morad and Aldahan, 1986, for presentation of chemical reactions facilitating this reaction). 
Quantification of pyrite, via bulk XRD and two point counts, indicates pyrite is not a major 
authigenic mineral (i.e., less than one areal percent or wt%). Furthermore, pyrite can exhibit an 
Fe-rich coating on its outer margins that may further inhibit interaction with pore fluids (see 
Appendix E for photomicrographs of pyrite). Thus, we conclude pyrite is of no concern to this 
project in terms of potential acidification by oxidizing fluids or to consumption of oxygen in the 
air. 
 
Viewing the data and findings altogether, we recommend for siting CAES that heterogeneity in 
flow properties be carefully considered for the Mount Simon Sandstone in the Thurman-Redfield 
structural zone, Iowa, and other locales that display similar well log characteristics. Future work 
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should address regional variation in permeability as a function of primary textural and diagenetic 
alterations, which can greatly affect site-specific performance assessment.
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APPENDIX A: PERMEABILITY AND EFFECTIVE CONFINING 
PRESSURE 

 
Tables A1 and A2 present permeability, porosity, and bulk density data for the Keith No.1 and 
Mortimer No. 1 wells, following methods given in Section 3.2.
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Table A1. Permeability, porosity, and bulk density for Keith No. 1 well. 
 

Depth (ft) Depth ID Porosity Density (g/cm3) Perm. (md) 

2849.41 2849.41 0.04 2.602 4.76E-04 

2896.2 2896.2V 0.17 2.55 - 

2896.7 2896.7V 0.04 2.54 - 

2906.11 2906.11 0.05 2.678 9.70E-01 

2909.95 2909.95V 0.22 2.37 - 

2915.52 2915.52V 0.07 2.41 7.20E-04 

2918.54 2918.54 0.07 2.523 1.01E-04 

2923.81 2923.81 0.17 2.262 5.50E+01 

2931.25 2931.25 A 0.16 2.23 2.91E+02 

2931.25 2931.25 B 0.15 2.24 2.66E+02 

2931.53 2931.53 A 0.16 2.22 3.16E+02 

2931.53  2931.53 B 0.15 2.25 2.66E+02 

2931.9 2931.9 A 0.16 2.22 1.12E+02 

2931.9 2931.9 B 0.16 2.22 1.34E+02 

2932.29 2932.29 A  0.17 2.19 1.72E+02 

2932.29 2932.29 B 0.16 2.23 2.20E+02 

2932.72 2932.72H 0.16 2.22 2.88E+02 

2933.25 2933.25A 0.16 2.21 2.80E+02 

2933.25 2933.25B 0.16 2.22 2.41E+02 

2948.61 2948.61 V 0.14 2.29 1.36E+02 

2948.61 2948.61H 0.14 2.29 1.36E+02 

2951.79 2951.79 V 0.14 2.29 4.67E+00 

2951.79 2951.79 H 0.15 2.26 1.35E+02 

2953.46 2953.46 V 0.21 2.03 1.78E-01 

2953.46 2953.46 H 0.25 1.96 8.85E+01 

2961.31 2961.31 A 0.17 2.18 7.83E+01 

2961.31 2961.31 B 0.17 2.19 9.86E+01 

2962.03 2962.03 V 0.19 2.13 3.17E-01 

2962.03 2962.03 H 0.19 2.15 8.97E+01 

2963.23 2963.23 H 0.12 2.34 3.92E+01 

2963.43 2963.43 H 0.18 2.22 9.97E+00 

2964.69 2964.69 H 0.04 2.49 1.49E+01 

2967.05 2967.05 V 0.06 2.46 1.94E-02 

2967.05 2967.05 H 0.06 2.45 1.34E+00 

2968.12 2968.12 V 0.17 2.2 6.00E-04 

2968.12 2968.12 H 0.17 2.18 9.04E+00 

2968.42 2968.42 A 0.21 2.11 4.00E-04 

2968.42 2968.42 B 0.2 2.12 2.50E-03 

2968.69 2968.69 A 0.18 2.16 5.10E-03 

2968.69 2968.69B 0.18 2.15 3.16E+02 
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Table A1 continued. 

Depth (ft) Depth ID Porosity Density (g/cc) 
Permeability 

(md) 

2971.24 2971.24 V 0.18 2.34 1.92E+00 

2971.24 2971.24 H 0.11 2.34 6.72E+01 

2974.58 2974.58 H 0.09 2.4 1.06E+02 

2979.2 2979.2 0.17 2.686 4.91E-04 

2983.12 2983.12 V 0.01 2.57 2.00E-03 

2983.12 2983.12 H 0.01 2.56 8.90E-03 

2989.25 2989.25 V 0.06 2.52 - 

2989.25 2989.25 H 0.04 2.64 6.00E-04 

2990.71 2990.71 V 0.04 2.49 4.04E-02 

2990.71 2990.71 H 0.22 2.47 5.17E-01 

2995.76 2995.76V 0.17 2.26 3.40E+00 

2995.76 2995.76 H 0.13 2.31 - 

2995.76 2995.76 H 0.12 2.28 1.11E+02 

3003.11 3003.11 H 0.04 2.5 5.36E-01 

3004.76 3004.76V 0.09 2.37 1.18E-02 

3004.76 3004.76 H 0.09 2.36 - 
 
 

Table A2. Permeability, porosity, and bulk density for Mortimer No. 1 well. 

Depth (ft) Depth ID Porosity Density (g/cm3) Perm. (md) 

2947.35 2947.35 H 0.17 2.21 3.20E+00 

2947.05 2947.05 V 0.07 2.48 6.74E-03 

2981.20 2981.2 H 0.1 2.47 4.80E-04 

2980.87 2980.87 V 0.09 2.6 0.00000* 

2966.58 2966.58 H 0.03 2.53 4.07E+00 

2966.75 2966.75 V 0.03 2.51 1.44E-03 

2986.40 2986.4 H 0.18 2.18 3.24E+02 

2986.58 2986.58 V 0.16 2.23 1.18E+02 

2975.80 2975.8 H 0.08 2.41 9.81E+01 

2975.54 2975.54 V 0.16 2.21 2.73E+02 

2956.35 2956.35 H 0.11 2.36 9.58E+01 

2956.00 2956.0 V 0.12 2.35 1.13E-03 

2940.40 2940.4 H 0.18 2.17 1.48E+02 

2940.75 2940.75 V 0.17 2.2 7.25E+01 

2923.25 2923.25 H 0.11 2.35 7.83E+01 

2924.25 2924.25 V 0.16 2.19 4.96E-01 

2936.10 2936.1 H 0.15 2.25 1.55E+02 

2936.25 2936.25 V 0.14 2.25 1.13E+02 

2917.12 2917.12 H 0.14 2.28 1.55E+02 

2917.40 2917.4 V 0.15 2.26 - 
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APPENDIX B: ORIGINAL DATA FROM WEATHERFORD 
LABORATORIES ON CAPILLARY PRESSURE AND RELATIVE 

PERMEABILITY 
 
The tables in this appendix are from the original reported data provided by Weatherford 
Laboratories.  
 



 
 
 
 
 
 
 
 
 
 
 

52 

 



 
 
 
 
 
 
 
 
 
 

53 

 
 



54 

 



 
 

55 

 



 



57 

APPENDIX C: THIN SECTION INVENTORY 
 
This appendix presents an inventory of the thin sections and an atlas of photomicrographs from 
electron and optical petrography of the Mount Simon Sandstone. The thin sections were made 
from core from the Iowa Stored Energy Plant Agency Keith No. 1 well (see Section 3.5-3.6). 
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APPENDIX D: TABLES OF MOUNT SIMON SANDSTONE 
PETROGRAPHIC OBSERVATIONS 

 
This appendix presents tables of petrographic observations of Mount Simon Sandstone thin 
sections, supplemented by X-ray data. This information includes the following: formal rock 
name classification; textural and diagenetic descriptions of framework grains and non-framework 
components (e.g., matrix or authigenic minerals) and porosity types; and point counting results.
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Table D1. Rock name and textural information based on petrographic and XRD observations of framework components 

ID Depth (ft) Rock Name1 Predominant grain size2 Sorting3  Framework Grains Comments

N11 2925.92 quartzarenite vfU, fL, fU well/moderately well sorted 
(0.50)

quartz, minor feldspar, and 
fossil (brachiopod) rock 
fragments

Fossils can be much larger 
than other framework grains 
and were ignored for 
determining texture.

N12 2931.10 quartzarenite fl, fU very well/well sorted (0.35) quartz; minor fossil rock 
fragments

No comment.

N13 2948.91 quartzarenite fL, fU, mL well/moderately well sorted 
(0.50)

quartz; minor rock 
fragments including fossil 
fragments and chert

No comment.

N14 2951.58 arkose fL, fU, mL well/moderately well sorted 
(0.50)

quartz, feldspar, and minor 
fossil rock fragments; minor 
glauconitic grains

Texture applies to 
sandstone, although part of 
the thin section contains 
mudstone interbeds; rock 
name based on XRD.

N15 2953.73 coarser grained portion: 
arkose; finer grained portion: 
very fine sand- and silt-
bearing to -rich mudstone

sandstone portion: vfL, 
vfU; mudstone portion: 
vfL, coarse silt and 
smaller

sandstone portion: very 
well/well sorted (0.35); 
mudstone portion: 
poorly/very poorly sorted 
(2.0)

sandstone: quartz, feldspar, 
muscovite mudstone: quartz, 
feldspar, muscovite

No comment.

N16 2963.56 subarkose vfL, vfU, fL, fU, mL, 
mU cL, cU

moderately/poorly sorted 
(1.00)

quartz, feldspar No comment.

1Folk (1974) classification for sandstone; MacQuaker and Adams (2003) classification for mudstone; classification based on visual estimates of framework grain 
composition using comparators. If sandstone, the rock name neglects non-framework components.

2Textural abbreviations include: very fine, vfL (62–88 µm), vfU (88–125 µm); fine, fL (125–177 µm), fU (177–250 µm); medium sand, mL (250–350 µm), mU 
(350–500 µm); coarse sand, cL (500–710 µm), cU (710–1000 µm); very coarse sand, vcL (1000–1410 µm), vcU (1410–2000 µm); granule, gL (2–2.83 mm), 
gU (2.83–4 mm); and pebble, pL (4–16 mm). The predominant grain size is given here; larger or smaller grains can occur.

3Sorting estimates are less accurate for mudstone-dominated thin sections.
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Table D1 continued 

ID Depth (ft) Rock Name1 Predominant grain size2 Sorting3  Framework Grains Comments

N17 2964.81 arkose relatively finer grained 
layers;  fL, fU, mL; 
coarser grained layers: 
fL, fU, mL, mU, cL, cU, 
vcL

coarser grained layers: 
well/moderately well sorted 
(0.50); finer grained layers: 
very well/well sorted (0.35)

quartz, feldspar No comment.

N18 2967.20 subarkose vfU to pL moderately/poorly sorted 
(1.00)

quartz, feldspar Texture is for the lower 2/3 
of the thin section and 
neglects the fine-grained 
layer.

N19 2968.24 arkose vfL, vfU very well sorted (0.0) quartz, feldspar No comment.
N20 2970.30 fine sand- and silt-bearing 

mudstone
relatively finer grained 
layer: vfU, vfL, coarse 
silt, and smaller

relatively finer grained 
layer: poorly/very poorly 
sorted (2.00)

clays - silt and sand (quartz, 
feldspar, muscovite) 
generally "float" in clay

Focus is on clay-rich 
portion of thin section.

N21 2983.42 subarkose vfU to gL moderately well/moderately 
sorted (0.71)

quartz, feldspar Texture focuses on 
sandstone section.

N22 2989.15 arkose cL to sand, silt, and 
smaller

poorly/very poorly sorted 
(2.00)

feldspar, quartz, minor  
muscovite

Texture includes fine 
grained material.

N23 2990.53 in general: arkose vcU to sand, silt, and 
smaller

poorly/very poorly sorted 
(2.00)

quartz, feldspar, muscovite Heterogeneous thin section.

3Sorting estimates are less accurate for mudstone-dominated thin sections.

1Folk (1974) classification for sandstone; MacQuaker and Adams (2003) classification for mudstone; classification based on visual estimates of framework grain 
composition using comparators. If sandstone, the rock name neglects non-framework components.
2Textural abbreviations include: very fine, vfL (62–88 µm), vfU (88–125 µm); fine, fL (125–177 µm), fU (177–250 µm); medium sand, mL (250–350 µm), mU 
(350–500 µm); coarse sand, cL (500–710 µm), cU (710–1000 µm); very coarse sand, vcL (1000–1410 µm), vcU (1410–2000 µm); granule, gL (2–2.83 mm), 
gU (2.83–4 mm); and pebble, pL (4–16 mm). The predominant grain size is given here; larger or smaller grains can occur.
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Table D1 continued 

ID Depth (ft) Rock Name1 Predominant grain size2 Sorting3  Framework Grains Comments

N24 2994.92 subarkose relatively finer grained 
portion: vfU, fL, fU; 
coaser grained portion: 
cU, cL, mU, mL, fU, fL

relatively finer grained 
layers: very well sorted 
(0.0) to very well/well 
sorted (0.35); coaser 
grained layers: 
well/moderately well sorted 
(0.5)

quartz, feldspar Thin section is of tilted 
layers of relatively finer and 
coaser material, which are 
described separately in 
terms of texture; minor vcL 
grains occur.

N25 3003.71 quartzarenite vfU to pL poorly/very poorly sorted 
(2.00)

quartz, feldspar No comment.

N26 3004.55 quartzarenite fL to gU well/moderately well sorted 
(0.50)to moderately 
well/moderately sorted 
(0.71)

quartz, feldspar, minor chert 
rock fragments

Texture combines very 
coarse and finer portions, 
but neglects the mdustone 
interbeds.

1Folk (1974) classification for sandstone; MacQuaker and Adams (2003) classification for mudstone; classification based on visual estimates of framework grain 
composition using comparators. If sandstone, the rock name neglects non-framework components.

2Textural abbreviations include: very fine, vfL (62–88 µm), vfU (88–125 µm); fine, fL (125–177 µm), fU (177–250 µm); medium sand, mL (250–350 µm), mU 
(350–500 µm); coarse sand, cL (500–710 µm), cU (710–1000 µm); very coarse sand, vcL (1000–1410 µm), vcU (1410–2000 µm); granule, gL (2–2.83 mm), 
gU (2.83–4 mm); and pebble, pL (4–16 mm). The predominant grain size is given here; larger or smaller grains can occur.
3Sorting estimates are less accurate for mudstone-dominated thin sections.
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Table D2. Description of non-framework components based on petrographic and XRD observations 

ID Depth (ft) Rock Name
Matrix 

composition1 Authigenic minerals
Heavy 

minerals2 Porosity types

N11 2925.92 quartzarenite N.A. quartz overgrowths common; Ti oxides; Fe-
rich phase; minor phosphatic cement near 
fossil fragments; gypsum fills long, 
continuous fracture

zircon framework intergranular; "ghost" and 
oversized pores; minor intragranular 
within authigenic minerals and 
incompletely dissolved ghost grains; 
pores associated/surrounded by 
quartz overgrowths

N12 2931.10 quartzarenite N.A. Ti oxide; pyrite; quartz overgrowths; 
minor clay; barite fracture fill; gypsum 
fracture fill, minor anhydrite occurs within 
gypsum fracture fill; minor pyrite occurs 
with fossil fragments

N.O. framework intergranular; minor 
framework intragranular; possible 
ghost/dissolution remnant porosity; 
minor microporosity in patches of 
authigenic clay minerals

N13 2948.91 quartzarenite N.A. quartz overgrowths; Ti oxide, pyrite N.O. framework intergranular; minor 
framework intragranular; minor 
oversized pores

N14 2951.58 arkose mudstone 
interbed 
contains illite 
and minor 
kaolinite  
based on 
XRD

mudstone interbed contains pyrite and Ti 
oxide; sandstone contains euhedral Ti 
oxide, pyrite, quartz overgrowths, and 
minor apatite lining quartz grains; gypsum 
fills fracture; gypsum can occur as a minor 
pore filling cement away from the fracture 

N.O. framework intergranular; minor 
framework intragranular; minor 
oversized pores; ghost grains 
associated with Ti oxide; 
microporosity near clays/grain-lining 
material

1Non-framework material that did not precipitate in situ.
2N.O. = Not observed 
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Table D2 continued 

ID Depth (ft) Rock Name
Matrix 

composition1 Authigenic minerals
Heavy 

minerals2 Porosity types

N15 2953.73 coarser grained 
portion: arkose; 
finer grained 
portion: very fine 
sand-and silt-
bearing to -rich 
mudstone

mudstone: 
clays; illite 
common

mudstone: Ti oxide; less abundant pyrite; 
minor clay

N.O. sandstone: intergranular macro 
porosity, microporosity in clays 
associated with degraded feldspars; 
mudstone: minor microporosity in 
clay; minor intragranular porosity in 
non-clay components; minor 
intergranular porosity between 
silt/sand-rich portions of the sample

N16 2963.56 subarkose N.A. Ti oxide, hematite, gypsum, pyrite not 
confirmed after preliminary examination; 
clay associated with degraded feldspar

N.O. intergranular macro porosity; ghost 
grains; porosity associated with 
corroded grains; intragranular 
porosity, probably twin controlled in 
feldspar

N17 2964.81 arkose N.A. Ti oxide, hematite, gypsum, barite, pyrite 
not confirmed after preliminary 
examination; clay associated with 
degraded feldspar

N.O. ghost grains, intergranular macro 
porosity, porosity associated with 
corroded framework grains

N18 2967.20 subarkose mainly illite 
in finer 
grained 
interbed

poikilotopic gypsum, anhydrite with 
gypsum, minor hematite, Ti oxide, clay 
associated with degraded feldspars, quartz 
and feldspar overgrowths

N.O. ghost grains porosity, intergranular 
macroporosity, intragranular 
macroporosity, intergranular porosity 
associated with corroded framework 
grains

N19 2968.24 arkose clays hematite, gypsum, Ti oxide, pyrite not 
confirmed after examination by reflected 
light, clays associated with degraded 
feldspars, overgrowths on framework 
grains

N.O. intergranular macroporosity 
associated with corroded grains, 
microporosity associated with clays, 
ghost grains within hematite cement

1Non-framework material that did not precipitate in situ.
2N.O. = Not observed  
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Table D2 continued

ID Depth (ft) Rock Name
Matrix 

composition1 Authigenic minerals
Heavy 

minerals2 Porosity types

N20 2970.30 fine sand- and silt-
bearing mudstone

clays Ti oxide (euhedral and replacement 
textures), pyrite not confirmed by 
examined with reflect light, clays 
associated with degraded feldspars

N.O. porosity difficult to identify within 
clay-rich portions of thin section

N21 2983.42 subarkose N.A. gypsum, anhydrite, clays, hematite, 
overgrowths on framework grains

N.O. intergranular macroporosity, 
oversized pores, pores associated with 
corroded framework grains,  
intragranular porosity, microporosity 
associated with clays

N22 2989.15 arkose possible clays clays, hematite, gypsum N.O. intergranular microporosity in clays, 
porosity associated with dissolution of 
cement

N23 2990.53 in general: arkose clays quartz and feldspar overgrowths (in 
portions without abundant matrix); Ti 
oxide; minor pyrite, gypsum, hematite

zircon microporosity in clays; macroporosity 
associated with corroded framework 
grains; 

N24 2994.92 subarkose N.A. framework grain overgrowths, poikilotopic 
gypsum, 

zircon intergranular macroporosity 
associated with corroded framework 
grains; intragranular macroporosity; 
porosity associated with clays; 
oversized pores

N25 3003.71 quartzarenite N.A. poikilotopic hematite, framework grain 
overgrowths, clays associated with 
degraded feldspar

zircon intergranular macroporosity 
associated with corroded framework 
grains; porosity associated with ghost 
grains; intergranular microporosity

N26 3004.55 quartzarenite N.A. clays associated with degraded feldspar, 
poikilotopic hematite and gypsum, 
overgrowths on framework grains, Ti 
oxide, pyrite not confirmed with 
examination by reflected light

N.O. intergranular macroporosity 
associated with corroded grains; 
microporosity in clays; macro and 
micro intragranular porosity 
associated with framework and clays

1Non-framework material that did not precipitate in situ.
2N.O. = Not observed 
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Table D3. Summary of diagenetic observations based on petrographic and XRD data

ID Depth (ft) Rock Name Authigenic mineral textures
Contacts between 

framework grain grains
Dissolution textures

N11 2925.92 quartzarenite euhedral quartz overgrowths; automorphic penetration of 
quartz by Ti-rich phase; quartz overgrowths can be missing 
in locations due to pressure solution; pyrite and Ti oxide 
replacement of framework-sized grains that were probably 
ilmenite or titaniferous magnetite; quartz-lining phosphatic 
phase occurs rarely

tangential and long 
contacts common 
between quartz grains: 
lesser occurrence of 
concavo-convex contacts

minor automorphic 
penetration; ghost grains; 
some sutured contacts 
between quartz grains 

N12 2931.10 quartzarenite pyrite, typically in the shape of framework-sized grains - 
probably replacement of ilmenite; barite fills sub-vertical 
fractures, encompassing quartz and minor pyrite-replaced 
grains; gypsum also fills sub-vertical fractures and 
encompasses framework grains near/within the fracture

tangential and long 
contacts common 
between quartz grains: 
lesser occurrence of 
concavo-convex contacts

ragged, caries texture of 
quartz in barite fracture 
fill; quartz commonly 
appears corroded or has 
embayment-like margins

N13 2948.91 quartzarenite minor pyrite in fossil fragments; Ti oxide can occur in 
patches or as single crystals; quartz grains show ragged, 
caries texture indicated dissolution of the quartz or a once 
pore-filling cement; quartz overgrowths are less common 
than samples N11 and N12; an opaque grain-lining phase 
occurs, which may be Fe oxide or clays or apatite

tangential and long 
contacts

framework quartz 
commonly exhibit caries or 
ragged contacts and 
embayment-shaped 
margins

N14 2951.58 arkose pyrite and euhedral Ti oxide collocated in framework-grain 
sized patches indicates replacement of ilmenite; opaque 
material lines some framework grains, possible clay or Fe 
oxide; quartz overgrowths generally missing in area of 
floating grains; quartz overgrowths present; feldspar 
overgrowths probable

floating, tangential, and 
long contacts between 
framework grains

corroded quartz grains; 
margins of framework 
grains with embayments

N15 2953.73 coarser grained 
portion: arkose; 
finer grained 
portion: very fine 
sand-and silt-
bearing to -rich 
mudstone

sandstone: poikilotopic gypsum, clay associated with 
degraded feldspar; feldspar overgrowths, Ti oxide; 
mudstone: Ti oxide replacement of portions of framework 
grains; pyrite can have euhedral shapes; oversized patches 
of gypsum cement

sandstone: tangential and 
long contacts common, 
floating contacts in areas 
of corroded grains

sandstone: quartz and 
feldspar grains corroded, 
ghost grains and 
dissolution remnants
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Table D3 continued
ID Depth (ft) Rock Name Authigenic mineral textures Contacts between 

framework grain grains
Dissolution textures

N16 2963.56 subarkose hematite can occlude porosity in portions of the sample; 
quartz and feldspar display ragged, caries texture and 
embayments by hematite; hematite is not continuous  
throughout the sample; poikilotopic gypsum cement fills 
centers of pores that are lined by hematite; framework 
overgrowths more difficult to recognize

framework grains 
display long and 
tangential contacts, 
cements can surrounded 
grains

zones of corroded 
framework grains lack 
hematite cement 
suggesting dissolution of 
the cement

N17 2964.81 arkose quartz overgrowths, pore filling, poikilotopic hematite, 
poikilotopic barite (not filling fracture as before), barite 
surrounds hematite, poikilotopic gypsum surrounded 
hematite, Ti oxide associated with ghost grains; anhydrite 
occurs within gypsum cements

floating in cement, 
tangential, long

corroded quartz and 
feldspar grains

N18 2967.20 subarkose poikilotopic gypsum surrounding framework grains and Ti 
oxide and quartz and feldspar overgrowths, 

floating framework 
grains in gypsum, 
floating grains that are 
corroded, tangential and 
long contacts

corroded framework 
grains, ghost grains

N19 2968.24 arkose poikilotopic hematite in patches (not as continuous as in 
shallower samples), poikilotopic gypsum surrounding 
framework grains and hematite that lines grains

tangential and long 
contacts, almost floating 
contacts associated with 
corroded grains

porosity associated with 
corroded grains

N20 2970.30 fine sand- and silt-
bearing mudstone

clays within degraded feldspar grains, minor caries texture 
on framework grains

sand and silt grains 
typically float in clay but 
can exhibit long contacts 
when touching

caries texture on 
framework grains

N21 2983.42 subarkose poikilotopic gypsum surrounding framework grains and 
authigenic hematite and authigenic euhedral Ti oxide and 
framework grain overgrowths, clays associated with 
degraded feldspar

long and sutured 
contacts between 
framework grains, 
tangential and floating 
contacts  associated with 
gypsum cemented areas

corroded, embayed 
framework grains, porosity 
associated with corroded 
grains
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Table D3 continued 
ID Depth (ft) Rock Name Authigenic mineral textures Contacts between 

framework grain grains
Dissolution textures

N22 2989.15 arkose poikilotopic hematite and gypsum,  clay associated with 
degraded feldspar, hematite can be patchy  or fairly 
continuous laterally and vertically

framework grains can 
"float" in hematite 
cement, some tangential 
and long contacts in 
areas of no or less 
hematite cement

framework grains exhibit 
corroded margins and 
embayments

N23 2990.53 in general: arkose poikilotopic gypsum surrounding framework grains and 
hematite cement

long contacts between 
framework grains, more 
tangential contacts in 
areas of corroded grains 
with more abundant 
porosity

porosity associated with 
corroded grains

N24 2994.92 subarkose poikilotopic gypsum surrounds framework grains with 
overgrowths; gypsum is more abundant in relatively 
coarser grain portions of the sample

long contacts; almost 
floating contacts in areas 
of corroded framework 
grains

porosity associated with 
corroded grains

N25 3003.71 quartzarenite poikilotopic gypsum and hematite; fracture lining hematite 
in quartz framework grains

long contacts between 
framework grains; more 
open, almost floating 
contacts in areas of 
corroded grains

ghost grains, porosity 
associated with corroded 
grains, pressure solution at 
long contacts

N26 3004.55 quartzarenite poikilotopic gypsum that surrounds framework grains and 
grain-lining hematite; quartz overgrowths can occur over 
hematite dust rings

long and sutured 
contacts occur

porosity associated with 
grain boundaries that can 
also be filled with gypsum, 
indicating dissolution of 
cements at grain 
boundaries; oversized 
pores; intergranular 
porosity associated with 
corroded grains
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Table D4. Results of point counts for modal composition and porosity types 

ID Depth (ft)
Quartz grain 

(core)
Quartz 

overgrowth
Feldspar

Rock 
fragments

Euhedral Ti oxide Pyrite
Gypsum 

fracture fill
Clay and 
opaques

Heavy 
minerals

Barite 
fracture 

fill
Porosity

N11 2925.92 73 6 0 1 1 0 1 5 0 0 12
N12 2931.10 71 8 3 1 0 0 1 4 0 2 10

ID Depth (ft)
Intergranular, 
not oversized

Oversized 
Ghost 
grain

Associated 
with 

corroded 
grains

Microporosity in 
clays/opaques

Intragranular 
qtz

N11 2925.92 74 13 3 5 5 0
N12 2931.10 81 0 0 12 5 2

300 point count for modal composition in percent

100 point count for porosity types in percent
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APPENDIX E: MOUNT SIMON SANDSTONE PETROGRAPHY 
PHOTOMICROGRAPH ATLAS 

 
Scanned images of the thin sections follow first, arranged by depth and sample ID. Thin sections 
image from the Eau Claire are not included. The Mount Simon Sandstone thin sections start at 
depth 2,925.92 ft (sample N11). The photomicrographs are arranged from shallower to deeper. 
The first line of each caption gives the depth, the thin section ID, and the type of image. The 
follow lines highlight aspects of the rock samples that are mentioned in the summary of rock 
properties (see Tables D1-D4). This appendix uses the following code for image type: 
 
 XPL –  cross-polarized light 
 RL –  reflected light 
 BSE –  backscattered electron microscopy 
 EDS –  energy dispersive X-ray microscopy elemental map 
 
The lack of a code indicates plane polarized transmitted light microscopy. The length of the 
horizontal field of view for the original samples, for all but BSE and EDS, is given by a number 
at the bottom of the caption.  
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