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ABSTRACT
The Illinois Basin - Decatur Project
(IBDP) is a 1 million metric ton carbon
capture and storage demonstration
project located in Macon County, Illinois. Led by the Midwest Geological
Sequestration Consortium, the IBDP
began injecting carbon dioxide into
the Mt. Simon Sandstone in November
2011. According to geophysical well logs
and core taken at the IBDP site, the Mt.
Simon Sandstone is divided into three
major lithostratigraphic sections: the
Lower, Middle, and Upper. A series of
sandstones and conglomerates, referred
to as the pre-Mt. Simon Sandstone,
underlie and are believed to be unconformable with the overlying Mt. Simon.
The pre-Mt. Simon interval unconformably overlies the Precambrian igneous
basement. The Lower, Middle, and
Upper Mt. Simon sections can be further divided into units based on major
depositional facies. Major depositional
facies in the Mt. Simon include fluvial
braided river, floodplain, and alluvial
plain deposits; eolian sandsheet, dune,
and interdune deposits; and shallow
marine deposits. The best reservoirquality rocks are in the Lower Mt. Simon
and are predominantly fluvial braided
river and alluvial plain deposits. Similar
braided river deposits in the Middle Mt.
Simon have poor reservoir properties
because of diagenetic quartz cementation. Major diagenetic differences, such
as quartz cementation, differentiate
the Middle Mt. Simon from the Lower
Mt. Simon and are likely related to an
unconformity between the two sections. Early feldspar dissolution in the
Lower Mt. Simon resulted in authigenic
clay mineral (illite) precipitation that
coats detrital grains and lines the pore
spaces. These clay linings in the Lower
Mt. Simon appear to have inhibited the
precipitation of authigenic quartz, thus
preserving its abundant primary porosity and resulting in excellent reservoir
rock.

INTRODUCTION
The Illinois Basin - Decatur Project
(IBDP) is a large-scale carbon capture
and storage (CCS) demonstration project led by the University of Illinois-
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Advanced Energy Technology Initiative
for the Midwest Geologic Sequestration
Consortium (MGSC). The MGSC is one
of seven U.S. Department of Energy
Regional Carbon Sequestration Partnerships and is administered through the
Department of Energy’s National Energy
Technology Laboratory. The IBDP is
injecting 1 million metric tons of carbon
dioxide (CO2) into the Upper Cambrianage Mt. Simon Sandstone over a 3-year
period at a rate of 1,000 metric tons per
day. Three wells have been drilled at
the sequestration site on the property of
the Archer Daniels Midland Company
(ADM) corn-processing facility in Decatur, Illinois (Figure 1), with a fourth well
permitted in the fall of 2014. The first
well, referred to as the CCS #1 well, is the
single CO2 injection well drilled to a total
depth of 7,236 ft (2,205 m). The second
well, located approximately 1,008 ft (307
m) north of the CCS #1 well, is referred
to as the Verification #1 well (VW #1)
and is a monitoring well drilled to a total
depth of 7,272 ft (2,216 m). The third well,
referred to as the Verification #2 well
(VW #2) and located approximately 1 mi
(1.6 km) north of the CCS #1 well, was
drilled to a total depth of 7,225 ft (2,202
m). To characterize and evaluate the Mt.
Simon for CCS, extensive intervals of the
Mt. Simon Sandstone were cored based
on geophysical log analyses. Reservoir
characterization included lithofacies
identification and description as well
as petrographic analysis, including the
depositional environment and a diagenetic interpretation of the Mt. Simon
Sandstone. Previous studies have characterized the lithofacies, depositional
environments, diagenetic heterogeneities, or a combination thereof by using
outcrops, core, and geophysical logs
(Metarko 1980; Hoholick et al. 1984;
Duffin et al. 1989; Fishman 1997; Chen
et al. 2001; Kunledare 2005; Morse and
Leetaru 2005; Leetaru et al. 2008; Fischietto 2009; Medina et al. 2010, 2011;
Bowen et al. 2011; Medina and Rupp
2012). However, no previous study in the
Illinois Basin has had such a complete
core of the Mt. Simon at this depth. Thus,
this circular describes the facies, depositional environment, and diagenesis
of the Upper Cambrian-age Mt. Simon
Sandstone at the IBDP CCS site. These
descriptions and interpretations can be

applied to geologic models of the Mt.
Simon Sandstone throughout the Illinois
Basin and may be correlated throughout
the Midcontinent.

GEOLOGIC SETTING
The IBDP in east-central Illinois is
located in the north-central section of
the Illinois Basin in the midcontinental
region of the United States (Figure 2).
The Illinois Basin is a spoon-shaped
structure predominantly filled with
Paleozoic sedimentary rock ranging
from the Early or Middle Cambrian to
very Early Permian (Collinson et al.
1988). This sedimentary rock unconformably overlies Precambrian basement rocks (Bickford et al. 1986; Lidiak
1996; Figure 3) composed of granite or
granodiorite in the north (Atekwana
1996) and granite or rhyolite in the
south (Bradbury and Atherton 1965).
Most Paleozoic sequences in the Illinois
Basin thicken southward toward the
region of the New Madrid Rift System
(southern Illinois), suggesting that the
processes operating there were linked
to basin subsidence (Kolata 2010).
However, the Mt. Simon Sandstone is
thickest in northeastern Illinois and
in east-central Illinois (Leetaru and
McBride 2009; Figure 4), suggesting subsidence occurred at a different location
during the deposition of the Mt. Simon
Sandstone. Nearby, and likely related
to the New Madrid Rift System, is the
Reelfoot Rift, a major rift system that
extends northeastward from Arkansas
to southern Illinois. Today, the Illinois
Basin extends across central Illinois and
southwestern Indiana and is, in part,
coextensive with the rift system (Kolata
and Hildenbrand 1997). The Illinois
Basin is thought to have formed during
the late Precambrian to Early Cambrian time as the rift formed during the
breakup of the supercontinent Rodinia
(Braile et al. 1986; Kolata and Nelson
1991, 1997, 2010). However, Kolata and
Nelson (2010) proposed that before the
Illinois Basin was formed, a similar large
depression (referred to as the proto-Illinois Basin) developed in the same general area (east-central Illinois and westcentral Indiana) sometime between
1.48 billion and 500 million years ago.
By the Late Cambrian time, the tectonic
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setting changed from a rift basin to a
broad embayment centered over but
extending far beyond the rift (McBride
and Kolata 1999). During the remainder
of the Paleozoic Era, the proto-Illinois
Basin was a broad, slowly subsiding
cratonic basin open to the south until a
structural closure formed with the uplift
of the Pascola Arch during the postPennsylvanian to pre-Late Cretaceous,
creating the present basin geometry
(Kolata and Nelson 1991, 1997; McBride
and Kolata 1999).
In northeastern and east-central Illinois,
localized downwarping led to thick
accumulations of Mt. Simon Sandstone
(Leetaru and McBride 2009; Figure 4).
The cause of this localized downwarping
or early subsidence is unclear. A rifting
origin is postulated; however, in previous seismic interpretations (McBride
and Kolata 1999; McBride et al. 2003),
subsidence showed more curved margins rather than having linear-shaped
boundaries, eliminating a rifting origin.
The dimensions and geometry of the
basement depression have been compared with a volcanic collapse depression, such as the Yellowstone caldera
complex (McBride et al. 2003, 2010) and
the rhyolitic caldera systems of the St.
Francois Mountains in east-central
Missouri (Kisvarsanyi 1980; Sides et al.
1981; Kolata and Nelson 2010). Rhyolitic
caldera systems have been associated
with intraplate hot spots generated by
deep, long-lived mantle plumes (Miller
and Smith 1999). Subsidence continued
in east-central Illinois and west-central
Indiana to northern Illinois and Indiana
during the deposition of the Mt. Simon,
perhaps in response to thermal cooling
that occurred after possible hot spot formation (Kolata and Nelson 2010). Elsewhere throughout the midcontinent,
such as in Missouri, Iowa, Wisconsin,
and Minnesota, the Mt. Simon is significantly thinner than in the central
Illinois Basin (Buschbach 1964; Droste
and Shaver 1983; Droste and Patton
1985), coinciding with locations of Precambrian basement topographic highs
(Leetaru and McBride 2009). In the
Illinois Basin, the Mt. Simon Sandstone
attains a maximum thickness of approximately 2,600 ft (792 m) in east-central
Illinois (Leetaru and McBride 2009).
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Figure 1 Aerial photograph of the Illinois Basin - Decatur Project
well site at ADM showing locations of the CCS #1, VW #1, and VW
#2 wells.
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Figure 2 Regional map of the Midwest region of the continental United States.
The Illinois Basin is outlined and shaded in green; the location of the Illinois Basin
- Decatur Project is labeled with a red star.
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Figure 3 Stratigraphic column of the Cambrian and Precambrian sections at the
Illinois Basin - Decatur Project well site.
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At the IBDP, the Mt. Simon Sandstone
is approximately 1,500 ft (457 m) thick
and is overlain by the Upper Cambrian
Eau Claire Formation. The Mt. Simon
Sandstone consists primarily of fine- to
coarse-grained, partly pebbly, poorly
sorted quartzose to arkosic sandstone
(Kolata 2010). The regional depositional
environment of the Mt. Simon Sandstone has previously been proposed as a
shallow, subtidal marine environment
according to outcrop studies in southern
Wisconsin (Droste and Shaver 1983).
Driese et al. (1981) interpreted the Mt.
Simon to be a stacked succession of
largely progradational, shoaling, and
fining-upward tidal deposits containing
widespread marine trace fossils. On the
basis of core from central Illinois, Sargent and Lasemi (1993) interpreted the
fining-upward cycles in the Upper Mt.
Simon as peritidal deposits. Morse and
Leetaru (2005) interpreted the Upper
Mt. Simon depositional environment as
that of a coastal setting comprising finegrained tidal flat sediments and crossbedded, meandering tidal channel and
tidal bar deposits. They also noted the
presence of Skolithos and Planolites burrows in the Upper Mt. Simon, indicating a marine influence. Until now, core
has not been available from the Middle
and Lower Mt. Simon in the central
Illinois Basin. The Eau Claire Formation conformably overlies the Mt. Simon
Sandstone and is composed of tidally
deposited shale, silty mudstone, muddy
siltstone, clean siltstone, and sandstone
(Neufelder et al. 2012) in the lower half
and dolomite and siltstone in the upper
half (Buschbach 1975; Treworgy et al.
1997). The Eau Claire shale facies comprises the primary reservoir seal for the
IBDP. Secondary and tertiary seals for
the CCS reservoir include the Ordovician Maquoketa Shale and the Devonian
New Albany Shale.

METHODS
Total depths were reached in the CCS #1
well on February 12, 2009, in the VW #1
well on September 24, 2010, and in the
VW #2 well on October 30, 2012. Four-in.
(10-cm) core was cut through the Mt.
Simon and overlying Eau Claire Formation in all wells (Table 1). In the CCS #1
well, 60 ft (18 m) of Mt. Simon and 30 ft
(9 m) of Eau Claire core were recovered.
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Table 1 Amount of Eau Claire, Mt. Simon, pre-Mt. Simon, and Precambrian core cut in the CCS #1, VW #1,
and VW #2 wells1
Well
CCS #1
VW #1
VW #2
1

Total 4-in.
core (ft) RSWC
90
588
396

Basement
(ft)

Pre-Mt.
Simon (ft)

Lower Mt.
Simon (ft)

Middle Mt.
Simon (ft)

Upper Mt.
Simon (ft)

Eau Claire
(ft)

0
15
0

0
58
60

30
316
255

30
60
39

0
38
0

30
101
43

57
119
64

RSWC, rotary sidewall core; CCS #1, Carbon capture and storage #1 well; Verification #1 well; VW #2, Verification #2
well.

Fifty-seven 1.5 in. diameter × 2.5 in. long
(3.8 cm diameter × 6.4 cm long) rotary
sidewall cores were cut in the Eau Claire,
Mt. Simon, pre-Mt. Simon, and Precambrian basement from the CCS #1 well. In
the VW #1 well, 414 ft (126 m) of the Mt.
Simon, 58 ft (18 m) of the pre-Mt. Simon,
15 ft (5 m) of the Precambrian basement,
and 101 feet (31 m) of the Eau Claire
core were recovered. One hundred eight
rotary sidewall cores were cut in the Eau
Claire, Mt. Simon, pre-Mt. Simon, and
Precambrian basement from the VW #1
well. In the VW #2 well, 294 ft (90 m) of
Mt. Simon, 43 ft (13 m) of Eau Claire, and
60 ft (18 m) of pre-Mt. Simon core were
recovered. Sixty-four rotary sidewall
cores were cut in the Eau Claire, Mt.
Simon, pre-Mt. Simon, and Precambrian
basement. At the time this publication
was being written, VW #2 core analyses
were still in progress; therefore, only
key intervals are used and described in
this circular. All other core was logged
and described in terms of sedimentological textures and depositional and
macroscopic diagenetic features. Cores
and samples were correlated with geophysical logs and further described
with respect to available full-diameter
whole-core porosity and permeability
data. Porosity and permeability data are
reported with core figures where data
were available. A full-diameter wholecore analysis was completed throughout
most of the VW #1 core on sections of
the core less than 9 in. (23 cm). All core
photos in the figures are from the VW #1
well core unless otherwise noted.
Thin sections (n = 249) from the CCS #1
and VW #1 well core were prepared and
analyzed using standard petrographic
methods and cathodoluminescence (CL)
microscopy. Polished thin sections were
vacuum-impregnated with blue epoxy to
identify and quantify porosity, and were
half stained with sodium cobaltinitrite
for identification of potassium feldspars
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(K-feldspars). All thin sections were prepared by Wagner Petrographic (Lindon,
UT). All thin section photomicrographs
are of samples from the VW #1 well core
unless otherwise noted.

Folk (1980), in which 0 to 15% clay matrix
in the sandstone was classified as arenite, 15 to 50% clay matrix was classified as wacke, and >50% clay matrix was
classified as mudstone.

Modal mineralogy of samples was quantified by using standard point-counting
methods (typically 500 points per section) on all thin sections. Furthermore,
point counts were completed on CL photomicrographs to distinguish and quantify diagenetic mineral phases (authigenic quartz and K-feldspar) and detrital
grains. Cathodoluminescence was
completed using a Reliotron advanced
CL instrument (Relion Industries, Bedford, MA) mounted on a Nikon Eclipse
E400 polarizing microscope (Nikon
Instruments Inc., Melville, NY). Porosity
was quantified from plane-light digital
photomicrographs of all thin sections
by using phase analysis in Olympus
Stream Essentials software (Olympus
Corporation, Tokyo, Japan). Phases were
analyzed using an algorithm quantifying pixels defined to be porosity and
specified mineralogy. Porosity was also
quantified using the standard pointcounting methods described above.
Grain size analysis was completed on
each thin section with a 5× Zeiss objective (Carl Zeiss Microscopy LLC, Thornwood, NY) on a transmitted-light petrographic microscope. A grid with 529
points was overlain on each thin section
photomicrograph to calculate the grain
size distribution and attain the mean
grain size. Measurements were made
using Olympus Stream Essentials software calibrated to the Zeiss objective.
Analyses were plotted as histograms
to illustrate the grain size average and
sorting of sample depths. Analyses are
summarized in Table 2. All thin section
photomicrographs were taken under
plane polarized light unless otherwise
noted. Rocks were classified using the
classification system of Dott (1964) and

Mineralogical analysis was completed
on selected core samples by quantitative evaluation of minerals with SEM
(QEMSCAN; see Table 3 and Appendix
Figures A1–A5). QEMSCAN creates
mineral compositional maps for the
spatial and quantitative distribution of
minerals throughout the sample. The
QEMSCAN system uses an SEM coupled
with up to four EDS to rapidly image
samples and map the mineralogy. The
QEMSCAN analysis was completed at
the SGS Canada Advanced Reservoir
Quality Services Laboratory (Mississauga, Ontario, Canada). Mineralogical
compositions of selected representative
samples were analyzed by X-ray diffraction (XRD; Tables 4 and 5). These
same samples were also analyzed with
a scanning electron microscope (SEM)
and an energy-dispersive X-ray spectrometer (EDS) to examine mineralogical textures and the mineral orientation
of the samples. The XRD analyses were
completed at Schlumberger TerraTek
Laboratory (Salt Lake City, UT) and the
Illinois State Geological Survey XRD
Laboratory (Champaign, IL). Scanning
electron microscopy analyses were completed on a JEOL JSM-6060 low-vacuum
SEM (JEOL USA Inc., Peabody, MA) at
the Frederick Seitz Materials Research
Laboratory at the University of Illinois
at Urbana-Champaign and at the Schlumberger TerraTek Laboratory in Salt
Lake City.

MT. SIMON LITHOFACIES
Nine lithofacies have been identified
from the whole core and rotary sidewall
core from the CCS #1 and VW #1 wells.
These lithofacies range in grain size,

Circular 583

5

6
70.73

0.32

0.00

Authigenic K-spar3

0.72

0.37

3.21

8.40

71.60

19.58

25.12

701.49

1.38

5.99

5.50

65.79

0.37

15.47

56.16

12.46

Rare mudstone
and siltstone beds;
Liesegang banding;
well consolidated
and compacted

May be
homogeneous,
sometimes well
cemented with clay

22.90

Poor

LF, UF, UVF

Conglomeratic

Cross-bedded

Fluvial

Quartz arenite

Subarkose

Mt. Simon Unit C

Moderately well

UVF, LF, LVF

Cross-bedded

Planar-laminated

Eolian

Quartz arenite

Subarkose

Mt. Simon Unit B

0.29

16.72

0.90

70.72

7.47

10.30

32.77

11.60

Abundant Liesegang
banding; highly
compacted and
quartz cemented

Well

LF, UF, UVF

Cross-bedded

Planar-laminated

Eolian

Quartz wacke

Quartz arenite

Mt. Simon Unit D

3.55

11.92

8.10

59.15

82.32

19.34

184.04

15.39

Interstratified
mudstone beds
and laminae; small
Planolites burrows

Poor

LF, Silt, UVF

Bioturbated

Interstratified

Marine

Subarkose

Quartz arenite

Mt. Simon Unit E

1

Indicates the dominant depositional environment, lithofacies, sedimentary structure, and grain size, respectively. LVF, lower very fine; UVF, upper very fine; LF, lower fine; UF, upper fine; LM, lower medium;
UM, upper medium; LC, lower coarse.
2
Indicates the highest porosity value and corresponding permeability throughout the unit. Core permeability is horizontal permeability.
3
Indicates the unit average K-spar, potassium feldspar.

4.53
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Authigenic quartz3

3.09

21.40

6.50

3

Detrital K-spar

53.11

72.72

Detrital quartz3

Core permeability
(mD)

1,066.27

27.50

Can be highly friable;
rare mudstone and
siltstone beds that
may be ripped up

27.30

Conglomerates common; well cemented
with clay; large Skolithos burrows

Other notable
features

Poor

UM, LF, LM

12.00

Moderate

Sorting1

2

UM, LM, LC

Grain size1

Conglomeratic

Core porosity2 (%)

Bioturbated

Secondary
lithofacies1

Cross-bedded

36.81

Cross-bedded

Primary lithofacies1

Fluvial

Log permeability
(mD)

Marine

Depositional
environment

Arkose wacke

14.28

Quartz arenite

Secondary rock type

Subarkose

Mt. Simon Unit A

Log porosity2 (%)

Sublithic

pre-Mt.Simon

Primary rock type

Item

Table 2 Summary of the pre-Mt. Simon and Mt. Simon unit sedimentary and depositional environment

Circular 583

2

1

VW #1, Verification #1 well.
Columns total 100%.

Mineral (%)
Quartz
K-feldspar
Alkali feldspar
Plagioclase
Muscovite
Sericite
Biotite
Kaolinite
Chlorite
Illite & illite-smectite
Fe-illite & illite-smectite
Calcite
Dolomite
Ferroan dolomite
Fe oxide & siderite
Pyrite
Barite
Rutile & Ti silicates
Ilmenite
Apatite
Zircon
Tourmaline
Chromite
Ca sulfate
Halite
Undifferentiated

Unit E
(5,529.80 ft)
78.77
13.11
0.00
0.01
0.08
0.25
0.31
0.01
0.13
3.54
3.23
0.00
0.00
0.00
0.01
0.16
0.03
0.16
0.03
0.00
0.09
0.02
0.00
0.00
0.04
0.00

Unit D
(5,943.90 ft)
98.72
0.01
0.00
0.01
0.03
0.02
0.00
0.10
0.09
0.22
0.34
0.00
0.00
0.00
0.00
0.00
0.00
0.15
0.00
0.00
0.04
0.00
0.00
0.00
0.25
0.00

Unit A
(6,833.10 ft)
70.29
20.22
0.01
0.02
0.27
0.22
0.07
0.03
0.07
2.41
5.56
0.17
0.00
0.00
0.23
0.06
0.00
0.12
0.12
0.02
0.05
0.00
0.00
0.00
0.07
0.00

Table 3 QEMSCAN bulk mineralogy of selected samples from VW #11,2
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Unit A
(6,860.60 ft)
40.02
21.80
0.01
0.01
0.94
6.09
1.04
0.04
0.18
10.02
18.84
0.01
0.00
0.00
0.24
0.00
0.00
0.41
0.10
0.13
0.08
0.02
0.00
0.00
0.00
0.00

Unit A
(6,950.40 ft)
79.24
14.59
0.01
0.01
0.08
1.03
0.04
0.01
0.04
3.75
0.91
0.07
0.01
0.00
0.02
0.04
0.00
0.09
0.00
0.03
0.01
0.00
0.00
0.00
0.00
0.00

Unit A
(6,974.30 ft)
80.46
13.20
0.01
0.01
0.05
0.24
0.02
0.01
0.04
3.19
2.46
0.03
0.00
0.00
0.02
0.07
0.00
0.04
0.04
0.07
0.02
0.00
0.00
0.00
0.00
0.00

A–pre-Mt. Simon
(6,993.40 ft)
51.30
21.57
0.01
0.01
0.38
6.36
0.04
0.02
0.08
13.34
5.63
0.01
0.00
0.00
0.10
0.00
0.00
0.58
0.14
0.19
0.22
0.01
0.00
0.00
0.01
0.00

Pre-Mt. Simon Basement
Basement
(7,038.10 ft) (7,052.30 ft) (7,066.80 ft)
90.56
59.08
30.82
0.03
0.00
11.81
0.00
0.00
12.37
0.01
5.10
9.85
2.33
0.08
0.02
2.45
0.17
0.11
0.00
0.00
0.37
1.69
16.34
0.01
0.03
16.42
4.31
2.17
1.54
16.32
0.61
0.57
12.80
0.00
0.00
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.10
0.10
0.00
0.00
0.00
0.00
0.00
0.00
0.08
0.48
0.31
0.00
0.09
0.34
0.00
0.00
0.36
0.02
0.03
0.06
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
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Depth						
Ankerite/						
(ft)
Quartz K-feldspar Plagioclase Calcite Siderite Fe-dolomite Dolomite Pyrite Barite Fluorapatite Hematite Clay

6,405.12
6,409.30
6,410.00
6,410.65
6,412.50
6,413.14
6,414.70
6,415.50
6,423.75
6,425.70
6,429.05
6,431.65
6,757.60
6,764.15
6,765.65
6,774.00
6,776.60
6,776.65

CCS #1
C
C
C
C
C
C
C
C
C
C
C
C
A
A
A
A
A
A
94
95
91
94
95
94
88
94
75
90
89
93
82
81
80
81
81
79

81
90
80
73

70
63
73
79
79

3
2
4
2
3
2
7
3
17
6
7
4
13
13
15
14
14
15

2
6
8
12

17
22
10
6
10

1
0
0
0
1
1
1
1
1
0
1
0
1
0
1
0
0
0

0
0
4
7

4
4
8
4
5

1
0
1
0
0
0
0
0
1
1
0
0
1
1
1
1
1
1

0
0
0
0

0
0
2
0
0

1
1
1
1
0
1
1
1
1
1
1
1
1
1
1
1
1
2

0
0
0
0

1
1
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
1
1

1
0
1
0
1

2

VW #1, Verification #1 well; VW #2, Verification #2 well; CCS #1, Carbon capture and storage #1 well.
Columns total 100%.

5,958.30
5,971.60
6,955.63
6,979.57

VW #1
D
D
A
A

1

6,766.50
6,877.75
6,890.75
6,981.30
7,002.20

A
A
A
A
A

0
0
1
1
0
0
1
0
2
1
1
1
1
1
1
2
1
1

0
0
1
0

0
1
0
1
1

0
0
1
1
0
1
1
0
1
1
1
0
1
1
0
0
1
0

1
0
0
1

2
1
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
1
0

0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
1

0
1
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0

1
0
1
1
1

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

15
3
7
4

4
8
5
8
3

VW #2													

Well
and
unit

Whole-rock mineralogy2 (%)

Table 4 X-ray diffraction whole-rock mineralogy data from selected core samples from the CCS #1, VW #1, and VW #2 wells1

Table 5 X-ray diffraction clay mineralogy data
Relative clay abundance in
clay size fraction2 (%)
Well1
and unit

Depth
(ft)

Illite-smectite

Illite

Kaolinite

Chlorite

VW #2
A
A
A
A
A

6,766.50
6,877.75
6,890.75
6,981.30
7,002.20

54
41
53
72
58

43
57
46
26
41

2
1
1
1
1

1
1
1
1
1

VW #1
D
D
A
A

5,958.30
5,971.60
6,955.63
6,979.57

39
24
52
68

49
42
47
31

10
7
0
1

2
26
1
1

CCS #1
C
C
C
C
C
C
C
C
C

6,405.12
6,409.30
6,410.00
6,410.65
6,412.50
6,413.14
6,414.70
6,415.50
6,423.75

16
19
19
38
25
40
23
17
12

78
73
75
57
68
53
70
78
86

2
3
2
2
2
3
4
2
1

4
5
4
3
4
4
3
2
1

VW #2, Verification #2 well; VW #1, Verification #1 well; CCS #1,
Carbon capture and storage #1 well.
2
Columns total 100%.
1

depositional environment, and reservoir
properties, and they affect the ability of
fluids to migrate within the Mt. Simon
Sandstone. The nine lithofacies are
described below. The detailed stratigraphic columns in the appendices of
this report identify the lithofacies intervals of the core along with core descriptions (Appendix Figures A6–A8).

Planar-Bedded Sandstone
The planar-bedded sandstone is most
commonly maroon red to dark maroon
but may be tan to tan-gray. It is moderately well sorted and is most commonly
composed of medium to coarse grains
and less commonly composed of fine to
very fine grains. Planar-bedded facies
are most commonly found in the Lower
Mt. Simon. Planar beds may range
from 0.4 to 1 ft (12.2 to 30.5 cm). Planarbedded sandstone commonly exhibits

Illinois State Geological Survey

fining-upward sequences, with granule
to pebble lags exhibited at the base
of the sequence. Contacts with facies
above and below are typically sharp and
irregular.

Planar-Laminated Sandstone
The planar-laminated sandstones differ
from the planar-bedded sandstones
with respect to size. Sandstone laminations are generally less than 0.4 in.
(1 cm) thick, whereas planar-bedded
sandstone layering is greater than 0.4
in. (1 cm). Planar-laminated sandstone
is more common than planar-bedded
sandstones throughout the Mt. Simon.
Planar-laminated sandstone is most
commonly tan to gray-pink and less
commonly red to maroon red. It is moderately well sorted, is primarily composed of fine to very fine grains, and is
less commonly composed of medium

grains. Contacts with adjacent facies are
generally sharp, and irregular scoured
contacts occur in the Lower Mt. Simon.
However, this facies is most common in
the Middle Mt. Simon (Unit D) or what is
frequently referred to as the “tight zone.”

Ripple-Laminated Sandstone
Ripple-laminated sandstone is most
commonly tan to dark reddish brown,
moderately sorted, and predominantly
composed of very fine to medium grains,
with fewer coarse grains. Ripple-laminated sandstone may be interstratified
with thin laminae of maroon to dark red
clayey siltstone or green clay. Many ripple-laminated facies are partly mottled
to planar-laminated. Ripple-laminated
sandstone is most commonly found in
the Middle and Lower Mt. Simon depositional facies and may range from 0.2 to
3.6 ft (6.1 to 109.7 cm). Ripples may have
very low to broad amplitude.

Cross-Bedded Sandstone
Cross-bedded sandstone is commonly
light gray, tan, white, maroon red, or
dark maroon, moderately to well sorted,
and fine to coarse grained. However,
cross-bedded sandstone can be very
coarse grained in the Lower Mt. Simon,
with localized granules. Localized
dark maroon clay laminations are also
common. Cross-bedded sandstone
may be interstratified in the Upper Mt.
Simon. Fining-upward sequences on
cross-bed sets are common. Paired mud
drapes on cross-bed sets are uncommon but infrequently occur in the Upper
Mt. Simon. Angular mudstone clasts,
commonly less than 1 in. (2.5 cm), are
common throughout the Lower Mt.
Simon. Localized scoured beds at the
basal and top contacts of cross-bedded
sandstones may be scoured with coarse
grains to pebbles, with the adjacent
facies contact. Cross-bedded sandstone
is most common in the Upper and Lower
Mt. Simon and typically has the highest porosity throughout the Mt. Simon.
Cross-bed sets range from 0.16 to 5.0 ft
(4.88 to 152.4 cm) thick.
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Interstratified Lithologies
Interstratified sandstone and shale is
commonly composed of moderately well
sorted, fine to very fine grained sandstone, clayey siltstone, and shale, with
less common medium to coarse grains.
Sandstone is tan to pink, clayey siltstone
is a dark brown to maroon red, and
shale is gray to dark gray. Interstratified
facies may include thin mottled, homogeneous, and bioturbated beds. Thin,
shaley laminations commonly contain
abundant horizontal, cylindrical Planolites burrows filled with fine to very fine
grained sandstone. Planolites are commonly distorted because of postburrow
compaction. Shale, clayey siltstone and
fine to very fine grained sandstone commonly occur in rhythmic alternations of
millimeter to centimeter laminations.
These laminae may be planar-, lenticular-, wavy-, or flaser-bedded. Occasional
sand-filled mud cracks are also apparent in the core. This facies is commonly
interbedded with bioturbated and
homogeneous facies and can be sharply
overlain by cross-bedded sandstone
facies. Interstratified sandstone and
shale is most common in the Upper Mt.
Simon. Interstratified facies are also
common in the Lower Mt. Simon and
consist of clayey siltstone, sandstone,
and clayey conglomerate. Interstratified
facies may be 0.04 to 5.0 ft (1.22 to 152.4
cm) thick.

Mottled (Deformed) Sandstone
Mottled sandstone or deformed sandstone occurs in almost all colors found
throughout the Mt. Simon, including
white, tan, pink, gray, light green, red,
and maroon. Mottled sandstone typically is poorly stratified or highly disturbed and can be composed of very fine
to coarse-grained sandstone to clayey
siltstones. In some sections, mottled
sandstone may be the result of bioturbation. However, bioturbation is not
completely apparent because of trace
fossil preservation, the degree of fabric
deformation, or both. Mottled facies may
also be the result of diagenetic overprint
on other facies, causing these disturbed,
deformed, or structureless fabrics. However, natural depositional processes,
such as storm events, may be the result
of mottled facies. Clotted fabrics are
common in this facies. Distorted flaser-
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bedding consisting of brown-red and
light green clay concentrations is also
common. These fabrics and bed forms
are the most abundant in the Upper Mt.
Simon. Other mottled fabrics include
white or “bleached” sandstone blebs and
speckling, which overprint any original
bed forms. Bleaching is discussed in
further detail in the diagenesis section
of this paper. Also included in mottled
facies are hematite bands or Liesegang
bands that are commonly discordant
with bed forms. These mottling fabrics
most commonly occur in the Middle Mt.
Simon. Mottled facies may refer to other
facies (e.g., cross-bedded sandstone)
that are locally disrupted. Mottled facies
are common throughout the Mt. Simon
and tend to be thickest in the Upper Mt.
Simon, ranging from 0.5 to 3.5 ft (15.2 to
106.7 cm).

Bioturbated Sandstone
Bioturbated sandstone consists of light
tan-pink, white, dark red-brown-green,
and dark maroon, fine to coarse, poorly
to moderately sorted sandstone and
clayey siltstone. Vertical Skolithos burrows in the pre-Mt. Simon are 0.25 to
0.75 in. (0.64 to 1.91 cm) wide and up
to approximately 2.5 in. (6.35 cm) in
length. These burrows contain alternating laminations of fine red silt to fine red
sand and are sometimes bifurcated on
top. Other bioturbation segregated to
the Upper Mt. Simon is included in the
interstratified facies because of interstratification of the burrowed silt and
shale laminae with sandstone. All burrows in the Upper Mt. Simon are classified as Planolites. Other trace fossils
may occur but are not identified in this
study (J. Devera, Illinois State Geological
Survey, personal communication, 2012).
Other possible bioturbation is classified as mottled facies resulting from the
distorted and disturbed nature of the
bed forms. Bioturbated beds are thickest
(up to 3 ft; 91 cm) in the pre-Mt. Simon.
However, bioturbated facies are most
abundant in the Upper Mt. Simon and
range from 0.04 to 0.74 ft (1.22 to 22.56
cm) thick.

Conglomeratic Sandstones
Conglomeratic sandstones can be tannish pink, light gray, and maroon to

light maroon. Conglomerates are poorly
sorted and predominantly consist of
very coarse to pebble-sized grains.
Grains consist largely of quartz and
feldspar, with occasional lithics. Quartz
grains may be yellow, clear, or milky
white. Angular mudstone clasts are
common. Clay cements vary in abundance, ranging from a sometimes highly
friable, porous rock to a completely
clay cemented, tight conglomerate.
Conglomerates are commonly crossbedded to weakly horizontally bedded.
Conglomerates may be 0.1 to 3 ft (3.1
to 91.4 cm) thick. Thinner conglomerate beds are typically included in the
interstratified facies. Conglomerates are
most common in the pre-Mt. Simon and
Lower Mt. Simon. Friable, high-porosity
conglomerates are most abundant in the
Lower Mt. Simon. Well-cemented, tight
conglomerates are most abundant in the
pre-Mt. Simon.

Homogeneous Sandstone
Homogeneous sandstone facies simply
refer to sandstone intervals where no
apparent or only very faint bed forms
are present. Homogeneous facies may be
the result of depositional or diagenetic
controls. Homogeneous facies can consist of silt to very coarse grains and can
be poorly sorted to well sorted. In the
Lower Mt. Simon, some conglomerates
are homogeneous in the sense that no
bed forms are apparent. However, these
conglomerates are still described as
conglomerate facies. Overall, homogeneous facies are rare throughout the Mt.
Simon. They most commonly occur in
the Upper Mt. Simon and may be 0.5 to
1.1 ft (15.2 to 33.5 cm) thick.

RESULTS

Basement, Pre-Mt. Simon, and
Mt. Simon Depositional Facies
Divisions and Petrography
At the IBDP site, the Precambrian basement and pre-Mt. Simon are overlain
by the Mt. Simon. The Mt. Simon has
been divided into five intervals, labeled
in order of deposition from bottom to
top as Units A through E, respectively
(Figure 5). These divisions were based
on characteristics of the gamma ray (GR)
and neutron porosity logs, 4-in. (10-cm)
continuous core, and rotary sidewall
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Figure 5 Gamma ray and
neutron porosity logs from the
CCS #1, VW #1, and VW #2
wells showing the base of the
Eau Claire Formation, the Mt.
Simon Sandstone, the pre-Mt.
Simon Sandstone, and the
Precambrian basement. The Mt.
Simon Sandstone is divided into
three major sections: the Lower,
Middle, and Upper. Mt. Simon
sections are further divided
into Units A through E. Gamma
ray intensity is indicated by an
increasing gamma ray signature
from yellow to green. Porosities
greater than 10% on the neutron
porosity log are indicated by the
red fill. Westbay is a multilevel
groundwater monitoring system
trademarked by Schlumberger.
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core. These six intervals reflect depositional and diagenetic changes and are
described with respect to composition
(Figure 6), grain size (Figure 7), and
depositional facies (Table 2). The depths
indicated in the following sections refer
to the VW #1 well.
Basement (7,058 ft; 2,151 m)
The Precambrian basement is composed
of rhyolite that is porphyritic, with phenocrysts of alkali feldspars and quartz;
it has been dated at 1.46 Ga (Leetaru and
Finley 2012). The contact with the overlying pre-Mt. Simon and the Precambrian
basement is unconformable (Figure 8A).
Phenocryst concentrations vary from
a few percent to approximately 30%.
The rhyolite is significantly weathered
and is characterized by a red maroon to
purple color that is increasingly purpler
to light red with a slight greenish tint;
an alteration profile is exhibited with
depth (Figure 8B). Alteration is evident
in feldspar phenocrysts, which become
whiter and more abundant with depth
(Figure 8C). Feldspar alteration products
include abundant clay minerals, such as
kaolinite and chlorite. The abundance
of quartz phenocrysts decreases with
depth, and the abundance of alkali
feldspars and plagioclase increases with
depth (Table 3). Alteration products,
such as kaolinite and chlorite, decrease
with depth as other clay minerals,
such as illite, iron illite (Fe-illite), and
mixed-layered illite-smectite, increase.
Other minerals found in trace amounts
include titanium silicates, apatite, and
zircon (Table 3). The rock is highly fractured, and the fractures are commonly
mineralized, slightly altered, or both.
Slight flow banding and brecciation are
apparent in the core (Figure 8B).
Sidewall core and geophysical logs from
the VW #2 well indicate that the Precambrian rocks are layered. Rhyolite is
underlain by granodiorite and granite,
respectively. These are not described
here because they are outside the scope
of this publication, but they are noted for
the geological relevance of the basement
to the Mt. Simon.
Petrography
The Precambrian basement is composed of a highly weathered, porphyritic
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rhyolite that exhibits a distinct weathering profile, with feldspar phenocrysts
increasing with depth. The rhyolite is
underlain by granodiorite and granite.
The rhyolite near the Cambrian–Precambrian contact is composed of a
largely clay matrix and weathered feldspar and quartz phenocrysts. Quartz
phenocrysts commonly exhibit granophyric textures (Figure 9A) and resorption features (Figure 9B). Zircon phenocrysts are minimal throughout. Alkali
and potassium feldspars are less altered
with depth (Figure 9C). Kaolinite and
chlorite are the predominant minerals
in the upper, more weathered rhyolite,
but they decrease with depth. Illite is the
predominant clay mineral in the deeper
rhyolite. The underlying granodiorite is
primarily composed of plagioclase and
pyroxene, with minor amounts of quartz
and biotite (Figure 9D). With depth,
plagioclase and pyroxene decrease as
the rock becomes more granitic. Granophyric textures are common near the
transition (Figure 9E) of the more granitic rock, which exhibits a phaneritic
texture of interlocking crystals of quartz,
feldspar, and micas (Figure 9F).
Pre-Mt. Simon (7,000 to 7,058 ft;
2,134 to 2,151 m)
Although the pre-Mt. Simon is not considered part of the Mt. Simon because
of its distinct depositional changes and
an apparent disconformable contact
with the Lower Mt. Simon, it is discussed
because it is lithologically similar to the
Mt. Simon, is in direct contact with the
Mt. Simon reservoir, and is the confining
unit between the Mt. Simon reservoir
and the Precambrian basement. The
pre-Mt. Simon is the lowermost sandstone unit overlying the Precambrian
basement and is hypothesized to be a
separate formation from the Mt. Simon
Sandstone. The pre-Mt. Simon is characterized by significantly lower porosity
and permeability than the overlying
Mt. Simon Sandstone. The top 1.1 ft
(0.34 m) of this interval is marked by a
dark brick red-colored, well-cemented
sandstone bed with a sharp, irregular,
jagged, and apparently unconformable
contact with the overlying Unit A sandstone (Figure 10A). This top 1.1 ft (0.34
m) contains abundant angular clasts
of the underlying basement rhyolite up

to 1 in. (2.5 cm). The bulk of the pre-Mt.
Simon consists of pink-gray-tan to dark
maroon pebble conglomerates (Figure
10B) and sandstones with predominant
lithologies of feldspathic wacke, lithic
wacke, and quartz arenite. Sandstones
are fine to very coarse grained, crossbedded, planar-bedded, and mottled,
with abundant vertical Skolithos burrows (Figure 10C). Cross-bed sets range
from approximately 2 to 16 in. (5 to 41
cm) in thickness. Upper bounding surfaces of cross-laminae are commonly
sharp and sometimes appear scoured.
Clay commonly concentrates parallel to
foresets. Dip directions are bidirectional
and vary significantly throughout the
section. Dark maroon, finer grained,
and clayey sandstone beds occur repeatedly throughout the unit and between
coarser, more tannish gray sandstone
beds. These clayey sandstone beds are
commonly bioturbated. Vertical trace
fossil Skolithos burrows may exhibit
bifurcation and internal sediment
stacking and can range up to 6 in. (15
cm) in length and about 0.5 to 0.75 in.
(1.27 to 1.91 cm) in diameter in the preMt. Simon. The basal contact with the
pre-Mt. Simon and the Precambrian
igneous basement rocks is sharp and
nonconformable. The surface of the
nonconformity is flat to slightly undulatory. Angular rhyolite clasts up to 1.5 in.
(4 cm) are suspended in sandstone and
concentrated approximately 1.3 ft (40
cm) above the basement–sandstone contact. The basal 1 ft (30 cm) of the pre-Mt.
Simon is completely bleached. Trace to
moderate amounts of vertical fractures
occur throughout the unit and appear to
have slight diagenetic alterations along
the fractures.
Petrography
The top of the pre-Mt. Simon is marked
by a hardground composed of dense,
clay-cemented sandstone, below
which are sandstone beds of widely
varying grain size that are compacted
and well cemented (Figure 11A). Clay
mineral cements at the contact are
predominantly illite, mixed-layered
illite-smectite, and Fe-illite (Table
3; Appendices A1 and A4). Below the
hardground, the unit is composed of
poorly sorted sandstones largely composed of subrounded to well-rounded
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Unit A
Lower Mt. Simon (Bottom)

Pre-Mt. Simon
Arkose Wacke

Arkose Wacke

Mudstone

Arkose Arenite

Quartz
Arenite

Sublithic Arenite

Sublithic
Arenite

Subarkose
Arenite

Subarkose
Arenite

Unit B
Lower Mt. Simon (Top)

Unit C
Middle Mt. Simon (Bottom)
Arkose
Wacke

Quatrz
Arenite

Subarkose
Arenite

Sublithic
Arenite
Subarkose
Arenite

Quartz
Arenite

Quartz Wacke

Unit D
Middle Mt. Simon (Top)

Unit E
Upper Mt. Simon
Mudstone

Quartz Wacke

Arkose Wacke

Quartz
Arenite

Subarkose
Arenite

Quartz
Arenite

Figure 6 Rock classification of each unit in the Mt. Simon Sandstone and pre-Mt. Simon Sandstone based on modal
point count analyses.
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Figure 7 Grain size classification of each unit in the Mt. Simon Sandstone and pre-Mt. Simon Sandstone. Low VF, lower very fine;
Up VF, upper very fine; Low F, lower fine; Up F, upper fine; Low M, lower medium; Up M, upper medium; Low C, lower coarse; Up
C, upper coarse; Low VC, lower very coarse; Up VC, upper very coarse.
medium- to coarse-grained sandstones
and granule to pebble conglomerates
(Figure 7). Granules and pebbles are
commonly subrounded to rounded,
having undergone extensive compaction, and are primarily composed of
clear, white, and yellow quartz grains.
Scattered, angular clasts of rhyolite are
concentrated at the top of the unit and
near the base. Tan to white bleached
spots, blebs, and beds are common in
the sandstones. Bleached beds are commonly cemented by authigenic quartz
(Figure 11B) or are well compacted with
suturing along the quartz grain boundaries, or both. Rarely, some bleached
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beds contain some primary porosity
resulting from the lack of clays, minimal
compaction, and only trace cementation
by the authigenic quartz (Figure 11C).
Well-rounded to subangular, mediumto pebble-sized quartz grains are commonly polycrystalline and often contain
heavy mineral inclusions. Well-rounded
to subangular medium- to granulesized grains of igneous basement rock
are also common. A major difference in
the pre-Mt. Simon compared with the
overlying units is the low percentage of
detrital K-feldspars throughout the unit.
However, lithics composed of feldspar
and quartz, among other trace miner-

als (Table 3), are abundant throughout
the unit (Figure 11D). Lithics appear to
be sourced from similar igneous rocks
compared with the underlying basement cored in these wells. Sandstones
and conglomerates are commonly well
cemented with quartz and clay and
are typically well consolidated and
compacted (Figure 11E). Clay minerals throughout the pre-Mt. Simon are
predominantly illite, mixed-layered
illite-smectite, Fe-illite, and sericite,
with trace amounts of kaolinite (Table
3). Igneous lithics are commonly partially altered to clay (Figure 11F) and are
commonly sutured because of compac-
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Figure 8 Photographs of 4-in. (10.16-cm) slabbed core from the Precambrian
basement. (A) Core from 7,051.2 to 7,052.2 ft (2,149.2 to 2,149.5 m) showing the
sharp unconformity (arrow) between the pre-Mt. Simon and the Precambrian basement. (B) Precambrian rhyolite at a depth of 7,051.9 to 7,052.8 ft (2,149.4 to 2,149.7
m) with spherical flow banding-like features. (C) Porphyritic rhyolite at 7,061.6 to
7,061.4 ft (2,152.4 to 2,152.3 m) with abundant feldspar phenocrysts.
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Figure 9 Thin section photomicrographs of the Precambrian basement. (A) Porphyritic rhyolite at a
depth of 7,052 ft (2,149.5 m) composed predominantly of quartz, with abundant kaolinite and chlorite. (B)
Photomicrograph (cathodoluminescence) of porphyritic rhyolite at a depth of 7,063 ft (2,152.8 m) exhibiting a
quartz phenocryst (purple-blue) with resorption features characterized by sieve textures or deep embayment
features in quartz crystals with infilling by a fine-grained matrix composed of illite, illite-smectite, and iron illite
(Fe-illite). Concentrically zoned zircon phenocrysts are bright yellow-green. (C) Porphyritic rhyolite at a depth
of 7,066 ft (2,153.7 m) composed of alkali feldspar, potassium feldspar (K-feldspar), and quartz phenocrysts
in a reddish fine-grained quartz-, illite-, illite-smectite-, and Fe-illite-rich matrix. (D) Photomicrograph (crosspolarized light) of diorite at a depth of 7,184 ft (2,189.7 m) predominantly composed of plagioclase and pyroxene, with minor quartz and biotite. (E) Photomicrograph (cross-polarized light) of granite at a depth of 7,201
ft (2,194.9 m) dominated by perthitic intergrowths of quartz and feldspar displaying granophyric textures. (F)
Photomicrograph (cross-polarized light) of granite at a depth of 7,201 ft (2,194.9 m) with a phaneritic texture of
interlocking quartz, feldspar, and mica crystals.
16

Circular 583

Illinois State Geological Survey

A

B

C

Figure 10 Photographs of 4-in. (10.16-cm) slabbed core from the pre-Mt.
Simon. (A) Core from 6,993 to 6,994 ft (2,131.5 to 2,131.8 m), with the
unconformable contact (red arrow) between Unit A and the pre-Mt. Simon
marked by abundant clay and angular clasts of igneous basement rock. (B)
Pebble conglomerate in a clay-rich matrix from 7,006 to 7,006.9 ft (2,135.4 to
2,135.7 m) with 8.6% porosity, 1.16 mD of horizontal permeability, and 0.02
mD of vertical permeability. (C) A mottled and bioturbated sandstone from
7,008.2 to 7,009.1 ft (2,136.1 to 2,136.4 m) with 8.4% porosity, 0.37 mD of
horizontal permeability, and <0.01 mD of vertical permeability. Notice the
large single and branching vertical burrows (Skolithos) in the center of the
core.
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Figure 11 Thin section photomicrographs from the pre-Mt. Simon. (A) Poorly sorted sandstone with a dense clay
matrix at a depth of 6,993.5 ft (2,131.6 m). Clayey sandstone or arkose wacke marks the unconformable surface of
the pre-Mt. Simon and the Mt. Simon. (B) Well-sorted sandstone at a depth of 7,052 ft (2,149.5 m) is well cemented with authigenic quartz. The sandstone is bleached and directly overlies the Precambrian basement. (C) Poorly
sorted sandstone at a depth of 7,020.2 ft (2,139.8 m) preserves good primary porosity, a rare characteristic of
bleached sandstone. (D) Poorly sorted sandstone at a depth of 7,023.8 ft (2,140.8 m) that is well consolidated and
contains abundant lithics (L). (E) Poorly sorted sandstone at a depth of 7,032.7 ft (2,143.6 m) that is highly compacted, with sutured grain boundaries and clay between grain contacts. (F) Poorly sorted sandstone at a depth
of 7,006.3 ft (2,135.5 m). The sandstone is classified as a sublithic arenite with abundant lithics that are partially
altered to clay minerals (L).
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tion further cementing the sandstone.
The basal 16.8 in. (43 cm) of the pre-Mt.
Simon overlying the basement contact
is bleached and consists of well-sorted,
medium-grained, subrounded quartz
grains that are well consolidated, moderately compacted, and well cemented
with authigenic quartz. The low porosity in the pre-Mt. Simon is largely
controlled by abundant clay minerals
(Figure 11A, 11D, and 11F), abundant
grain consolidation and compaction
(Figure 11E), and moderate quartz
cementation (Figure 11B).

Lower Mt. Simon (6,401 to
7,000 ft; 1,951 to 2,134 m)
The Lower Mt. Simon, which contains
the highest quality reservoir rocks for
CCS, has excellent porosity and permeability. On the basis of grain size, reservoir properties, and geophysical logs,
the Lower Mt. Simon has been divided
into two subintervals, referred to here
as Units A and B. Each unit is described
separately below, including detailed
petrographic descriptions and interpretations of the depositional environment.
Mt. Simon Unit A (6,643 to
7,000 ft; 2,025 to 2,134 m)
Unit A is the lowest unit of the Mt. Simon
(6,643 to 7,000 ft; 2,025 to 2,134 m), and
lithologically, it consists of pinkish tan
to maroon, friable, coarse to very fine
grained sandstone, pebble conglomerate, siltstone, and mudstone (Figures
12, 13, and 14). Unit A is described in
two sections that are divided by a mudstone, siltstone, and very fine grained
sandstone facies at a depth of 6,859.7 to
6,864 ft (2,090.8 to 2,092 m). Sandstones
and conglomerates below this mudstone and siltstone facies are pinkish
tan in color and are largely a subarkose
to lithic arenite, with some intervals of
arkose arenite and arkose wacke. The
sandstone (Figure 12A and 12B) and
conglomerate (Figure 12C) lithofacies
can be cross-bedded, homogeneous,
mottled, and planar- or ripple-bedded.
Intraclasts of light green clayey siltstone
and subangular maroon Precambrian
rhyolite are surrounded by bleach halos
and occur locally (Figure 12B). Rhyolite clasts are the most abundant in the
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uppermost 19 ft (5.8 m) and the basal 6
in. (15 cm) at a disconformity with the
underlying unit. A prominent section
of predominantly pebble conglomerate and coarse-grained sandstone with
isolated pebbles occurs from 6,954.4 to
6,974.8 ft (2,119.7 to 2,125.9 m; log depth;
Figure 12C). Other thinner and finer
conglomerate beds or coarse sandstone
beds with isolated pebbles occur sporadically throughout Unit A. Pebbles are
composed of quartz, feldspar, and rhyolite. A scouring surface occurs at 6,947.6
ft (2,117.6 m; log depth), with pebbles
concentrated at the base of the scoured
surface. Bleached beds, bleached
mottles, and bleach spots occur locally
throughout Unit A. Local fractures are
rarely observed in coarse-grained sandstones throughout Unit A. Some appear
vertical and some are inclined and
appear to occur in the coarser grained
strata. It is unclear whether these are
natural or induced as a result of drilling
because no diagenesis is observed along
the fractures.
The mudstone, siltstone, and very fine
grained sandstone beds were cored in
the VW #1 well and are planar-laminated, ripple-laminated, and wavylaminated (Figure 13A). The contacts
with sandstones above and below are
very sharp. This facies is reflected on the
geophysical logs as a high-GR and lowporosity spike (Figure 5). A similar facies
was cored in the VW #2 well but is difficult to correlate with log signatures in
the VW #1 or CCS #1 wells. In the VW #2
core, this mudstone, siltstone, and very
fine grained sandstone facies occurs at
multiple depths in thinner beds (<1 ft;
<0.3 m) and at multiple depths throughout Unit A (Figure 13B and 13C). Similar
to those in VW #1, they are identified on
geophysical logs by high-GR and lowporosity signatures. In the VW #2 core,
this facies contains soft sediment deformation dewatering structures (Figure
13C) and is sometimes ripped up at the
top (Figure 13B). Similar geophysical
signatures with slightly lower GR and
neutron porosity peaks occur in the CCS
#1 well. These mudstone, siltstone, and
very fine grained sandstone facies have
the lowest porosity and permeability
values of all core analyses in the Lower
Mt. Simon.

The section above the mudstone, siltstone, and very fine sandstone facies
consists of tan to maroon or dark
maroon, very coarse to very fine grained
sandstone (Figure 14A and 14B) and
occasional granule to pebble conglomerate (Figure 14C). The grain size fines
significantly in the upper 100 ft (30.5 m;
Figure 7). The predominant lithology is
a subarkose arenite and arkose wacke
with minor sublithic arenite and arkose
arenite. Cross- to planar-bedding is predominant, with occasional ripple beds.
Coarse-grained strata are interbedded
with sometimes massive to planar- and
ripple-laminated medium to very fine
grained sandstone beds. The coarse
strata occur in beds up to 2 to 3 ft (0.6
to 0.9 m) in thickness and typically
exhibit fining-upward sequences. Trace
amounts of angular siltstone clasts and
rhyolitic basement clasts up to 0.79 in.
(2 cm) occur in these coarser grained
strata. The coarse-grained strata that
include the conglomerates are largely
segregated to the lower half of this section in Unit A and have overall lower
porosity than those in the upper half of
the unit. Overlying these coarse-grained
strata are more porous, finer grained
strata that are primarily very fine to finegrained, well-sorted, planar-laminated
and cross-bedded, maroon and grayish
pink arkosic sandstone beds that are
interstratified with mottled, more poorly
sorted, very fine to medium- to locally
coarse-grained sandstone. The top of
these finer grained sandstones is gradational with the overlying Unit B sandstones. Scoured surfaces are common
throughout this section of Unit A and
typically include a coarse-grained sand
to pebble lag on top of or near the scour
surface. Traces of paired mud drapes
occur on some sandy cross-bed foresets.
Bidirectional cross-bed sets are rare and
occur from 6,789.4 to 6,789.7 ft (2,069.4 to
2,069.5 m; core depth). This upper section of Unit A contains many bleached
beds, blebs, and spots that commonly
occur within maroon- to red-colored
sandstone. Bleached beds commonly
have thin laminae of green clay that are
the most abundant in the upper 100 ft
(30.5 m) of the interval.
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Figure 12 Photographs of 4-in. (10.16-cm) slabbed core from Unit A. (A) Cross-bedded sandstone at 6,981 to 6,981.9 ft
(2,127.8 to 2,128.1 m) with 21.2% porosity, 174.56 mD of horizontal permeability, and 19.07 mD of vertical permeability. (B)
Cross-bedded sandstone at 6,988.5 to 6,989.4 ft (2,130.1 to 2,130.4 m) with 21.4% porosity, 121.37 mD of horizontal permeability, and 11.34 mD of vertical permeability. Notice the quartz and feldspar pebbles and large clasts of igneous basement rock
and siltstone. Clasts have preferential bleaching surrounding them. (C) Pebble conglomerate and coarse-grained sandstone at
a depth of 6,951.4 to 6,952.2 ft (2,118.8 to 2,119 m) with 17.6% porosity, 185.2 mD of horizontal permeability, and 185.14 mD
of vertical permeability.
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Figure 13 Photographs of 4-in. (10.16-cm) slabbed core from Unit A. (A) Planar-laminated silty mudstone at
6,862.8 to 6,864 ft (2,091.8 to 2,092.1 m) with interlaminated gray siltstone. (B) A poorly sorted subarkose arenite
with interbedded silty maroon mudstone and interlaminated gray siltstone that is partially ripped up at the top
with subarkose intraclasts. The core is from the VW #2 well, at a depth of 6,906.8 to 6,907.9 ft (2,105.2 to 2,105.5
m). (C) A poorly sorted subarkose arenite with interbedded silty mudstone exhibiting fluid escape structures filled
with siltstone and very fine grained sandstone. The core is from the VW #2 well, at a depth of 6,942.3 to 6,943.3
ft (2,116 to 2,116.3 m).
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Figure 14 Photographs of 4-in. (10.16-cm) slabbed core from Unit A. (A) A well-sorted, fine- to medium-grained, faintly crossbedded maroon subarkose arenite from 6,716.4 to 6,717.4 ft (2,047.2 to 2,047.5 m) with 26.4% porosity, 64.96 mD of horizontal permeability, and 105.37 mD of vertical permeability. The maroon color is the result of clay lining the pore spaces and
coating detrital grains. (B) Fine to very fine grained sandstone at 6,839 to 6,840 ft (2,084.5 to 2,084.8 m) with 9.1% porosity, 0.18 mD of horizontal permeability, and <0.01 vertical permeability. Notice the bleach mottling and bleached beds. (C) A
poorly sorted, coarse-grained, cross-bedded subarkose and sublithic arenite to pebble conglomerate from 6,817.4 to 6,818.4 ft
(2,077.9 to 2,078.2 m) with 11.5% porosity, 79.04 mD of horizontal permeability, and 16.69 mD of vertical permeability.
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Petrography
The lower section of Unit A, below the
mudstone and siltstone facies, is relatively poorly sorted throughout (Figure
7) and is predominantly composed of
quartz and feldspar among a few trace
minerals (Tables 3 and 4). The predominant medium to coarse grain size
preserves excellent primary porosity
(Figure 15A) that is further enhanced by
secondary porosity (Figure 15B). Interbedded within porous strata are some
low-porosity and low-permeability finegrained strata that are well consolidated
and rich in clay and feldspar (Figure
15C), for example, at 6,901.3 to 6,910.4 ft
(2,103.5 to 2,106.3 m; core depth [6,908
to 6,918 ft; 2,105.6 to 2,108.6 m; approximate log depth]). Bleaching of sandstone
facies below these tighter intervals is
common. Bleaching occurs below the
impermeable mudstone and siltstone
beds. This upper bleached 1-ft (30.5-cm)
interval is predominantly composed of
medium-grained quartz and K-feldspar,
with minor clay and trace lithics (Figure
15D). Grains are consolidated and compacted, and feldspar grains are partially
dissolved. Moderate amounts of authigenic feldspar and clay occur, with trace
amounts of authigenic quartz. Other
bleach zones are clay rich in the form
of thin laminations of green clay. These
clay-rich bleached intervals are well
consolidated, slightly compacted, and
very feldspathic. Clay minerals are predominantly illite, Fe-illite, and mixedlayered illite-smectite (Tables 3 and 5).
Clay minerals commonly coat detrital
quartz and feldspar grains, creating
a rind-like appearance (Figure 15E)
and meniscus-shaped pore bridges at
points of grain contact. These clay coatings cause slight occlusion of porosity
but are not major factors in destroying
primary porosity. Clay coatings most
commonly occur in porous intervals
with low quartz cements and little to
no compaction. The combination of
well-consolidated sandstone and clay
is a major factor in low-porosity strata.
However, minor compaction and quartz
cementation (Figure 15F) segregated to
bleached strata contribute to the lowporosity zones.
Of note in the petrography of Unit A is
the abundance of lithic material. Lithic
fragments are predominantly composed
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of basement rhyolite, but they also
include mudstone. The most common
are lithics consisting of intergrowths
of quartz, feldspar, and trace mineral
phenocrysts (Table 3) with micrographic
textures reminiscent of a granophyric
texture. Textures of these lithic grains
are common textures observed in the
Precambrian basement rhyolite in these
wells. Lithics ranging from a fine to
coarse grain size are commonly subrounded to well rounded. Basement
clasts and mudstone clasts occur up
to the width of the 4-in. (10-cm) core,
but more commonly are less than 0.4
in. (1 cm) in diameter. The clasts commonly occur throughout the unit and
are typically subangular to angular.
Polycrystalline quartz grains are abundant throughout and are commonly
coarse grained or larger. Inclusions
in the quartz grains are rare. Overall,
authigenic minerals are relatively sparse
throughout Unit A. Sampled intervals
show a maximum of approximately
12% authigenic cements out of the total
modal mineralogy. Authigenic quartz is
the most abundant and feldspar is less
so in the bleached beds above and below
the impermeable beds. Overall, this is
the most porous and most permeable
section of the Mt. Simon and includes
the injection intervals for the IBDP.
Above the very porous lower section of
Unit A is a thin mudstone, siltstone, and
very fine grained sandstone facies that
has very low to no porosity (Figure 16A).
This facies is clay rich and is composed
predominantly of Fe-illite, illite, mixedlayered illite-smectite, and sericite. Silt
to fine-grained sediments are composed
of quartz and K-feldspar, with trace
amounts of muscovite and biotite.
The upper section of Unit A above the
mudstone, siltstone, and very fine
grained facies contains porous intervals
composed of fine- to coarse-grained,
moderately to poorly sorted (Figure
7), moderately unconsolidated, and
commonly very feldspathic sandstone
(Figure 16B), with minimal to abundant
clay. Grains in these beds are typically
rounded to well rounded and commonly
have clay linings; iron oxides are less
common. Iron oxides are infrequently
concentrated on specific bedding planes
throughout Unit A. Tighter beds tend

to be bimodal, poorly sorted, and well
consolidated and to contain abundant
clay and feldspars (Figure 16C). Very
fine to medium grains are angular to
subrounded, and coarse grains are subrounded to well rounded. Conglomerates consist of granules of K-feldspar and
quartz and pebbles that are subangular
to well rounded, with diameters of up
to 0.59 in. (1.5 cm), and coarse-grained
arkosic sandstone. Conglomerates tend
to be well cemented with clay. Trace
to moderate amounts of authigenic
quartz occur as overgrowths on quartz
grains throughout (Figure 16D) and are
largely associated with bleached beds.
Overall, authigenic quartz is not a major
occluder of pore space in Unit A. Authigenic K-feldspar overgrowths on detrital
K-feldspar grains occur in Unit A in trace
amounts. Authigenic K-feldspar is most
commonly found in samples that have
abundant authigenic quartz. Secondary
porosity occurs where K-feldspars are
moderately to majorly dissolved. Most
porosity is primary grain-framework
porosity (Figure 16B). Compaction
occurs to some degree throughout the
unit and is most intense in clay-rich
beds where the underlying grains in
sandstones may be slightly sutured.
The suturing of grains in clay beds is
more common. Moderate amounts of
lithic grains occur throughout the unit,
but they are relatively more abundant
in the basal section of the unit. Lithics appear to be reworked basement
clasts. Reworked light green to gray
claystone and siltstone intraclasts occur
throughout the unit. These intraclasts
are angular to subangular, have been
found up to the full diameter of the
core, and are similar to lithologies of
the mudstone, siltstone, and very fine
grained sandstone facies. Most quartz
grains throughout the unit are monocrystalline. However, polycrystalline
quartz grains are abundant and are the
most common in coarse-grained beds
to conglomerates. Overall, the sandstone in the upper section of Unit A is
very arkosic; some beds are composed
of more than 35% K-feldspar grains.
The sandstone is the most arkosic in the
basal 40 ft (12.2 m) of the section. Clays
are highly variable in concentration
throughout the unit.
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Figure 15 Thin section photomicrographs of Unit A. (A) A moderately well sorted subarkosic sandstone at a depth of
6,974.5 ft (2,125.8 m) that is largely unconsolidated, preserving excellent framework porosity. (B) A moderately well sorted subarkosic sandstone at a depth of 6,922.7 ft (2,110 m) with feldspars partially to almost completely dissolved (red
circles), enhancing porosity. (C) A moderately well sorted sandstone at a depth of 6,909.1 ft (2,105.9 m) that is very well
consolidated with moderate amounts of clay, resulting in a tight sandstone. (D) A poorly sorted sandstone at a depth
of 6,960.2 ft (2,121.5 m) with moderate amounts of igneous basement lithics (marked by the white L). (E) A moderately
well sorted subarkosic sandstone at a depth of 6,922.7 ft (2,110 m) with detrital grains coated with dark illite clay. (F) A
poorly sorted sandstone at a depth of 6,940.4 ft (2,115.4 m) that is well cemented with authigenic quartz.
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Figure 16 Thin section photomicrographs of Unit A. (A) Silty mudstone at a depth of 6,863.3 ft (2,091.9 m) that is very tight,
with low to no porosity and no permeability. (B) Moderately sorted, coarse-grained subarkosic sandstone at a depth of 6,782.5
ft (2,067.3 m) with good framework porosity. (C) Bimodal sandstone at a depth of 6,791.6 ft (2,070.1 m). Fine-grained sediments are well consolidated and moderately cemented with clay, resulting in a low-porosity and low-permeability sandstone.
(D) Moderately to poorly sorted subarkosic sandstone at a depth of 6,805.1 ft (2,074.2 m) with moderate amounts of authigenic quartz overgrowth cements, yet still preserving much primary porosity.
Mt. Simon Unit B (6,401 to
6,643 ft; 1,951 to 2,025 m)
Mt. Simon Unit B occurs from 6,401
to 6,643 ft (1,951 to 2,025 m) and was
observed in rotary sidewall samples in
the VW #1 well and in whole core in the
VW #2 well (6,405.6 to 6,426.4 ft; 1,952.4
to 1,958.8 m). Unit B is characterized by
a relatively low GR signature (Figure 5).
Log porosity may average about 15%, but
local intervals, particularly toward the
base of this interval, may have a porosity
around 20%. Whole core and sidewall
core show it is composed predominantly
of the planar-laminated sandstone
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lithofacies (Figure 17A), with some lowangle cross-bedding and homogeneous,
mottled, ripple sandstone lithofacies.
Bleached beds, blebs, spots, and speckles are common. Bleached beds commonly include green clay laminations.
The contact with the overlying Unit C
is sharp and appears unconformable
(Figure 17B). It is marked by a clay concentration and a thin bleached bed.
Petrography
Unit B is predominantly very fine to
medium-grained sandstone that is moderately to well sorted (Figures 7, 18A, and

18B). The predominant lithology is subarkose arenite, with abundant quartz
arenite (Figure 6). Cores cut through
zones displaying low GR on the geophysical logs typically consist of moderately
to well-sorted very fine to mediumgrained quartz arenites. Grains are
commonly subrounded to well rounded
and have thin coatings of clay. These
samples are moderately unconsolidated
to partially consolidated, contain trace
authigenic quartz, and commonly have
good framework porosity and permeability (Figure 18A and 18B). Samples
with higher GR on the geophysical logs
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Figure 17 Photographs of 4-in. (10.16-cm) slabbed core in Unit B from the
VW #2 well. (A) Thinly planar-laminated, fine-grained quartz arenite from 6,423
to 6,423.9 ft (1,957.7 to 1,958 m). (B) The apparent disconformable contact at
6,405.6 ft (1,952.4 m; red arrow) between Unit B and the overlying Unit C.
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Figure 18 Thin section photomicrographs of Unit B. (A) Quartz arenite at 6,418 ft (1,956.2 m) with good framework
porosity and trace clays coating the grains. (B) Quartz arenite at 6,624 ft (2,019 m) with increased feldspar content,
moderate consolidation, and trace to moderate clays coating the grains. (C) A well-consolidated and slightly compacted
subarkose arenite with moderate amounts of clay and trace amounts of feldspars. (D) A subarkose arenite at 6,474 ft
(1,973.3 m) with graded beds consisting of tighter, more consolidated fine-grained beds and more porous, less-consolidated coarser grained beds. (E) A tight subarkose arenite at a depth 6,513.5 ft (1,985.3 m) that is well consolidated with
moderate amounts of feldspar and clay. (F) A tight subarkose at 6,601 ft (2,012 m) that is poorly sorted, well consolidated, and slightly compacted and that contains moderate amounts of quartz cement, feldspars, and clay.

Illinois State Geological Survey

Circular 583

27

typically consist of poorly to moderately
sorted, very fine to medium-grained
(Figure 7) arkose arenites (Figures 6
and 18C). Potassium feldspars and clays
increased in these higher GR zones.
Finer sand grains are typically subangular to subrounded, and coarser sand
grains are typically subrounded to well
rounded. Finer grained beds are more
consolidated, whereas coarser grained
beds are less consolidated and more
porous (Figure 18D). The finer grained
arkosic beds commonly contain more
abundant clay than do the coarser
grained quartz arenite beds. Quartz
arenites commonly contain more authigenic quartz than do the arkosic beds.
Low-porosity beds are the result of both
well-consolidated, well-sorted very fine
sandstones (Figure 18E) and well-consolidated, poorly sorted fine- to coarsegrained sandstones with increased clay
and K-feldspar (Figure 18F). Potassium
feldspar grains are typically partially
altered to clay, partially dissolved
(creating secondary porosity), or both
(Figure 18D). Overall porosities decrease
upward from Unit A, largely because of a
finer grain size, grain consolidation, and
slight compaction.

Middle Mt. Simon (5,890 to
6,401 ft; 1,795 to 1,951 m)
The Middle Mt. Simon is commonly
referred to as the tight zone at the IBDP
site because of its low-quality reservoir
properties. Porosities generally remain
below 10% (log and whole-core analyses), with permeabilities below 10 millidarcies (mD). On the basis of geophysical logs, rock sedimentology, and depositional facies, the Middle Mt. Simon
has been divided into two subintervals,
referred to as Units C and D. The base of
the Middle Mt. Simon is unconformable
with the underlying Lower Mt. Simon.
The top of the Middle Mt. Simon appears
conformable with the overlying Upper
Mt. Simon.
Mt. Simon Unit C (6,085 to
6,401 ft; 1,855 to 1,951 m)
Unit C occurs in the lower half of the
Middle Mt. Simon at 6,085 to 6,401 ft
(1,855 to 1,951 m) and has greater GR
log heterogeneity than does the upper
section of the Middle Mt. Simon (Figure
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5). Gamma ray signatures are similar to
those at deeper depths of Unit A in the
Lower Mt. Simon. However, neutron
porosity signatures differ substantially.
Neutron porosity is relatively homogeneous. Geophysical logs suggest that
the contact with the overlying Unit D is
gradational. The basal 29 ft (8.8 m) in the
CCS #1 well and the basal 39 ft (11.9 m)
in the VW #1 well were cored. Numerous
sidewall core samples were acquired in
the VW #1 well. The rock is characterized
by fine- to coarse-grained, poorly sorted
sandstones (Figure 7) with abundant
interbedded coarse-grained sandstone
and granule to pebble conglomerate
beds (Figure 19), as well as minor clayrich siltstones. The unit is predominantly composed of quartz arenites
and subarkose arenites, with minor
amounts of quartz wacke, arkose wacke,
and sublithic arenite (Figure 6). Unit C
contains significantly smaller amounts
of K-feldspars and lithics than in the
underlying units. Most of the samples
consist of dark maroon to brick red
sandstone, and cross-bedded, homogeneous, mottled, and planar- or ripplebedded lithofacies occur. Bleached or
light tan beds, blebs, spots, and speckles
are common throughout. Sandstones
are predominantly cross-bedded, with
local bidirectional cross-beds (Figure
19A). Bleached beds and bleach spots
are common within predominantly
maroon-colored sandstone. Liesegang
banding is common throughout (Figure
19B). Scouring or reactivation surfaces
are common, and lag deposits are followed by fining-upward sandstone
sequences.
Petrography
Unit C sandstones are predominantly
poorly sorted and heterogeneous (Figures 7 and 20A). However, graded beds
that are better sorted and that consist
of fining-upward sequences do occur
(Figure 20B). Finer grains of quartz
and feldspar are subangular to subrounded, whereas coarser grains are
subrounded to well rounded. Polycrystalline quartz grains occur throughout
and are typically coarse grains or larger
(Figure 20C). Trace amounts of igneous lithics occur throughout. Moderate compaction is demonstrated by
sutured contacts between the quartz

grains. Clay minerals occur between
grain contacts (Figure 20D). Authigenic
quartz, clay, and K-feldspar cement, in
decreasing order, are abundant. Local
primary porosity is preserved where the
authigenic quartz cement is incomplete
and the clay cement is minimal. Some
secondary porosity is evident where
K-feldspar grains have been dissolved
or partially altered to clay (Figure 20E).
However, abundant authigenic quartz
in pore throats and pore spaces results
in very poor porosity and permeability.
Mudstones with abundant quartz and
feldspar silt occur in the upper 100 ft
(30.5 m) of the unit (Figure 20F). These
are very tight and are easily identified
by the sharp increase in intensity on the
GR log.
Mt. Simon Unit D (5,890 to
6,085 ft; 1,795 to 1,855 m)
Unit D occurs in the upper part of the
Middle Mt. Simon. Whole core from the
VW #1 well was acquired from 5,930 to
5,990 ft (1,807.5 to 1,825.7 m). Unit D is
characterized by a low and relatively
homogeneous GR log signature and a
low neutron porosity signature, with a
slight increase in porosity near the top
transition with the overlying Upper Mt.
Simon (Figure 5). Unit D is composed
of moderately well sorted, very fine to
medium-grained, brick red, maroongray, and tan-colored sandstone. Current ripples, planar-laminated, crossbedded, and mottled lithofacies occur
in this interval (Figure 21). Abundant
hematite cements occur along bedding
planes and in the form of Liesegang
bands. Occasional erosional or scoured
surfaces occur, which commonly have
concentrations of hematite at or near
the surface. Burrow-like or desiccation features that are bleached occur at
5,936.7 ft (1,809.5 m; core depth) within
a ferruginous bed just above a scour
surface. Bleach beds, spots, and blebs
are common (Figure 21A). The thickest bleached bed occurs in the center
(5,950.8 to 5,951.2 ft; 1,813.8 to 1,813.9 m;
core depth) of an interval that contains
the most abundant hematite cements
(5,947.2 to 5,954.7 ft; 1,812.7 to 1,815 m),
mostly in the form of Liesegang bands.
Bleached beds, spots, and blebs commonly crosscut hematite cements.
Trace green clay laminae occur in some
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Figure 19 Photographs of 4-in. (10.16-cm) slabbed core from the CCS #1 well, Unit
C. (A) Poorly sorted sandstone at a depth of 6,432 to 6,433 ft (1,960.5 to 1,960.8 m)
with apparent bidirectional cross-bedding. (B) Poorly sorted sandstone at a depth of
6,424 to 6,425 ft (1,958 to 1,958.3 m) with Liesegang or diagenetic iron oxide banding crosscutting depositional bedding features.
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Figure 20 Thin section photomicrographs of the Middle Mt. Simon, Unit C. (A) A poorly sorted bimodal sandstone at
a depth of 6,224 ft (1,897.1 m). (B) A moderately to well-sorted sandstone at a depth of 6,206 ft (1,891.6 m) exhibiting a fining-upward sequence. (C) Photomicrograph (cross-polarized light) of a poorly sorted sandstone with isolated
granules at a depth of 6,385 ft (1,946.1 m). Very coarse to granule detrital quartz grains are commonly polycrystalline. (D) A well-consolidated and compacted sandstone at a depth of 6,221 ft (1,896.2 m). Quartz grains are slightly
to moderately sutured, with clay infilling the pore throats. (E) Moderately sorted sandstone at a depth of 6,106 ft
(1,861.1 m). The sandstone is well cemented with authigenic quartz, with clay partially infilling the remaining pore
spaces. The brown grain is a lithic particle. (F) Mudstone at a depth of 6,172 ft (1,881.2 m) with abundant quartz and
feldspar silt and isolated medium-sized grains.
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Figure 21 Photographs of 4-in. (10.16-cm) slabbed core from Unit D. (A)
Very fine to fine-grained quartz arenite at a depth of 5,976 to 5,976.9 ft
(1,821.5 to 1,821.8 m) with 8.6% porosity, 9.94 mD of horizontal permeability, and 0.08 mD of vertical permeability. Low-angle to horizontal pinstripe
(wind-ripple) laminations are overprinted by major Liesegang banding
(hematite) and small areas with bleach spots and speckling. (B) Very fine
to fine-grained quartz arenite at a depth of 5,982.9 to 5,982.8 ft (1,823.6
to 1,823.6 m) with 9.6% porosity, 13.3 mD of horizontal permeability, and
<0.01 mD of vertical permeability. Apparent pinstripe (wind-ripple) laminations are overprinted by slight Liesegang banding (hematite), and hematite
is concentrated along the bedding planes.
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bleached beds. Unit D is dominated
by fine planar to low-index pinstripe
(wind-ripple) lamination, with local
adhesion ripple structures and mottled
beds (Figure 21B). The contact with the
overlying Upper Mt. Simon appears gradational.
Petrography
Unit D is a very fine to medium-grained,
moderately well sorted quartz arenite
(Figures 7 and 22A; Tables 3 and 4).
Fine grains are commonly subangular to subrounded, and coarser grains
are subrounded to rounded. Compaction and suturing of grains is common
(Figure 22B). Less compacted grains
are commonly well consolidated and
often cemented with authigenic quartz
(Figure 22C), moderate amounts
of hematite, and trace to moderate
amounts of authigenic clay. Clay and
hematite cement vary from trace to
abundant amounts, according to the
darkness of the red color, and the
cement commonly occurs as pore fillings or as grain coatings (Figure 22D).
Bleached beds, spots, and blebs are
most commonly well compacted and
contain very high amounts of authigenic
quartz. Bleach spots generally lack iron
oxide coloring; however, they generally contain a porous center where iron
oxide minerals are concentrated with
common aggregates of radiating iron
oxide crystals (Figure 22E and 22F).
Overall, the sandstone in Unit D is well
consolidated, compacted, or cemented,
with low porosity and poor intergranular permeability.

Upper Mt. Simon (5,526 to
5,890 ft; 1,684 to 1,795 m)
The Upper Mt. Simon consists of one
unit, referred to here as Unit E. Unit
E is conformably overlain by the Eau
Claire Formation and is underlain by the
Middle Mt. Simon. Log signatures indicate that the contact with the underlying
Middle Mt. Simon Unit D is transitional
but still relatively sharp, suggesting a
change in the depositional environment.
Whole-core analyses indicate the reservoir properties are generally low quality,
with porosities averaging around 10%.
However, permeability in some of the
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higher porosity sandstones can be as
high as 220 mD. Permeability generally
increases with depth.
Mt. Simon Unit E (5,526 to
5,890 ft; 1,684 to 1,795 m)
Unit E represents the Upper Mt. Simon
Sandstone (5,526 to 5,890 ft; 1,684.3
to 1,795.3 m) and is characterized by
two distinct log signatures. High-GR
log signatures (Figure 5) correlate with
mudstones and sandstones classified
as arkose wacke and subarkose arenite
(Figure 23A and 23B). Low-GR log signatures correlate with sandstones classified as quartz arenites (Figure 23C).
Mudstones and arkose wacke lithofacies
are interstratified, wavy-laminated,
mottled, or bioturbated. Subarkose
arenite lithofacies are mottled, homogeneous, and planar- or cross-bedded.
Planolites burrows are common in mudstones and arkose wackes and are typically filled with fine to coarse silt-sized
quartz and feldspar grains (Figure 23A
and 23B). Larger trace fossils are rare.
Rhythmically alternating mudstone
and siltstone laminae are also common.
Quartz arenite lithofacies are mottled,
homogenous, and planar- or cross-bedded (Figure 23C). Fining-upward graded
beds on cross-bed sets are common.
Paired mud drapes on cross-bed sets
that have undergone compaction and
stylolitization are also common. Isolated
granules occur throughout.
Petrography
Mudstones commonly contain abundant quartz and feldspar silt, occasionally with an isolated fine to medium
grain (Figure 24A). Sandstones classified as subarkose arenites to arkose
wacke are commonly poorly sorted silt
to coarse grained (Figure 7), with subrounded to angular grains. Subarkose
arenites commonly contain bimodal
grain sizes, with coarse and fine grains
(Figure 24B). The coarse grains are commonly well rounded to subrounded, and
the fine grains are subrounded to subangular. Potassium feldspar grains are
abundant (up to 19%) and tend to be fine
grained to silt sized. Detrital feldspars
commonly have euhedral authigenic
K-feldspar overgrowths (Figure 24D).
Authigenic K-feldspar increases sub-

stantially in the upper 100 ft (30.5 m) of
Unit E. Pores spaces in the higher GR
intervals are predominantly filled with
clay minerals, resulting in low porosity
and permeability for this facies. Clay
minerals are predominantly illite, Feillite, and mixed-layered illite-smectite,
with trace amounts of chlorite and
kaolinite (Table 3).
The quartz arenites, with a lower GR
signature, are fine- to coarse-grained,
moderately well sorted sandstone
that can be bimodal. Intervals of wellsorted, normally graded laminae are
less common (Figure 24E). The detrital
grain mineralogy is primarily quartz,
K-feldspar, and trace minerals (Table
3). Detrital quartz grains, particularly
the coarser grains, are commonly subrounded to well rounded. Authigenic
quartz overgrowth cements commonly
give the grains a subangular appearance
(Figure 24F). Trace amounts of diagenetic clay minerals locally coat quartz
overgrowths and more commonly may
fill the pore throats and pore spaces. The
predominant clay minerals are the same
as noted above in the high-GR facies.
Quartz arenites are further characterized by moderately good porosity but
relatively poor permeability because of
authigenic mineral cements. Overall,
authigenic cements (predominantly
quartz and K-feldspar) are highly concentrated in the top 100 ft (30.5 m) of
Unit E at the top of the Mt. Simon Sandstone. Authigenic cements can constitute up to 35% of the modal mineralogy
in the top 100 ft (30.5 m) of Unit E. Authigenic cements decrease to less than 5%
below the top 100 ft (30.5 m) but increase
steadily with depth up to approximately
25%. Authigenic K-feldspar is the most
abundant in Unit E compared with all
other units in the Mt. Simon Sandstone.

DISCUSSION
As identified above, the pre-Mt. Simon
and divisional Units (A through E) in the
Mt. Simon Sandstone are determined by
distinct signatures in geophysical logs
that are controlled by three factors: (1)
the depositional environment in which
the sediments are deposited; (2) the
composition of the rock, which is partly
controlled by the sediment provenance;
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Figure 22 Thin section photomicrographs of the Middle Mt. Simon, Unit D. (A) A typical quartz arenite sandstone of Unit
D from 5,938.1 ft (1,809.9 m). (B) A compacted sandstone displaying highly sutured quartz grains from 5,943.7 ft (1,811.6
m). (C) An uncompacted sandstone from 5,947.2 ft (1,812.7 m) that is well cemented with quartz. (D) A moderately consolidated sandstone from 5,943.7 ft (1,811.6 m) with a hematite coating over most quartz grains, a moderate amount of
quartz cement, and traces of clay in the pore throats. (E) A sandstone at 5,943.9 ft (1,811.7 m) with a bleach spot (outlined by a dashed line). Notice the lack of iron oxide and clay cements within the bleach spot and the small pore spaces
within the center of the spot. (F) The porous center of a bleach spot from 5,938.1 ft (1,809.9 m) with common iron oxide
cements concentrated in and near the pore spaces. Iron oxide crystals commonly form crystals in a radial-like aggregate.
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Figure 23 Photographs of 4-in. (10.16-cm) slabbed core from the Upper Mt. Simon, Unit E. (A)
Quartz arenites with interbedded silty mudstone at a depth of 5,545.6 to 5,546.8 ft (1,690.3 to
1,690.7 m). The mudstone beds have a high-gamma ray and low-porosity log signature. (B) A
pink subarkose arenite with interlaminated silty mudstone from 5,533.7 to 5,534.9 ft (1,686.7
to 1,687 m). Both the subarkose arenites and mudstones give a high-gamma ray and typically
a low-porosity log signature. Whole-core analysis indicates 11.9% porosity, 2.65 mD of horizontal permeability, and 0.05 mD of vertical permeability. (C) A cross-bedded quartz arenite
with a low-gamma ray and moderate-porosity log signature from 5,558.2 to 5,559 ft (1,694.1
to 1,694.4 m). Whole-core analysis indicates 9% porosity, 87.86 mD of horizontal permeability,
and 56.75 mD of vertical permeability.
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Figure 24 Thin section photomicrographs of the Upper Mt. Simon, Unit E. (A) Silty mudstone at 5,873 ft (1,790.1 m)
with abundant quartz and feldspar silt. (B) Sandstone at 5,528.6 ft (1,685.1 m) with bimodal quartz grains and abundant
feldspar. (C) Sandstone at 5,536.8 ft (1,687.6 m) with bimodal quartz grains and feldspar with authigenic feldspar overgrowths. (D) Compacted sandstone at 5,624 ft (1,714.2 m) with abundant detrital feldspars having authigenic feldspar
overgrowths. (E) Quartz arenite sandstone at 5,648 ft (1,721.5 m) with abundant porosity (blue epoxy). (F) Sandstone at
5,539 ft (1,688.3 m) with slight compaction and moderate to abundant authigenic quartz overgrowths.
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and (3) the diagenesis from the time of
sediment deposition to the present day.
At present, provenance studies of the Mt.
Simon Sandstone suggest the detrital
sediment was sourced from up to five
potential provenances: Grenville Province, Granite-Rhyolite Province, Central
Plains, Penokean, and Superior Province
(Lovell and Bowen 2013). The sediment
provenance is not discussed in this publication because region-wide sampling
is needed to begin to understand the
influence of sediment provenance on
the divisional units in the Mt. Simon.
However, the basement topography as
related to the Mt. Simon deposition is
discussed. Depositional environments
are interpreted from formation lithofacies, including sedimentary structures,
facies physical properties, and compositional changes in the rock. Prevegetation
is discussed briefly as a major control
on depositional conditions during the
Cambrian. Basin genesis and subsidence are also discussed briefly because
of their relationship to Mt. Simon deposition and its overall thickness. Diagenesis is discussed with respect to reservoir quality of the sandstone. Reservoir
quality of the Mt. Simon Sandstone is
controlled by both depositional and diagenetic factors.

Depositional Environments
The depositional environment is interpreted from formation lithofacies,
including sedimentary structures, facies
physical properties, and lithological
composition of the rock. The depositional environment from the base of the
Mt. Simon up through the Eau Claire
Formation is interpreted generally as
a nonmarine to marine transgressive
environment (Driese et al. 1981; Droste
and Shaver 1983; Sargent and Lasemi
1993; Morse and Leetaru 2005; Leetaru
et al. 2009; Leetaru and McBride 2009;
Bowen et al. 2011; Miller 2011; and many
more), as discussed in detail below.
However, two internal sequences of fluvial transitioning to a fluvioeolian environment are evident in the Mt. Simon
before transgression into a tidal-marine
environment. Furthermore, a marine
transgression that overlies the Precambrian basement is indicated in the preMt. Simon; this transgression predates
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the major Sauk transgression reflected
in the Upper Mt. Simon deposition (Collinson et al. 1988), suggesting an earlier
Sauk Sequence transgression.
Basement (7,058 to 7,074 ft;
2,151 to 2,156 m)
The Precambrian basement is a rhyolite
that has been dated at 1,467 ± 25 Ma via
zircon radiometric dating (Leetaru and
Finley 2012). The age dates obtained for
the rhyolite in this study are comparable
with typical age dates of the Eastern
Granite-Rhyolite Province granites and
rhyolite, with typical dates at 1,470 ± 30
Ma (Van Schmus et al. 1996). These dates
predate the Grenville Province (Rivers
2008). Approximately 900 million years
of time is missing from the age of rhyolite deposition to deposition of the Cambrian-age sandstones (pre-Mt. Simon
and Mt. Simon Sandstones). Significant
erosion occurred over this 900-millionyear lapse. The lack of granitic clasts and
the abundant rhyolite clasts throughout
the Lower Mt. Simon would suggest that
localized, and possibly regional, Precambrian highs were largely composed
of rhyolite. However, Precambrian highs
encountered in other wells in the Illinois
Basin have been composed of granite
(Leetaru and McBride 2009). This would
suggest that rhyolite clasts found in the
Lower Mt. Simon are locally sourced.
The lack of Precambrian clasts in the
Middle and Upper Mt. Simon suggests
that the Precambrian highs were buried
during the deposition of the Lower Mt.
Simon. The layering of Precambrian
rocks (rhyolite, granodiorite, and granite) encountered in the VW #2 well is
congruent with Precambrian rocks
encountered in other deep wells in the
Illinois Basin (Bradbury and Atherton
1965; Kolata and Nelson 1991; Atekwana
1996).
Pre-Mt. Simon (7,000 to 7,058 ft;
2,134 to 2,151 m)
The well-developed vertical burrows
throughout the pre-Mt. Simon imply
deposition in a shallow, high-energy
marine system, such as a tidal delta or
lower to upper shoreface in a clastic
shoreline environment. The interbedding of fine- to medium-grained, planarto ripple-laminated sandstone with

coarse-grained, cross-bedded sandstones to pebble conglomerates suggests
widely varying energy conditions and
depositional facies. The authors favor
a clastic shoreline environment with
fine- to medium-grained, planar- to
ripple-laminated sandstones interpreted
as lower to upper shoreface facies and
coarse-grained, cross-bedded to planarbedded sandstones to pebble conglomerates interpreted as upper shoreface to
foreshore tidal channel facies. Skolithos
burrows are commonly found in the
lower to upper shoreface facies and are
located within and in close proximity
to coarse-grained sandstones to pebble
conglomerate settings. This would suggest suspension-feeding infauna were
concentrated in zones of high energy.
Modern suspension feeders require a
moderately to strongly agitated environment for survival (Seilacher 1967)
and thus provide analogues supporting
a higher energy zone of deposition for
these burrowed beds. Furthermore,
cross-bed sets are sometimes truncated
with pebble conglomerates and bioturbated, planar, and other cross-bedded
beds, suggesting reworking in these
higher energy deposits (Driese et al.
1981). No shales were observed in this
unit.
Bioturbation typically occurs in clayrich, fine-grained, cross-bedded to
wavy-laminated sandstones that are
interbedded between coarser grained
sandstones and conglomerates. Similar
Cambrian bioturbated clastics, such as
the middle member of the Wood Canyon
Formation in California, have recently
been proposed to be of marine origin
(Kennedy and Droser 2011) based on
evidence similar to that presented here
for the pre-Mt. Simon sediments; however, this view is controversial (Davies
and Gibling 2012; Kennedy and Droser
2012), and differentiating the origin of
deposition for other Cambrian clastics
has proved difficult. Evidence supporting a marine component in the pre-Mt.
Simon, in addition to the abundant
bioturbation (Skolithos) in finer grained,
clay-rich sandstones, includes bidirectional cross-beds and current ripples,
ripple-laminated sandstones, distinct
cyclical high- and low-energy deposits,
the absence of bioturbation in overlying low-energy fluvial deposits, and a
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separation from the overlying fluvial
deposits, likely by a hardground forming
a sequence boundary and unconformity.
Therefore, the authors favor a marine
depositional environment.
Evidence for an unconformity between
the pre-Mt. Simon and the overlying
Unit A includes (1) an abrupt change
in depositional environment from the
proposed marine pre-Mt. Simon to the
fluvial Lower Mt. Simon (Unit A); (2) the
presence of a hardground with jagged
edges and an approximately 1-ft (0.3-m)
buildup of clay and iron oxide minerals
and an abundance of basement intraclasts at the pre-Mt. Simon–Mt. Simon
boundary; and (3) the pre-Mt. Simon
being 30 ft (9.1 m) thinner in the VW #1
well compared with the CCS #1 well,
located approximately 1,000 ft (304.8
m) to the south. This thinning from the
CCS #1 well to the VW #1 well is interpreted as reflecting the paleotopography
caused either by a lack of deposition or
by erosion along the upper surface of the
pre-Mt. Simon or the gradual onlapping
of the pre-Mt. Simon strata on the basement topography. No distinctive index
fossils are present in either interval;
therefore, the time span of the unconformity cannot be determined.
The age of the pre-Mt. Simon must be
Cambrian and not Neoproterozoic, as
indicated by the presence of complex
Skolithos trace fossil burrows. Skolithos
burrows exhibit internal vertical sediment stacking or back filling caused by
the organism accommodating sediment
influx; there is no known evidence of
this from the Neoproterozoic (Jensen
2003). Whether the pre-Mt. Simon is
Lower, Middle, or Upper Cambrian
cannot be determined because of the
complete lack of fossils in the pre-Mt.
Simon. The Mt. Simon Sandstone is considered Upper Cambrian (Willman et al.
1975); however, the Lower and Middle
Mt. Simon may not have been considered in past studies.
Mt. Simon Unit A (6,643 to
7,000 ft; 2,025 to 2,134 m)
Unit A is interpreted as forming in a
predominantly fluvial braided river
environment. Bidirectional cross-bed
sets from 6,903.8 to 6,904.7 ft and 6,789.3
to 6,789.8 ft (2,104.3 to 2,104.6 m and
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2,069.4 to 2,069.5 m; core depth) imply
tidal processes and may suggest a close
shoreline and brief shift in the predominantly fluvial environment. Bidirectional cross-stratification has traditionally been a characteristic feature of tidal
sedimentation (Klein 1977). However,
it has also been found to form under
specific conditions in braided river
fluvial systems (Boersma 1967; Alam et
al. 1985; Southwick et al. 1986) and is
favored by the authors. Furthermore, a
fluvial origin for Unit A is suggested by
the absence of marine indicators, such
as body fossils or trace fossils similar to
those found in the pre-Mt. Simon and
Unit E, and the abundance of coarse
braided river-type lithofacies. With the
lack of vegetation during the Cambrian,
a braided river system is favored over a
meandering river (Eriksson et al. 2006).
Cross-bedded, planar-bedded, and
ripple-laminated sandstone lithofacies in Unit A are interpreted as having
been deposited in a shallow braided
river system. The presence of pebble
conglomerates suggests increased gradients, either in the braid system or on a
distal alluvial fan. Planar cross-bedding
is common in the fluvial deposits and is
formed in midchannel bars of braided
river systems. Channel deposits occur
with basal scouring surfaces, typically
with coarse-grained sand to pebble
lags and overlying massively to crudely
bedded coarse sandstone that commonly fines upward. Planar-bedded
sandstone is interpreted as being
deposited in the upper flow regime of
the river, where depths are shallow and
velocities are high. Rippled beds form
the lower flow regime at a variety of
depths. The overall predominance of
coarse grains is typical in a braided river
system (Miall 1977), and the abundance
of polycrystalline granules and pebbles
would suggest some proximity to Precambrian source rock. Furthermore, the
abundance and angularity of coarse- to
gravel-sized basement lithics would suggest that proximal Precambrian highs
are exposed and are a relevant source of
sediment in Unit A.

deposit that formed between a brief fluvial hiatus in Unit A fluvial braided river
deposits or resulting from an ephemeral
river deposit formation during a flooding event. Minor disruption features that
appear as bioturbation in the mudstones
are instead interpreted as evaporite
casts that formed during periodic flooding events (Lowenstein and Hardie 1985;
Schubel and Lowenstein 1997). Siltstone
and mudstone intraclasts up to the
width of the core are found throughout
Unit A and may be the result of erosion
of a nearby waning floodplain, overbank, or even playa deposit similar to
the mudstone, siltstone, and very fine
grained sandstone deposits at a depth
of 6,859.7 to 6,864 ft (2,090.8 to 2,092.1
m). The preservation of silty and muddy
floodplain or playa deposits is rare in
such an ephemeral fluvial environment.

The siltstone and mudstone beds interbedded within Unit A at a depth of
6,859.7 to 6,864 ft (2,090.8 to 2,092.1 m)
are interpreted as being a short-lived
floodplain and ephemeral playa lake

Logs indicate that rock with higher GR
signatures has decreased neutron porosity compared with rock with lower GR
signatures, which may be the result of
increased altered K-feldspar and clay

With the exception of the interbedded
floodplain, overbank, or playa deposits,
Unit A sandstones generally decrease in
basement lithics, grain size, polycrystalline grains, and K-feldspars up section, thus increasing in maturity. This
is expected as basin gradients decrease
and braid plains are covered by overlying low-gradient eolian deposits in Unit B.
Mt. Simon Unit B (6,401 to
6,643 ft; 1,951 to 2,025 m)
On the basis of lithofacies observed in
the whole core, petrography of the rotary
sidewall core, and log signatures, Unit
B is interpreted as having both eolian
and fluvial depositional environments.
Unit B deposits are mostly well-sorted,
very fine to fine-grained, and planar- to
ripple-laminated sandstones. Finer
grains in these deposits tend to be more
angular, whereas coarse grains, likely
associated with fluvial deposits, tend to
be more rounded. The abundance of thin
planar-bedded laminae and pinstriping
in the finer grained deposits is indicative
of high-energy wind deposits (Hunter
1977; Fryberger and Schenk 1988). As
noted above, these eolian deposits occur
in a low-relief setting with periodic fluvial flooding on a distal braid plain.
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occluding pore spaces. The GR signatures in Unit B are unlike the mudstone
signatures in Unit A; rather, they are
K-feldspar- and clay-rich intervals. Logs
suggest the contact with the overlying
Unit C deposits is sharp—a transition
with a sudden influx of K-feldspar and
clay, coarser sediments, and thinner
bedded sandstones in the overlying
Unit C. This contact appears to be a disconformity between Unit B and Unit C.
The contact is sharp and is marked by
a clay hardground, suggesting a brief
lag (Figure 17B). The depositional facies
between Unit B and Unit C reflects a
rapid change in gradient, with highenergy fluvial deposits in the lower
section of Unit C overlying the lower
gradient eolian deposits in the upper
section of Unit B. It is unclear how much
time might separate Unit C and Unit B
deposition.
Mt. Simon Unit C (6,085 to
6,401 ft; 1,855 to 1,951 m)
Unit C has log signatures and lithofacies
similar to those for Unit A and is likely
to have formed as a coarse-grained
fluvial braided river deposit. Core and
sidewall samples indicate it is composed
of poorly sorted, very fine to coarsegrained sandstones, pebble conglomerates, and interbedded siltstones and
mudstones. Fining-upward sequences,
abundant scour surfaces, and pebble
lags are typical of fluvial deposits. The
presence of pebbles indicates proximity to a highland and steeper gradients
capable of carrying such coarse sediment. Gamma ray logs suggest the upper
75 ft (22.9 m) of the unit contains greater
amounts of mudstones and silty mudstones than below. Thin, clayey mudstone and wackestone are also apparent
in the CCS #1 well core. These materials
may reflect a decreasing gradient fluvial
system and a floodplain or playa system
that grades into an even lower gradient
environment in the overlying Unit D.
Sandstones in Unit C are predominantly classified as quartz arenites, but
they also contain some arkose, lithics,
and clays (Figure 6). The abundance
of quartz arenites and the overall low
K-feldspar and lithic contents suggest that Unit C may consist of older
reworked sandstones or that its source is
more distal than that of the underlying

38

Circular 583

sandstones. Sandstones continue to be
more mature up section from the base of
the Mt. Simon Sandstone (Figure 6).
Mt. Simon Unit D (5,890 to
6,085 ft; 1,795 to 1,855 m)
On the basis of the current ripple-,
planar-, and low-angle cross-bedding,
moderate to good sorting of predominantly fine grains, scour or bounding
surfaces, red color, and thin beds, Unit
D is interpreted as forming in a predominantly eolian system in a low-relief
setting with possible periodic flooding
on a distal braid plain. The bed set thickness is typically small, at 0.8 to 3.9 in.
(2 to 10 cm), but ranges from 0.4 in. (1
cm) to >3.3 ft (>1 m). Internal stratification is predominantly finely laminated
and horizontal, suggesting accretion
through the migration of wind ripples
forming climbing translatent strata
(Hunter 1977). Beds with a finer grain
size, better sorting, planar and adhesion
ripple lamination, mottled bedding,
and thin planar cross-bed sets are interpreted as being deposited in an eolian
setting that includes dune, interdune,
and sheet sand deposits. Finer grains are
more angular, whereas coarser grains
are more rounded, as is typical of eolian
deposits (Glennie 1970). Grains are
commonly coated with a thin coating of
hematite, also typical of eolian deposits
(Walker 1979). Sheet sand deposits are
the most prolific in Unit D and are represented by abundant planar-laminated
and thinly bedded low-angle crossbedded sandstones (Ahlbrandt and Fryberger 1981); however, some of the crossbeds may be small dune deposits. Interdune deposits typically contain thin
green clay laminae and finer grains than
do dune, sheet, and eolian deposits.
The abundance of thin planar-bedded
laminae and pinstriping is indicative of
high-energy wind deposits (Hunter 1977;
Fryberger and Schenk 1988). The presence of local adhesion ripple beds indicates that some of the windblown sand
accumulated on wet or damp substrate
typical of the interdune setting.
Sandstones in Unit D are primarily
composed of quartz arenites (Figure 6).
The fine sand grains likely are reworked
from mature sandstone or had a long
transport distance. Unit D is a more
typical Cambrian eolian deposit that

would have been deposited on a lifeless,
barren landscape where wind played
a predominant role in grain abrasion,
sorting, maturation, and transport. The
depositional environment of Unit D was
similar to that of Unit B with respect to
the eolian deposits. Thick sequences of
sandstone in samples and on logs are
analogous to those in Unit B, with the
exception of modal mineralogy. Unit
B contains more K-feldspar and clay,
likely related to fluvial flooding events.
Compared with Unit B, Unit D is a more
mature sandstone deposited in a primarily eolian depositional environment.
Mt. Simon Unit E (5,526 to
5,890 ft; 1,684 to 1,795 m)
The depositional environment of Unit
E represents a transition from underlying fluvial or playa deposits to eolian or
interdune deposits to overlying marine
and tidal deposits of the Eau Claire Shale
(Huber 1975; Byers 1978; Aswasereelert
et al. 2008). The interstratified, fine- to
medium-grained sandstone facies with
rhythmic, mottled, wavy, and burrowed
mudstone laminae are indicative of a
tidal flat and are described in the VW #1
well core from the top of Unit E (5,520
to 5,564 ft; 1,682.5 to 1,695.9 m; core
depth). Paired mud drapes on cross-bed
sets interpreted as tidal couplets are
also indicative of a flat tidal environment. The coarser, more heterogeneous
cross-bedded to planar-bedded sandstones reflect deposition in what are
likely tidal or coastal fluvial channels.
Interbedded sands and mud, resulting
in lenticular- and sometimes flaserbedding, are common in subtidal and
intertidal deposits because of fluctuations of energy with tidal cycles (Weimer
et al. 1982). Other studies have similarly
interpreted the Upper Mt. Simon as
being deposited in a shallow subtidal to
peritidal marine environment (Driese et
al. 1981; Droste and Shaver 1983; Sargent
and Lasemi 1993) and a largely coastal
setting that also included fine-grained,
flat tidal sediments and cross-bedded,
meandering tidal channel and tidal bar
deposits (Morse and Leetaru 2005). The
porous and permeable units are confined to the abundant channel and tidal
bar deposits in the Upper Mt. Simon,
and they form the principal reservoir
units of the Manlove Field Gas Stor-
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age Facility (Morse and Leetaru 2005)
located 40 mi (64 km) to the northeast of
the IBDP site.
Sandstones are largely classified as
quartz arenite in Unit E (Figure 6) and
are predominantly composed of wellrounded monocrystalline quartz grains.
Even though these sands were deposited
in a subsiding cratonic basin, and rates
of sedimentation should far exceed the
time needed for grain-to-grain collision
processes (Carozzi 1993) to produce
mature quartz arenite, it is likely that the
quartz grains are a result of extensive
weathering and transport from distant
provenances. Mudstones, clay, and
K-feldspar-rich sandstones were primarily deposited in low-energy, tidal flat
environments.

Prevegetation Deposition
The highest quality reservoir rocks are
located in the Lower Mt. Simon and were
deposited in a predominantly braided
river fluvial system. In general, Cambrian fluvial systems lacked the binding, baffling, and trapping of sediment
and roots present in younger vegetated
environments. Therefore, flashy surface runoff, lower bank instability and
runoff, broad channels with an abundant bed load, and faster rates of channel migration would have been common
(Schumm 1968; Cotter 1978; Long 1978,
2004; Fuller 1985; Els 1998; Eriksson
et al. 2006). As a result, a braided river
fluvial style is generally seen as the most
likely for prevegetational environments
(e.g., Schumm 1968; Martins-Neto 1994;
Sønderholm and Tirsgaard 1998; Long
2004) and as the favored style for the
majority of environments in the Lower
Mt. Simon. With prevegetation, the
effectiveness of eolian processes is great
when fluvial processes retreat (Schumm
1968; Cotter 1978). Vegetation stabilizes
banks, traps sediments, and produces
organic acids in root systems, promoting the formation of clay minerals.
Before vegetation, nonmarine sediments
are insecure and very susceptible to
eolian or braided river fluvial processes
(McCormick and Grotzinger 1993).
The deposition of the Mt. Simon Sandstone during the Upper Cambrian began
on a barren (prevegetation) craton (Dalrymple et al. 1985) and ended with the
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transgressive (Upper Mt. Simon–Eau
Claire Formation) environment as the
relative sea level rose. Because of the
absence of vegetation during the earlier
Cambrian deposition, wind was a very
effective erosional and sorting agent
that led to fine-grained sediment deposition in Units B and D. Furthermore,
because the lack of vegetation caused
sediment instability, any precipitation
had the potential to cause major fluvial
flash-flooding events on land. Past and
present depositional conditions on the
planet Mars may be a good analogue for
the deposition of the Upper Cambrian
Mt. Simon Sandstone (Leetaru and
Finley 2012).

Basin Subsidence
In addition to the pre-Mt. Simon, the
Mt. Simon reflects a transgressive
sequence (Sloss 1963) from the predominantly fluvial to eolian deposits
in the Lower and Middle Mt. Simon to
the tidally deposited Upper Mt. Simon
and the tidal-marine deposits of the Eau
Claire Formation. The break from the
marine deposits of the pre-Mt. Simon
to the overlying nonmarine deposits of
the Lower Mt. Simon reflects a disconformity. The pre-Mt. Simon deposits
indicate that the Illinois Basin or protoIllinois Basin (pre-Mt. Simon Basin) was
briefly open to the sea and by Mt. Simon
time was closed to the sea. The pre-Mt.
Simon may be correlative to the age of
sedimentary units that underlie the Mt.
Simon, such as the Middle Run Formation identified in Ohio, Indiana, and
Kentucky (Richard et al. 1997; Noger and
Drahovzal 2005). Pre-Mt. Simon carbonate rocks were encountered in one well
in western Ohio, suggesting pre-Mt.
Simon rocks were deposited in a marine
basin (Richard et al., 1997).
Localized downwarping may explain
the elliptically shaped thickness pattern of the Mt. Simon that thins from
the northeast toward east-central Illinois (Leetaru and McBride 2009). This
pattern offsets the general thickness
pattern of other younger Paleozoic sediments, which are the thickest more to
the southeast in the Illinois Basin. In
fact, Mt. Simon deposits are the thickest in northeast to east-central Illinois
(Figure 4), whereas the overlying Eau

Claire Formation is the thickest near the
Illinois Basin depocenter in southeast
Illinois; this pattern indicates that the
Illinois Basin was evolving during later
Mt. Simon or early Eau Claire deposition. This pattern and these seismic
data would suggest that a proto-Illinois
Basin or Mt. Simon Basin was formed
by pre-Mt. Simon time and that it continued through Mt. Simon deposition
(McBride et al. 2010; Leetaru and Finley
2012). The present Illinois Basin is proposed to have begun formation during
the time of Eau Claire deposition and to
have continued through the Paleozoic
Era, with a number of uplifts and subsidence over essentially the same area
(Sloss 1963). With two disconformities
between the pre-Mt. Simon to Lower
Mt. Simon and the Lower Mt. Simon to
Middle Mt. Simon, and with gradational
contacts between the Middle and Upper
Mt. Simon and the Upper Mt. Simon and
Eau Claire Formation, it is conceivable
that the Illinois Basin began formation
before deposition of the Eau Claire Formation. This would imply that the protoIllinois or Mt. Simon Basin is largely
filled with pre-Mt. Simon and Lower Mt.
Simon deposits. However, without better
well control by having wells drilled to
the basement, this view is largely hypothetical.
Two repetitive sequences of the fluvial
environment transitioning to a more
eolian environment reflect tectonic
pulses within the Mt. Simon. The two
sequences are (1) Unit A (fluvial) to Unit
B (fluvial/eolian), and (2) Unit C (fluvial)
to Unit D (eolian). These two sequences
appear to be separated by an unconformity. Major differences between the two
sequences are diagenetic, as discussed
below. Leetaru and Finley (2012) proposed that the first sequence (Units A
and B) reflects relative basin subsidence
and infilling in the early proto-Illinois
Basin or Mt. Simon Basin (outlined by
new seismic data) and that the second
sequence (Units C and D) reflects an
initial filled proto-Illinois Basin and the
beginning of another major subsidence
or fringe uplift episode, possibly reflecting the initiation of the Illinois Basin. If
this were the case, the Lower Mt. Simon
would be largely absent from outlying
areas of the proto-Illinois Basin. This
may explain the major thinning of the
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Mt. Simon Sandstone on the flanks of
the proto-Illinois Basin and into the
Illinois Basin (Morse and Leetaru 2005;
Figure 4). Certainly, environmental
changes (wet to dry) are major factors
in the depositional changes (fluvial to
eolian); however, elevation changes (i.e.,
basin subsidence, fringe uplift) cannot
be ignored as major controls of renewed
sediment influx (fluvial deposits).

Diagenesis
Depositional facies largely control later
diagenetic changes to the sediment.
However, as noted earlier, similar depositional sequences, such as Units A and
B and Units C and D, may have significantly different reservoir qualities as a
result of diagenesis (Figure 25). Major
diagenetic events within the Mt. Simon
include compaction; quartz, feldspar,
clay, and hematite precipitation; and
feldspar alteration or dissolution (Figure
26), all of which affect the reservoir
quality.
Quartz Cements, Compaction,
and Pressure Solution
Authigenic quartz is the most common
cement in the Mt. Simon and is by far
the most significant with respect to the
destruction of porosity and permeability. Authigenic quartz cement occurs
throughout the entirety of the Mt. Simon
to varying degrees. Quartz cement is the
most abundant in Unit D of the Middle
Mt. Simon and can reach more than 35%
of the total mineralogy (Figure 25). Unit
D can be distinguished from other units
in the Mt. Simon by four features: (1)
Unit D lacks feldspar and clay relative to
other units and is classified as a quartz
arenite (feldspars rarely reach more
than 5% of total mineralogy); (2) Unit D
is finer grained and better sorted relative
to all other units except Unit B (the other
eolian deposit); (3) grains are abundantly compacted, with sutured boundaries; and (4) detrital quartz grains in
Unit D are almost all monocrystalline.
These features are discussed below in
comparison with all other units in the
Mt. Simon.
Relative to deeper Mt. Simon units, Unit
D contains the most detrital quartz and
the least feldspar. This may reflect the
high durability of quartz in an eolian
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setting. Feldspar grains are diminished in size and abundance owing to
mechanical breakdown. The abundance
of quartz may also reflect a different
provenance altogether relative to lower
depositional facies. Unit B eolian deposits include K-feldspar grains, which
is atypical of eolian deposits but may
reflect a proximal sediment source rich
in arkosic sandstones. Unit D shows no
evidence of primary feldspars being dissolved out, as seen in the lower units.
Feldspar grains in the lower units are
commonly altered to authigenic clays
or are partially dissolved, creating
secondary porosity. In the lower units,
clays commonly coat quartz grains and
may have prevented the nucleation of
quartz overgrowth cements. The lack of
clays in Unit D may increase the likelihood of quartz cement growing on
detrital quartz grains. The inhibition of
quartz cementation by grain-coating
authigenic clays in deeply buried sandstones is well documented (Pittman and
Lumsden 1968; Heald and Larese 1974;
Houseknecht and Hathon 1987; Dixon
et al. 1989; Ehrenberg 1993; Worden and
Morad 2003; Ajdukiewicz and Larese
2012). McBride (1989) noted that quartz
cements are more common in quartz
arenites. Arkosic sandstones are more
common in rift basins, whereas quartz
arenites are more common in intracratonic basins. It is possible that Lower
Mt. Simon units reflect detritus that was
deposited in a failed rift basin (Leetaru
and Finley 2012) and that the Middle
and Upper Mt. Simon units reflect a
more stable intracratonic basin (the Illinois Basin). However, Unit E has a slight
increase in K-feldspar, although it is
predominantly authigenic K-feldspar, as
discussed in detail below. Lovell (2012)
proposed, based on the geochronology
of detrital zircon, that compositional
changes in the Mt. Simon resulted from
sea level encroachment in the ancient
Illinois Basin obscuring the detrital
source terrain.
The degree of compaction and the
abundance of quartz cements in Unit
D are likely related to the well-sorted,
fine-grained nature and purity of the
detrital quartz. During deep burial,
sandstones commonly experience compaction, suturing, and the formation of
intergranular pressure solution (Sibley

and Blatt 1976; Houseknecht 1984; and
many others). Silica is dissolved at pressure solution contacts and typically
precipitates out in nearby pore spaces
as quartz cement. Previous researchers
(e.g., Waldschmidt 1941; Heald 1956;
Renton et al. 1969; Sprunt and Nur 1976;
Houseknecht 1984; Houseknecht and
Hathon 1987) have shown that intergranular pressure solution increases
with decreasing grain size. However, not
all lithofacies of Unit D are highly compacted. Other facies did not undergo visible compaction yet still contain abundant quartz cement, preserving less
than 10% primary porosity and having
less than 1 mD of vertical and horizontal
permeability. This may be explained by
circulating pore fluids removing dissolved silica from the site of dissolution
during pressure solution formation and
distributing the silica-rich solution to
under- or overlying lithofacies that did
not undergo compaction. However,
sandstones can undergo quartz cementation through processes that are unrelated to intergranular pressure solution.
Sources of ions for quartz cementation
may be internal (dissolution of chemically unstable grains such as feldspars)
or external (diagenesis of shales; Pittman 1979; Houseknecht 1984; McBride
1989). Beds that are not compacted but
cemented with quartz may have undergone early quartz cementation before
compaction, which would prevent the
bed from additional compaction and
further porosity loss. For example, the
Hartshorne Sandstone of the Arkoma
Basin contains beds with abundant
quartz cements that preserve better reservoir quality than do lesser cemented
beds, the latter of which have undergone compaction, destroying almost all
porosity (Houseknecht 1984). The high
primary porosity observed in the Lower
Mt. Simon may have been preserved by
an early authigenic cement. However,
the total amount of authigenic cement is
low in the Lower Mt. Simon (Figure 25),
and no evidence exists of early cements
that may have been dissolved out later.
In addition, isotopic analyses of quartz
cements in the Mt. Simon Sandstone
suggest the quartz cements are related
to normal burial processes (Pollington
et al. 2011); thus, early cements unrelated to compaction are not favored.

Illinois State Geological Survey

90

Det. Quartz

Det. Feldsp.

Error bars show maximum and minimum values of each unit.

Unit D

Unit C

80
70
60

(%)

50
40
30
20
10
0
Unit E

Unit B

Unit A

Pre-Mt. Simon

40
Auth. Quartz

35

Auth. Feldsp.
30

Error bars show maximum and minimum values of each unit.

(%)

25
20
15
10
5
0
Unit E

Unit D

Unit C

Unit B

Unit A

Pre-Mt. Simon

Figure 25 The average detrital (Det.) grain mineralogy and authigenic (Auth.) quartz and feldspar (Feldsp.) mineralogy for each unit based on point counts completed on plane-light and cathodoluminescent photomicrographs.
Error bars indicate the maximum and minimum quartz and feldspar abundance for each unit. Allogenic and authigenic clays are not differentiated and are included in the modal mineralogy point counts for the rock classification
of Figure 6.
Much like Unit D, Unit C in the Middle
Mt. Simon is heavily cemented with
quartz, giving similar density and neutron porosity log signatures. However,
Unit C generally has greater porosities
than does Unit D (Figure 5). Unit C is
described as a predominantly subarkose
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arenite and quartz arenite that is more
poorly sorted and coarser grained than
in Unit D (Figure 7). Quartz cements
are abundant in Unit C and occur as
partial overgrowths and cements that
completely fill the pore spaces. Quartz
cement generally decreases with depth
in Unit C and is most abundant at the

top, near its contact with Unit D. Sandstones generally become more arkosic
with depth. The abundance of authigenic quartz relative to the Lower Mt.
Simon units is likely related to the maturity of the sandstones and the prevalence of quartz arenites.
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Similar to Unit C, Unit E exhibits
increased quartz cement in the upper
100 ft (30.5 m) below the contact with
the Eau Claire Formation. This may
imply that shale beds in the Eau Claire
may have acted as baffles to diagenetic
waters moving upward through the Mt.
Simon or that silica was sourced from
the compaction of muddy facies in the
Eau Claire. However, similar to Unit
C, the upper section of Unit E is largely
composed of quartz arenites, thus promoting the nucleation of authigenic
quartz. Regardless, the basal Eau Claire
is composed of impermeable siltstones
and mudstones and is the major seal for
the Mt. Simon reservoir. Quartz cements
otherwise vary throughout Unit E but do
appear to be greater where geophysical
log signatures indicate sandstones are
underlying interbedded mudstone and
arkose wacke beds. It is plausible that
the silica forming Unit E quartz cements
was sourced from intergranular pressure solution in Unit D. However, interbedded mudstone in Unit E and the Eau
Claire Formation seems to be a likely
and available source of silica to form
authigenic quartz cement throughout
Unit E. Potassium feldspars are also a
potential source of silica. However, feldspars in Unit E show little dissolution
and have abundant authigenic K-feldspar overgrowths.
It should be mentioned that Unit B
is predominantly composed of finer
grained sediments compared with
those in Unit D even though Unit B was
deposited in a similar eolian environment. If grain size is a factor in compaction, pressure solution formation, and
quartz precipitation, as it appears to be
in Unit D, Unit B has not experienced
severe compaction, pressure solution
formation, or major quartz cementation
and maintains some primary porosity.
However, Unit B differs dramatically
from Unit D with respect to modal
mineralogy. Unit B contains much
more K-feldspar and clay and much less
hematite than does Unit D. As discussed
previously, this may have resulted from
a different sediment source and may
possibly be related to basin evolution.
Unit D sediments are more mature
than those in Unit B, suggesting Unit
D sediments were from a more distal
source than those in Unit B or that Unit
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Paragenetic Event

Relative Timing
Early

1. Pre-Mt. Simon
Deposition
2. Unconformity
3. Lower Mt.Simon
Deposition
4. Unconformity
5. Authigenic IronMinerals
6. K-spar Dissolution/
Alteration
7. Authigenic Clay
8. Middle Mt. Simon
Deposition
9. Upper Mt. Simon
Deposition
10. Compaction
11. Authigenic K-spar
12. Authigenic Quartz
13. Bleaching (Iron
Reduction)
14. Fracturing
15. Authigenic Calcite

Late

?

Figure 26 Paragenetic sequence for the pre-Mt. Simon and Mt. Simon Sandstone.
The relative timing of the bleaching or iron reduction is somewhat uncertain.
However, it does appear to occur later in the paragenetic sequence during deeper
burial, compaction, and quartz cementation. K-spar, potassium feldspar.
D deposits are older, reworked sand
deposits. Another major difference
between Units D and B is their contact
with the overlying units. Unit D appears
to be a gradational and conformable
contact with the overlying Unit E, representing an encroaching sea. The contact
with Unit B and Unit C appears to be
disconformable. The unconformity that
separates Units B and C or the Middle
Mt. Simon from the Lower Mt. Simon
also separates low-porosity rocks of the
Middle Mt. Simon from high-porosity
rocks of the Lower Mt. Simon. The effects
of this unconformity and of controls on
diagenesis, particularly with respect to
K-feldspar and clay diagenesis, are discussed in a later section.
Unit D quartz arenites are composed of
almost all fine monocrystalline quartz
grains. Mt. Simon units below Unit D,

especially in the Lower Mt. Simon, contain abundant polycrystalline quartz
grains. Polycrystalline grains as well as
lithics and K-feldspar generally increase
in abundance with depth. Clastic petrologists have long recognized that quartz
cementation rates are significantly
slower for overgrowths that nucleate on
polycrystalline quartz grains compared
with those that nucleate on monocrystalline quartz grains within the same
sample (James et al. 1986; McBride 1989;
Carozzi 1993; Worden and Morad 2000;
Lander et al. 2008). Experiments completed by Lander et al. (2008) proved
that the predominant cause of reduced
cementation on polycrystalline compared with monocrystalline grains was
the more rapid development of euhedral
terminations on the smaller nucleation
substrates or grain domains in polycrystalline quartz grains, as previously pro-
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posed by Heald and Renton (1966). The
absence of polycrystalline grains in Unit
D may encourage more abundant quartz
cementation. Similar to Unit D, an abundance of fine-grained, monocrystalline
quartz arenites in the upper section of
Unit E creates a medium highly susceptible to authigenic quartz nucleation.
The abundance of polycrystalline grains
in the Lower Mt. Simon may be a factor
in the lack of authigenic quartz and the
preservation of primary porosity.
The pre-Mt. Simon has slightly more
authigenic quartz than do the Lower
Mt. Simon units, but it is still comparably low with respect to the Upper and
Middle Mt. Simon units. With respect to
lithology, the pre-Mt. Simon is similar
to the Lower Mt. Simon units as well as
to Unit C, but it contains more basement
lithics (Figure 6). Compaction appears
to be more abundant than in any Mt.
Simon unit; thus, authigenic quartz is
likely related to intergranular pressure
solution. However, abundant basement
lithics, altered K-feldspar, and allogenic
and authigenic clays in the pre-Mt.
Simon may provide a potential source
of silica ions. In addition, the proximity
of the basement may implicate the felsic
Precambrian rocks as a potential source
of silica ions. However, the CL response
of quartz cement in the pre-Mt. Simon
reflects a similar CL response of quartz
cement in the Mt. Simon units, implying
a similar source and relative timing of
authigenic quartz precipitation. Overall,
the abundance of quartz cements in the
pre-Mt. Simon is comparable with those
in the Lower Mt. Simon units, and poor
reservoir qualities in the pre-Mt. Simon
are the result of abundant compaction,
consolidation, and clay cements rather
than quartz cementation, as seen in
Units C and D.
Many researchers have discussed the
genesis of quartz cements in the Mt.
Simon (e.g., Fishman 1997; Chen et al.
2001; Makowitz et al. 2006; Pollington
et al. 2011). Fishman (1997) analyzed
fluid inclusions in quartz overgrowths
in the Mt. Simon Sandstone to estimate
the homogenization temperature and
the salinity of the diagenetic waters. He
suggested that diagenetic cements in
the Mt. Simon were the result of regional
migration of hydrothermal fluids rather
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than heating of the formation fluid as a
result of deep burial. Chen et al. (2001)
and Pollington et al. (2011) analyzed the
δ18O of quartz overgrowths and evaluated and explained isotopic trends and
the genesis of quartz cements by two
end-member models, in which (1) the
temperature was constant and pore
fluid δ18O varied, or (2) pore fluid δ18O
was constant and temperature varied.
In the model by Chen et al. (2001), with
a constant temperature and varied
fluid composition, the Mt. Simon acts
as a major conduit for the compositionally varied fluids flowing through the
Illinois Basin. Pollington et al. (2011)
suggested the latter model based on δ18O
analyses obtained by ion microprobe
sampling throughout the history of the
overgrowth from the inside edge, or
earliest cement, to the outside edge, or
latest overgrowth. They found that δ18O
values varied from high to low from the
inside to the outside of the overgrowth.
This variation suggests quartz grew with
increasing temperatures. According to
Pollington et al. (2011), this variation in
δ18O in quartz cement and the growth of
quartz cement in the Mt. Simon Sandstone can be used to track the burial
history of the Illinois Basin. The authors
of this circular tend to agree that diagenetic cements reflect the variable
temperatures of pore fluids resulting
from increasing burial depths during
basin subsidence. If this is the case, we
suggest that isotopic analyses of quartz
cements be completed and compared on
the Lower Mt. Simon–pre-Mt. Simon and
the Middle Mt. Simon. This may be one
method to test the hypothesis of the evolution of a proto-Illinois Basin or pre-Mt.
Simon Basin formation compared with
the Illinois Basin.
The abundance of quartz cement is
highly varied from unit to unit, suggesting a link between the depositional
environment, composition, and textural qualities. Quartz cements are the
most abundant in sandstones that have
undergone a high degree of compaction,
suggesting a relationship between intergranular pressure solution and quartz
cementation. As discussed previously,
intergranular pressure solution forms
because of compaction and is therefore
related to formation burial. Quartz
cements are also more abundant in

finer grained, mature sandstones. That
is, finer grained sandstones composed
of abundant monocrystalline quartz
grains and less abundant K-feldspar,
lithics, and clay are more likely to contain more abundant quartz cements
than are less mature K-feldspar, lithics,
and clays with abundant polycrystalline
quartz grains. It is still unclear whether
all authigenic quartz is entirely sourced
from intergranular pressure solution.
Other potential sources of silica from
water–rock interactions with the igneous
basement, interbedded mudstones, and
overlying Eau Claire cannot be ruled
out. However, K-feldspar dissolution
appears to occur after authigenic quartz
precipitation, suggesting silica is not
sourced from the alteration of K-feldspar. Cathodoluminescence microscopy
indicates at least one major generation
of authigenic quartz and a possible later
generation. The one major generation
of authigenic quartz shows isotopic
variation consistent with Illinois Basin
subsidence, burial depths, and temperatures (Pollington et al. 2011). Thus,
authigenic quartz in the Mt. Simon is
proposed by the authors to be predominantly sourced from compaction and
intergranular pressure solution.
Potassium Feldspar
Much like other strata of the Late Precambrian and early Paleozoic of North
America (Buyce and Friedman 1975;
Odom 1975; Liu et al. 2003; Bowen et
al. 2011), the Mt. Simon Sandstone contains abundant K-feldspar. The Middle
to Lower Mt. Simon Sandstone generally becomes more arkosic with depth
(Figure 6). The Upper Mt. Simon and
pre-Mt. Simon, both marine deposits,
contain abundant feldspar as lithics,
detrital K-feldspar, and authigenic feldspar overgrowths. Feldspar is predominantly detrital K-feldspar, reaching up to
60% in feldspar-rich laminae but being
consistently 10 to 30% in the Lower Mt.
Simon (Figure 25). Authigenic feldspar
occurs mostly in trace amounts but can
reach up to 15% in Unit E.
Feldspars are partially to almost completely dissolved and are commonly
altered to clay minerals. The most abundant feldspar dissolution occurs in the
Lower Mt. Simon units, which are the
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most arkosic units (Figure 6). However,
feldspars in Unit C are almost completely dissolved out. The dissolution of
feldspar increases porosity; however,
primary framework porosity is the largest control on porosity in the Lower
Mt. Simon. Dissolution of feldspar in
the Lower Mt. Simon was likely initiated as an early diagenetic event during
shallow-burial water–mineral reactions
and continued through deep burial as a
result of increased pressures and temperatures. Feldspars are altered to varying degrees throughout the Mt. Simon
and appear to have multiple periods of
alteration. Some of the Lower Mt. Simon
feldspar dissolution and alteration
appears to be an early diagenetic event
predating authigenic quartz precipitation. However, abundant K-feldspar
dissolution and alteration appears to
postdate compaction and quartz cementation. Potassium feldspar dissolution
in the Mt. Simon results in authigenic
clay precipitation. On the basis of the
bulk clay mineralogy of the Mt. Simon,
the most likely by-products resulting
from K-feldspar alteration are illite and
quartz. The alteration of K-feldspar to
illite and quartz [3KAlSi3O8 + H2O +
2H+ → KAl3Si3O10(OH)2 + 6SiO2 + 2K+]
requires a source of acidity, as shown in
the reaction (Worden and Morad 2003).
This source of acidity may be low-pH
organic acid-bearing formation water
(e.g., Surdam et al. 1989). Another source
of acidity may be the migration of gas
phase CO2, which partitions into formation water, dissociates, and produces
low-pH water (Barclay and Worden
2000). However, for dissociation to
produce a constant supply of hydrogen
protons, aqueous bicarbonate must be
removed from solution by precipitating
carbonate minerals (Worden and Morad
2003). Very trace amounts of late calcite cements were observed at the base
of Unit C. Illite may also form by the
alteration of K-feldspar, and kaolinite
may form by the reaction Al 2Si 2O5(OH)4
+ KAlSi3O8 → KAl3Si3O10(OH)2 + 2SiO2 +
H2O, which is the most common reaction and is described as a pH-neutral,
isochemical process (Bjørlykke 1980;
Worden and Morad 2000). The most
likely source of acidity is meteoric surface waters infiltrating the Lower Mt.
Simon during the Lower–Middle Mt.
Simon unconformity, causing early feld-
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spar dissolution or alteration and the
precipitation of clay (Figure 26).
Authigenic feldspar overgrowths on
detrital feldspar grains and rare rhombic authigenic feldspar, occluding
pore throats and causing the destruction of porosity, occur throughout the
Mt. Simon in relatively trace amounts
(Figure 25). Authigenic feldspars are the
most common and abundant in Unit
E. Detrital feldspar content in Unit E is
rather low, never reaching more than
20% of the total mineralogy. However,
authigenic feldspar may reach up to 15%
of the total mineralogy. Authigenic feldspar generally decreases in depth in the
Mt. Simon Sandstone. However, feldspar
is trace to nonexistent in Unit D. Authigenic feldspar appears to form where
arkosic Mt. Simon sandstones occur in
close proximity to overlying shale, clay,
or mudstone beds, as in Units A, C, and
E. In the upper 100 ft (30.5 m) of Unit E,
authigenic feldspar is concentrated in
subarkose to arkose arenites underlying the Eau Claire Formation shale and
mudstone. In Unit C, authigenic feldspar
is concentrated in subarkose arenite
beneath clay-rich wacke at 6,152 to 6,165
ft (1,875 to 1,879 m). Sandstone within 30
ft (9.1 m) below these clay-rich beds can
contain authigenic feldspar overgrowths
constituting more than 6% of the modal
mineralogy. In Unit A, authigenic feldspar is concentrated in feldspathic
arenites beneath mudstone beds at 6,864
ft (2,092 m). Authigenic feldspar in the
upper 15 ft (4.6 m) below the mudstone
of Unit A can reach more than 3% of
total mineralogy. With the concentration of authigenic feldspar beneath
impermeable shale, mudstone, and clay
beds, two notions arise regarding the
precipitation of authigenic feldspar: (1)
impermeable shales, mudstone, and
clay-rich beds within or overlying the
Mt. Simon Sandstone units act as seals
to vertically migrating fluids, forcing
water–rock interactions and saturating
fluids in silica and potassium, causing
authigenic feldspar precipitation; (2)
during the compaction of shales, mudstone, and clay beds, pressure solutions
rich in potassium and possibly silica are
expelled and interact with underlying
formation fluids, precipitating authigenic feldspars (Ahmed 2007). Both
scenarios are conceivable and may be

partially related to the concentration
of authigenic feldspar beneath shale-,
mudstone-, and clay-rich beds. Petrographic analysis indicated that mechanical compaction of the Mt. Simon
Sandstone and Eau Claire Formation
was an early diagenetic event predating
authigenic quartz as well as authigenic
feldspar. The authors propose, based on
spatial cementation relationships, that
authigenic feldspar predates authigenic
quartz overgrowths. However, no clear
relationships distinguish the relative
timing of authigenic feldspar precipitation versus intergranular pressure
solution quartz cements. Other studies
have proposed that authigenic feldspar
predates authigenic quartz (Duffin et al.
1989). If authigenic feldspars postdate
compaction, one would expect to find
authigenic feldspar concentrated below
impermeable sandstone beds as a result
of compaction. However, this is not the
case. Authigenic feldspars are found
below depositionally impermeable beds
(shales and mudstones) rather than
diagenetically caused impermeable
beds. Thus, this leaves the possibility of
either water–rock interactions with the
shale, mudstone, or clay beds or a pressure solution rich in silica and potassium forming during compaction of the
shale, mudstone, or clay beds and being
expelled into the underlying sandstone
beds, or both. The authors favor authigenic feldspar being sourced from fluids
expelled from the interbedded and overlying shale and mudstone.
Clay Minerals
Clay minerals are a major cementing
constituent of the Mt. Simon Sandstone,
particularly where the sandstone is friable, such as in Unit A. Freiburg et al.
(2012) proposed that the majority of clay
minerals in the Mt. Simon are diagenetic
or have experienced some diagenetic
alteration since deposition. Clay minerals in the Mt. Simon include illite,
kaolinite, chlorite, and mixed-layer
illite-smectite (Tables 3 and 5). Illite and
mixed-layered illite-smectite are by far
the most abundant; however, trace to
moderate amounts of kaolinite and chlorite are also found. Clay occurs as grain
coatings on both quartz and feldspar
grains, as pore filling and cement, and
as bedded detrital laminae. Diagenetic
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clay is the most abundant, forming as
an alteration product of feldspar, as discussed above.
Clay coatings over detrital quartz
grains are particularly abundant in the
Lower Mt. Simon. As discussed above,
the authors propose that early diagenetic clay coatings over detrital quartz
grains largely inhibited the precipitation of authigenic quartz throughout
the Lower Mt. Simon. Furthermore, the
authors propose that early authigenic
clay originated from the dissolution of
feldspars in the Lower Mt. Simon during
the unconformity formed on top of the
Lower Mt. Simon. This may explain the
lack of clay coatings and the abundance
of authigenic quartz in Units C and E.
Unit D lacks feldspars and therefore
has minimal to no authigenic clays
throughout. Authigenic clays are a major
contributor to preserving the primary
porosity in the Lower Mt. Simon.
Iron Oxide (Hematite)
Varying concentrations of hematite and
goethite cements (Bowen et al. 2011)
occur as grain coatings, along bedding
horizons crosscutting bedding as Liesegang banding, as stylolitic insoluble
residues, and at unconformity surfaces.
These cements record evidence of paleofluid and redox reactions in the Mt.
Simon Sandstone. Iron oxide, as an indicator of fluid flow and occurrences of
diagenetic hematite, has been well documented in other Paleozoic sandstones
(e.g., Chan et al. 2000; Beitler et al. 2004,
2005). Iron oxide cementation in the Mt.
Simon is predominantly an early-stage
diagenetic event that occurred closely
after sediment deposition. The bulk of
the iron oxide cements occur before
compaction, dissolution, and other mineral cementation. However, later minor
iron oxide cements precipitated after
authigenic quartz overgrowths (Miller
2011).
Iron oxides commonly form as detrital
quartz grain coatings and are adsorbed
by clays throughout the Mt. Simon. The
variable amounts of iron oxide coatings
as well as the presence of Fe-rich clay
coatings largely control the variability
of the color in the Mt. Simon Sandstone.
Colors in the Mt. Simon range from
dark maroon red to pink-purple to tan-
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white. It is well known that red pigment
in the sandstones typically comes from
thin hematite grain coatings formed by
the breakdown and infiltration of iron
from detrital pyroxene and amphiboles
during early diagenesis (Walker 1979).
Iron oxide cements, as a major control
on color variation in Paleozoic sandstones, have been related to changes in
the depositional facies (Biek et al. 2000)
and, more important, to diagenetic
fluid flow (Chan et al. 2000; Beitler et
al. 2003, 2005; Parry et al. 2004). Both
depositional facies and diagenetic fluid
flow in the Mt. Simon exert controls on
the amount of iron oxide in the sandstone. For example, Unit D contains the
most abundant hematite cement, followed by Unit C, and it likely has both a
depositional and a diagenetic control on
hematite precipitation. Of all the units in
the Mt. Simon, Unit D contains the finest
grains and was deposited in a primarily
eolian environment. It is common for
eolian sands to have precipitated iron
oxide coatings and is, in part, the result
of iron-bearing clay minerals adhering
to the fine grains during windblown
sediment transport (Walker 1979).
However, this process does not explain
the abundance of iron oxide cements
in Unit C that were largely deposited
in a fluvial environment. It is possible
that depositional iron-bearing minerals
were mobilized in Unit D and leached
down and precipitated into Unit C. This
leaching or iron mobilization is ultimately caused by fluid migration and is
apparent from the abundant Liesegang
banding throughout Units D and C. The
Liesegang and Ostwald models propose
that Liesegang banding forms in a zone
of diffusional mixing (Liesegang 1913;
Ostwald 1925). Thus, it can be hypothesized that meteoric water mixed with
connate water in Units D and C. Iron
may have been mobile and brought in
from meteoric water, or it may have been
sourced from deposited sediment within
the units. Depositional iron in sediment
is immobile Fe3+ under normal pore fluid
conditions and must be diagenetically
reduced to Fe2+ for transport (Beitler et
al. 2003). Iron reduction may explain the
abundance of white to tan sandstone
interbedded within the variable redcolored sandstone noted above; thus, it
would support depositional iron as at
least a partial source of iron for diage-

netic iron oxide cements. White to tan
beds of sandstone interbedded within
red sandstone beds are considered
the result of Fe3+ being reduced to Fe2+
and are referred to here as “bleached.”
Bleaching or chemically reduced
intervals are abundant in sandstones
throughout the Mt. Simon and occur as
bleached beds, blebs, spots, and halos
around intraclasts. Oxidation–reduction
fronts of maroon red beds (oxidized) to
bleached white-tan beds (chemically
reduced) commonly crosscut stratigraphic bed forms, suggesting little
influence of the depositional facies
during the oxidation–reduction process.
However, evidence such as bleached
beds above and below impermeable
beds, bleached burrows, and very coarse
bleached sandstones would suggest
that porous and permeable facies are
more likely to be subjected to reducing
waters and undergo bleaching. Bleaching in sandstones has long been known
to be related to the invasion of hydrocarbons (Moulton 1926; Todd 1963;
Levandowski et al. 1973; Dixon et al.
1989; Surdam et al. 1993), and bleaching
patterns have suggested fluid flow and
hydrocarbon migration (Garden et al.
2001). Hydrocarbons act as a catalyst to
initiate the reduction of Fe3+ to Fe2+ for
transport. With no hydrocarbon source
rocks below the Mt. Simon, it is highly
unlikely that hydrocarbons are the
reagent behind iron reduction. Other
bleaching agents may be hydrogen
sulfide, organic acids, methane (Parry
et al. 2004), or Fe3+-reducing microbes
(Roden 2008). Fe3+-reducing microbes
were isolated from the Mt. Simon formation waters sampled from the VW #1 well
at the Decatur site (Dong et al. 2012).
However, with abundant bleached beds
and the apparent control of permeability
and porosity on bleaching, it is difficult
to fathom iron-reducing microbes as
the sole component of iron reduction.
Microbial iron reduction may be more
closely related to diverse bleaching patterns, such as bleached blebs, halos,
and spots. The preferential bleaching
that occurs around silty mudstone and
basement intraclasts as well as feldspar
grains and pebbles may be explained by
an Fe3+-reducing microbial component.
These clasts and grains commonly have
a bleaching halo surrounding them.
Spherical bleach spots may also be
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explained by an Fe3+-reducing microbial
component. Bleach spots commonly
have a porous center lined with bladed
goethite crystals, suggesting that a detrital iron-rich grain was dissolved, mobilizing the iron and precipitating out as
iron oxide. The porous center within a
bleach spot suggests a grain was preferentially attacked and dissolved while
bleaching sediments surrounded this
grain. If the bleach agent was the result
of a fluid passing through the sediment,
one would expect the entire permeable
and porous bed to be bleached, as in
the other examples described above.
Instead, isolated spots are bleached
and mitigated by the iron-bearing grain
center. Bleached beds are by far the
most predominant characteristic of
bleaching, and bleached beds are commonly subjected to compaction and
cementation via quartz. This supports
the proposition that the majority of iron
oxide cements and postbleaching events
predate compaction and quartz cementation. Thus, iron oxide cements provide
stability in sands to prevent compaction
and quartz cementation. In addition,
iron oxide cements in Units D and C provide the Lower Mt. Simon reservoir with
an overlying seal.

Porosity
Although much of the porosity in the Mt.
Simon Sandstone is primary, porosity is
discussed under diagenesis because the
original porosity has been modified by
varying degrees since sediment deposition. Whether it is porosity enhancement or porosity destruction, diagenesis
is the largest control on reservoir and
sealing properties in the Mt. Simon. The
Mt. Simon offers a unique condition
with respect to porosity. Porosity–depth
trends of sandstones generally indicate
an exponential porosity decrease with
increasing burial (McBride et al. 1991).
In the Mt. Simon, the deepest units
(Lower Mt. Simon) preserve the best
porosity and are enhanced by secondary
porosity caused by feldspar dissolution.
Whereas shallower units underwent
abundant compaction of fine-grained
sediments and cementation, the poorly
sorted, coarser grained Lower Mt. Simon
appeared to experience less compaction and thus little quartz cementation
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caused by intergranular pressure solution. Possible causes of this anomalous
preservation of porosity in the Lower Mt.
Simon are discussed below.
How did the Lower Mt. Simon preserve
porosity when most to all the primary
porosity in the Middle Mt. Simon was
destroyed as a result of compaction
and quartz cementation? As discussed
previously, the Lower and Middle Mt.
Simon are two very similar sequences
depositionally but differ substantially
with regard to diagenesis controlling the
reservoir and sealing properties. These
two sequences are proposed to be genetically related to the formation of two
different basins. If this is true, it is plausible that an early diagenetic event, such
as quartz overgrowth cementation on
detrital quartz grains in the Lower Mt.
Simon, may have acted as a supporting
feature to sustain burial pressures and
prevent abundant compaction, pressure
solution formation, and further quartz
cementation. One would expect to see
completely different isotopic signatures
for early quartz cements in the Lower
Mt. Simon from the proto-Illinois or preMt. Simon Basin than for later quartz
cements throughout the Mt. Simon and
for all quartz cements that are related
to Illinois Basin subsidence. Isotopic
signatures of quartz cements have been
examined across the Illinois Basin (Pollington et al. 2011); however, an extensive
sampling program across the hypothesized proto-Illinois Basin or pre-Mt.
Simon Basin and throughout all the Mt.
Simon units has yet to be completed. To
test this hypothesis further, it is necessary to complete an additional and more
detailed paragenetic study, including a
sampling program that covers early to
late quartz cements in all units of the
Mt. Simon and in both proposed basins.
If an early quartz cement or other mineral cement prevented major compaction in the Lower Mt. Simon, it must
have been dissolved later to give the
primary framework porosity currently
observed. However, the primary quartz
grain fabrics are intact and show little
dissolution. Thus, selective dissolution
of only quartz cement is unlikely. It is
plausible that an early calcite cement
could have impeded compaction and
later have been dissolved. However, this
is highly unlikely because no remnant

partially dissolved cements have been
observed. A trace calcite cement has
been observed at the base of Unit C, but
it appears to have occurred after compaction.
A possible cause of overall low compaction in the Lower Mt. Simon is fluid
overpressure (Bloch et al. 2002) during
early diagenesis. Overpressure can
impede fluid flow and thus block diagenetic fluid circulation. A pore fluid is
overpressured if its pressure exceeds
that of the hydrostatic gradient at a
specific depth (Osborne and Swarbrick
1997). The hydrostatic pressure gradient
is the pressure that would be exerted
by a continuous column of static fluid.
Overpressure can bear some of the mass
of the overlying sediment column, thus
reducing pressure on the solid part of
the rock or the effective stress. Effective
stress is a major control on sandstone
compaction (Bloch et al. 2002). Overpressure can form (1) where the rate of
pore volume reduction is fast relative
to the rate of fluid release, (2) where the
rate of pore fluid expansion is fast relative to the rate of fluid release, and (3) in
response to large-scale fluid movement
(Osborne and Swarbrick 1997; Bloch et
al. 2002). For the Lower Mt. Simon, the
rate of burial may be so great that the
efflux of fluid is not sufficient. However,
an overlying seal is needed. Internal
mudstone baffles occur in the Lower
Mt. Simon; however, these baffles are
interbedded near the center of Unit A,
and sandstones maintain good porosity
above and below these mudstones. The
unconformity between the Middle and
Lower Mt. Simon is marked by some clay
buildup that may form a baffle. However,
this clay buildup is thin and does not
seem significant enough to form major
overpressuring. Other causes may be
diagenetic, such as early cementation of
the Middle Mt. Simon forming an impermeable unit above the Lower Mt. Simon
or clay dehydration during clay alteration (Osborne and Swarbrick 1997).
Overpressure as a factor in anomalously
high porosity in the Lower Mt. Simon is
conceivable and should be examined
more closely.
The authors propose that the largest
factor in porosity preservation and
enhancement in the Lower Mt. Simon is
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the formation of clay coatings and the
creation of secondary porosity during
the diagenetic alteration of feldspars to
clays. As discussed previously, much
of the Lower Mt. Simon is very arkosic.
Units A and B contain the most detrital
feldspar (Figure 25). Feldspars are commonly partially dissolved and exhibit
some alteration to clays. Illite coatings
are common on detrital feldspar and
quartz grains and occur before quartz
cementation (Duffin et al. 1989; Fishman
1997). If much of this authigenic clay
formed because of the feldspar dissolution and alteration exhibited in most of
the Lower Mt. Simon, it is possible that
clay coatings acted as a major inhibitor
to quartz cementation. However, clay
cements would not prevent compaction,
and minor quartz overgrowths are still
needed as a major factor constraining
compaction in the Lower Mt. Simon.
One caveat is the fact that the lower unit
in the Middle Mt. Simon is arkosic, similar to the Lower Mt. Simon, but is heavily
cemented with quartz and is more consolidated and compacted. Feldspars in
this unit are also partially dissolved and
altered. However, clay is significantly
less than in the lower units, likely as a
result of early compaction and quartz
cementation that predates feldspar
alteration. The authors propose that the
alteration of feldspar to clay and early
quartz cementation both play important roles in the preservation of much of
the primary porosity in the Lower Mt.
Simon. Furthermore, the unconformity
between the Middle and the Lower Mt.
Simon allowed an influx of meteoric
fluids, causing early feldspar alteration
and the formation of clay pore coatings
in the Lower Mt. Simon, thus inhibiting
major quartz cementation and preserving the abundant primary porosity.

CONCLUSION
At the IBDP site, the Mt. Simon Sandstone is depositionally diverse and is
heterogeneous with respect to lithology
and diagenetic attributes. The lithology
and diagenesis are largely dependent on
the primary depositional environments.
Three major depositional environmental
settings are identified in the Mt. Simon
Sandstone: (1) fluvial-alluvial, braided
river, and floodplain; (2) eolian-dune,
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interdune, sand sheet, and playa; and
(3) marine-tidal to subtidal and channel sands. Basin evolution controlled
the changing depositional environments, allowing the Mt. Simon to be
divided into three major sequences in
the context of basin relief and relative
sea level: (1) the Lower Mt. Simon—fluvial to eolian (proto-Illinois Basin), (2)
the Middle Mt. Simon—fluvial to eolian
(Illinois Basin), and (3) the Upper Mt.
Simon—marine (Illinois Basin-marine
transgression). Pre-Mt. Simon sediments overlying the Precambrian basement are marine deposits that are likely
a clastic shoreline deposit; they relate to
the formation of the proto-Illinois Basin,
which likely began as a shallow marine
basin. Lateral continuity of the pre-Mt.
Simon marine sediments is likely highly
variable across the Illinois Basin and
is controlled by Precambrian topography and the location of the inlet to the
ancient sea.
Unconformably divided, the Lower
and Middle Mt. Simon sequences are
very similar depositionally but differ
substantially diagenetically and less so
lithologically. The Lower Mt. Simon is
predominantly a feldspathic wacke to
lithic wacke and preserves abundant
primary porosity. The Middle Mt. Simon
is predominantly a quartz arenite,
quartz wacke, and feldspathic arenite that preserves little to no primary
porosity as a result of diagenetic events,
including abundant compaction and
quartz cementation. The higher lithic,
clay, and polycrystalline quartz contents
in the Lower Mt. Simon contrast with
those of the Middle Mt. Simon and likely
reflect different basin subsidence histories, environments, and proximities to
Precambrian source rocks. Although the
depositional systems (i.e., fluvioeolian)
are very similar between the Lower and
Middle Mt. Simon, different lithologies
between the two sections suggest that
sediment sources changed, possibly
because of an evolving Illinois Basin.
These differences in lithology are likely
a major influence on unit diagenesis
that distinguishes the Lower Mt. Simon
from the Middle Mt. Simon. In addition,
if the Lower Mt. Simon was deposited
in a proto-Illinois Basin that is outlined
by the thickest accumulations of the
Mt. Simon, it is likely that this porous

arkose-, lithic-, and polycrystalline
quartz-rich sandstone thins significantly toward the flanks and outskirts
of the basin, thus suggesting a location
in the basin is critical for locating quality reservoirs deep in the Mt. Simon. If
the Middle Mt. Simon represents early
Illinois Basin subsidence and evolution,
it is likely more laterally extensive than
is the Lower Mt. Simon. The marginal
marine Upper Mt. Simon should be even
more laterally extensive regionally as
the relative sea level rose and a major
transgressive sequence was formed.
Diagenesis ultimately controls the reservoir and sealing properties of the Mt.
Simon Sandstone. Much of the primary
porosity in the Lower Mt. Simon is preserved by diagenetic clay coatings over
detrital grains and lining pore spaces.
The clays are likely the by-product of
K-feldspar and lithic clast dissolution
and alteration during subaerial exposure and diagenesis from the influx
of meteoric fluids into the Lower Mt.
Simon. Early quartz cementation in
the Lower Mt. Simon may also support
the primary fabric, preventing extensive compaction. Primary porosity and
secondary porosity from detrital grain
dissolution make the Lower Mt. Simon
an excellent reservoir for carbon capture
sequestration. Extensive diagenesis,
such as compaction and quartz cementation in the Middle Mt. Simon, provides
a moderate seal for the underlying
Lower Mt. Simon reservoir. Concentrations of diagenetic cements below finegrained beds, such as the Eau Claire
Formation and mudstone beds in the
Lower Mt. Simon, indicate that depositional beds act as impermeable seals to
contain migrating or circulating diagenetic waters within the Mt. Simon.
More work is needed to examine and
analyze quartz cements on each unit
outlined in this publication to determine accurately the source and timing
of the quartz cementation in the Mt.
Simon. The anomalously high primary
porosity in the Lower Mt. Simon and
its ability to forego grain consolidation
and compaction, unlike the overlying
Middle Mt. Simon, is still poorly understood. Certainly, depositional and diagenetic controls played key roles in this
phenomenon.
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In conclusion, the Mt. Simon Sandstone
provides both an excellent reservoir and,
in part, a seal for CCS. With thick units
of tightly cemented sandstone overlying thick units of extremely porous
and permeably sandstone, a unique
reservoir and seal are provided by the
formation, providing security and reassurance for CCS projects. Furthermore,
multiple thick, impermeable shale-rich
formations, such as the Eau Claire Formation, the Maquoketa Shale, and the
New Albany Shale, overlie the Mt. Simon
Sandstone and provide additional assurance that the Mt. Simon Sandstone is an
excellent sink for CCS. Carbon capture
and storage is attracting economic interest to previously uneconomic sandstone.
However, the present research indicates
that the location, depositional environments, and diagenesis of the Mt. Simon
Sandstone are critical points of understanding to attain a quality reservoir
and seal in the Mt. Simon Sandstone.
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APPENDIX 1
Mass % Mineral

Depth (ft)

0

20

5,529.80

Unit E

5,943.90

Unit D

6,833.10

Unit A

6,860.60

Unit A

6,950.40

Unit A

6,974.30

Unit A

6,993.40

Unit A-Pre-Mt.Simon

7,038.10

Pre-Mt.Simon

40

60

80

100

Quartz

K-feldspar

Alkali feldspar

Plagioclase

Muscovite

Sericite

Biotite

Kaolinite

Chlorite

Illite & illite-smectite

Fe-Illite & illite-smectite

Calcite

Dolomite

Ferroan dolomite

Fe oxide & siderite

Pyrite

Barite

Rutile & Ti silicates

Ilmenite

Apatite

Zircon

Tourmaline

Chromite

Ca sulfate

Halite

undifferentiated

Figure A1 QEMSCAN bulk mineralogy from selected samples throughout the Mt. Simon Sandstone from the VW #1 well.
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APPENDIX 2
Mass % Mineral
0
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100

Basement

Depth (ft)

7,052.30

Basement

7,066.80

Quartz
Muscovite
Chlorite
Dolomite
Barite
Zircon
Halite

K-feldspar
Sericite
Illite & illite-smectite
Ferroan dolomite
Rutile & Ti silicates
Tourmaline
Undifferentiated

Alkali feldspar
Biotite
Fe-Illite & illite-smectite
Fe oxide & siderite
Ilmenite
Chromite

Plagioclase
Kaolinite
Calcite
Pyrite
Apatite
Ca sulfate

Figure A2 QEMSCAN bulk mineralogy from selected samples in the Precambrian basement from the VW #1 well.
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APPENDIX 3
A

1,000 μm

63 μm

26 μm

B

Background
Quartz
K-feldspar
Alkali feldspar
Plagioclase
Muscovite
Sericite
Biotite
Kaolinite
Chlorite
Illite & illite-smectite
Fe-illite & illite-smectite
Calcite
Dolomite
Ferroan dolomite
Fe oxide & siderite
Pyrite
Barite
Rutile & Ti silicates
Ilmenite
Apatite
Zircon
Tourmaline
Chromite
Ca sulfate
Halite
Undifferentiated

Figure A3 (A) 7,052.3 ft (2,149.5 m);
(B) 7,066.8 ft (2,154.0 m).
10.4 μm

Illinois State Geological Survey

63 μm

1,000 μm
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APPENDIX 4
A

B

3.9 μm 63 μm

3.9 μm

1,000 μm

C

63 μm

1,000 μm

D

3.9 μm

Background
Quartz
K-feldspar
Alkali feldspar
Plagioclase
Muscovite
Sericite

63 μm

1,000 μm

Biotite
Kaolinite
Chlorite
Illite & illite-smectite
Fe-illite & illite-smectite
Calcite
Dolomite

3.9 μm

Ferroan dolomite
Fe oxide & siderite
Pyrite
Barite
Rutile & Ti silicates
Ilmenite
Apatite

63 μm

1,000 μm

Zircon
Tourmaline
Chromite
Ca sulfate
Halite
Undifferentiated

Figure A4 (A) 7,038.1 ft (2,145.2 m); (B) 6,993.4 ft (2,131.6 m); (C) 6,974.3 ft (2,125.8 m); (D) 6,950.4 ft (2,118.5 m).
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APPENDIX 5
A

B

3.9 μm

63 μm

1,000 μm

C

3.9 μm

63 μm

3.9 μm

63 μm

1,000 μm

D

3.9 μm

63 μm

Background
Quartz
K-feldspar
Alkali feldspar
Plagioclase
Muscovite
Sericite

1,000 μm

Biotite
Kaolinite
Chlorite
Illite & illite-smectite
Fe-illite & illite-smectite
Calcite
Dolomite

Ferroan dolomite
Fe oxide & siderite
Pyrite
Barite
Rutile & Ti silicates
Ilmenite
Apatite

1,000 μm

Zircon
Tourmaline
Chromite
Ca sulfate
Halite
Undifferentiated

Figure A5 (A) 6,860.6 ft (2,091.1 m); (B) 6,833.1 ft (2,082.7 m); (C) 5,943.9 ft (1,811.7 m); (D) 5,529.8 ft (1,685.5 m).
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APPENDIX 6 Detailed Stratigraphic Column Containing Core Descriptions from the Precambrian
Basement, Pre-Mt. Simon, and Lower Mt. Simon
API #: 12-11523460-00

PL-Planar Laminated
PB-Planar Bedded
RL-Ripple Laminated or
RB-Ripple Bedded
XB-Cross Bedded
AD-Adhesion Features
Ints-Interstratified
M-Mottled (Disrupted Bedding)
H-Homogeneous
B-Bioturbated
LB-Lenticular bedding
WB-Wavy Bedding
FB-Flaser Bedding

Company: Pioneer
Well Name: Verification #1
S-T-R: 5-16N-3E
Elevation: 669 ft
Comp date: September 24, 2010
Total Depth: 7250′
Sample/Core#: Core #8 (6,680′–7,051.8′)
Described By: David Morse and Jared T. Frieburg
7/25/2011

Color
Lithofacies

Bedforms and
Structures

Tan

Course
Med
Fine
V.Fine
Silt
Clay

VC

Granule

Pebble

Sand

S
H
H
B
B
Bb

L

Local Styolites
Hematite Spots
Hematite along bedding
Spherical Bleach Spots
Bleach Speckles
Bleached Beds (>1/4”)
Isolated Granules or Pebbles
Pebble or Granule Lag
Unconformity
Liesegang Bands
Erosional Boundary
Shale Intraclast
Sandstone Intraclast
Breccia Fragment
Silt Intraclast
Basement Intraclast

Porosity-O (%)

GrayPink
Maroon
Dk.Maroon

Grain Size

Depth(ft)

Silt-Silt
VFSS-Very Fine Sandstone
MSS-Medium sandstone
CSS-Coarse Sandstone
VCSS-Very Coarse Sandstone
CGL-Conglomerate
BR-Breccia
G-Granules
P-Pebbles
DC-Densely Cemented
FSilt-Fine Siltstone
CSilt-Coarse Siltstone
Fe-Feruginous
AD-Adhesion Feature

30

20

10

0

Permeability-X (mD)
(horz.)
500

50

5

Comments/Depositional
Environment

0.5

Lower Mt. Simon

6,680

-Maroon arkosic sandstone.

B
o

MSS-XB

Eolian

x

-Light maroon arkosic sandstone.

B

MSS-M

H

o

x
-Maroon arkosic sandstone.

B

6,682
B

MSS-XB

o

x

o

B

B

6,684

-Light maroon arkosic sandstone. Bleached

Bb
B H
Fe

FSS-M

x and feruginous beds common.

o

B

6,686

Eolian

x

o

x

o

x

-Maroon arkosic sandstone. Weakly
cross-bedded, with coarser laminae and
bleaching at base. Base sharply truncates
underlying sediment.

F-MSS-XB

B

-Light maroon sandstone.

H
Bb

6,688

o

x

B

MSS-PL-M

o

Eolian

x

H
o

-Maroon sandstone. Hematite concentrations
along beds of ferruginous beds. Beds are
concentrated specular hematite. Bleaching is
a later overprint of Fe concentrated beds.
Lenticular nature of feruginous beds with
cross-bed sets below. Appear aqueous.
Friable near top.

x

6,690
B

o

x

o

x

MSS-PL-RL

H
Fe

6,692

-Maroon sandstone.

B
Fe

Eolian

xo

C-MSS-XB
o

x
-Maroon sandstone.

6,694

MSS-PL-M

B

o

B

F-MSS-XB

x

-Maroon sandstone.
-Same lithologies as above but bleached tan
color.

F-MSS-XB

F-MSS-XB

6,696

o

B
B

F-MSS-XB

o

B
F-MSS-XB

-Same lithologies as above but maroon in
color.

x

-Same lithologies as above but bleached
color.
-Same lithologies as above but maroon in
color.

x

o

x

o

x

Eolian

6,698
Bb

B

B

M-FSS-H

-Light maroon sandstone.

M-FSS-H

-Same lithologies as above bed, but bleached
color.

B

o

B
B

ox

x

-Maroon, sandstone.

M-FSS-H

6,700

Bb
M-FSS-XB

-Maroon sandstone.

Eolian
-Same lithologies as above but bleached in
color

M-FSS-XB
o
M-FSS-H

6,702

x
-Maroon sandstone.

B
o

-Maroon sandstone.

x

Eolian

B

M-FSS-PL

-Maroon sandstone. Sharp basal contact.

M-FSS-XB

-Maroon sandstone

M-FSS-PL

B

o

x

6,704

-Maroon sandstones.

o

B

M-FSS-XB

B
o

6,706

x

B

B

-Maroon sandstone.
-Light maroon sandstone. Friable and
mottled. Locally disrupted.

Bb

M-FSS-Rubble

6,708

x

o

B
M-FSS-PB

Eolian

x

Eolian
o

x

o

x

-Light maroon sandstone.

H

F-MSS-PB

B

-Very friable light maroon sandstone.

Bb

MSS-PB

-Light maroon sandstone. Large
discontinuous bleached beds in upper foot.

B
o

H

Eolian

x

F-MSS-PL-XB

6,710

B

o

x

B
Bb
F-MSS-XB

o

-Light maroon sandstone. Bed is mostly
bleached, but slightly discontinuous.
-Maroon sandstone.

x

F-MSS-XB

6,712

Eolian

-Bleached-tan sandstone with possible
ripples.

M-FSS-XB
F-MSS-XB

o

M-FSS-XB

-Maroon sandstone.
-Bleached sandstone. Curving boundaries
suggest post diagenesis Fe staining on sand.
-Maroon sandstone.

x

B

M-F-CSS-PB

o

F-MSS-RB

Eolian

x

-Bleached, sandstone
-Light maroon sandstone.

6,714
M-FSS-XB

o

x

B
o

M-FSS-PL-XB

-Bleached sandstone.

x

Eolian

B

-Light maroon sandstone. Low angle
cross-bedded to planar laminated.

F-MSS-M-XB

6,716

B

-Bleached homogenous sandstone.

M-FSS-H

B

-Maroon-light maroon sandstone.

ox

B
M-FSS-XB
o x

B
Bb

6,718
B

M-FSS-XB
MSS-XB
F-MSS-PB-M

Eolian

ox

B

-Light maroon, sandstone.
-Bleached sandstone.

BBb

F-M-CSS-PB

-Irregular bleach beds and speckles.

B
F-MSS-PB-M

o

x

o

x

-Mostly tan sandstone.
-Maroon sandstone bleach mottling

Eolian

H

6,720

H
H Bb

F-M-CSS-PB-XB

B

o

-Maroon arkosic sandstone. Bleached bed at
6,720.62−6,720.7' with hematite above and
below bed. Wavy shaped bleached bed.

x

B

6,722

F-CSS-XB

o

VF-MSS-M

-Bleached sandstone. Beds with thin
gray-green laminae.

x

Eolian

-Dark maroon, arkosic sandstone with iron
stained clay stringers.

B
o

VF-MSS-M

-Bleached sandstone, with grayish-green silty
clay laminae between bedding.

x

6,724
B

o

Bb

VF-CSS-M

-Maroon sandstone. Hematite concentration
below bleached bed at 6,724.75'.

x

Eolian

H
Bb

F-CSS-RL-XB

-Maroon arkosic sandstone.

o

x

-Dark maroon arkosic sandstone

B

6,726

Eolian

Bb
F-MSS-XB

M-CSS-PL

FSS-PB

Eolian-Fluvial

o

H Bb
H

M-CSS-PL-M

-Maroon-dark maroon arkosic sandstone.

xo

B

M-CSS-PB-XB

6,728

o x

B

-Maroon sandstone.

o

VF-FSS-M

6,730

-Bleached sandstone.
-Maroon sandstone.

x

gray-light green laminae of silty clay. Wispy
laminae.

o

B

F-VFSS-M

x -Bleached tan-pink sandstone. Prolific

-Maroon sandstone.

x

Eolian-Fluvial

B

-Bleached sandstone. Hints of wispy
gray-light green laminae.
-Maroon arkosic sandstone. Bleaching not
localized to specific bedding facies.
Occasional coarse grain lags. Hint of scoured
bed above lag.

VF-FSS-M
M-C-FSS-PB-XB

Bb

B
o x

6,732

-Maroon-light maroon, arkosic sandstone
with hint of ripples.

M-CSS-PL

o

B
Bb
B
Bb

x

o

x

o

x

-Maroon-light maroon sandstone. Gray to
light green stringers in thin bleached beds.
Apperars locally mottled in areas.

6,734

Eolian-Fluvial

Course
Med
Fine
V.Fine
Silt
Clay

B
B

6,736

Tan

VC

Granule

Pebble

Bb

GrayPink
Maroon
Dk.Maroon

B
M-C-FSS-PL-RL

o

Bb

x

o

x

B
Bb
B

VF-FSS-M

6,738

C-FSS-PL

B

M-CSS-PL

B

-Bleached tan-pink sandstone. Prolific
gray-light green laminae of silty clay.

x o

-Tan-light maroon planar laminated
sandstone. Bleacing in upper half

xo

Eolian-Fluvial

-Maroon-light maroon rubblized sandstone.

B

-Core not recovered.
-Maroon, sandstone. Alternating packages of
medium grain sands and coarse grain sands.

xo

M-CSS-PL-XB

B

6,740

xo
-Dark maroon, sandstone. Beds get more
tangental with depth.

B

M-CSS-XB

Fluvial
x o

-Dark maroon sandstone.

B

6,742

F-MSS-PL-XB
ox

M-FSS-H-XB

-Bleached sandstone. Largely homogenous.
-Dark maroon sandstone.

M-CSS-XB

-Dark maroon-maroon sandstone.

ox

6,744

F-MSS-PL-XB

Fluvial

Bb
ox

B

M-CSS-XB

o

Bb

F-MSS-XB-RB

-Maroon-dark maroon sandstone, coarser at
base of cross-bed set.

x

-Mostly bleached sandstone. Maroon at top.

Bb

6,746

-Maroon-dark maroon sandstone.

M-CSS-PL-XB

Fluvial

xo

-Maroon sandstone.

B
Bb

M-CSS-M-PL

-Dark maroon, sandstone, with localized
vertical healed fractures.

xo

6,748

B

F-MSS-XB

o

Bb

x

-Maroon-dark maroon, sandstone. High angle
fault near top interval with 1" normal
directional offset.

o x

B

Fluvial

FSS-PL-XB

6,750

o x

Bb

MSS-PL

-Bleached sandstone. Erosional boundary at
base.

o x

-Maroon sandstone. Multiple cross-bed sets
6" high. Healed high angle fracture near
6,750'.

B

6,752

H

M-CSS-XB-PL

B

o

x

-Maroon sandstone. Mottled beds near top.
Coarse grain bed at 6,753.85', 3/4" thick.
Small high angle fault near top with 1/2"
normal displacement.

Bb
F-CSS-PL

o

x

Fluvial

6,754

-Bleached, sandstone, coarser at top and
bottom of interval.

Bb

F-CSS-PL

B

o

Bb
F-CSS-M-PL

x

-Maroon-light maroon, sandstone.

o

B

x

6,756
o

B

x
-Maroon sandstone. Coarse grain
concentration near base.
-Dark maroon sandstone. Fracturing near
base.

B

M-CSS-XB

Fluvial

F-M-CSS-XB

6,758

o

B

x
-Maroon sandstone.

B

C-MSS-XB-PL

Bb

FSS-PL

o

-Maroon sandstone. Bleached zones
throughout with some gray-light green
stringers.

x

Fluvial-Eolian

-Bleached sandstone. Very rare maroon
blebs.

VF-FSS-M

6,760

-Dark maroon sandstone.

B
F-MSS-M

o

x

o

x -Mostly bleached, sandstone. Gray-light

H
Bb

VF-FSS-PL-M

green wispy laminae throughout.

F-MSS-PL

6,762

-Bleached sandstone. Truncation at base.

Fluvial-Eolian

M-CSS-XB

o

-Bleached, sandstone.
-Alternating fine-medium and coarse-very
coarse sand packages. Local granule up
to 3 mm.

x

M-CSS-XB

Fluvial

B

6,764

o x

F-M-CSS-PL-RB

B

o

H

x

o x
-Dark maroon,sandstone.

M-FSS-XB

6,766

Bb

GCL

B

F-CSS-PL-XB

-Grayish-tan quartz granule conglomerate.
Possible lag deposit.
-Maroon-light maroon sandstone.

o x

Bb

o x

Fluvial

B

6,768

x o
-Maroon, sandstone.

B
x o

6,770

B

M-CSS-XB

ox

B

VCSS-M

6,772

ox

Bb
B

-Pink-light maroon sandstone. Isolated
granules. No distinct bedding.

Bb
Bb

o

-Maroon-dark maroon, interbedded fine
sandstone, coarse sandstone, and granule
conglomerate. Beds are largely planar.
Potential ripples. Abundant quartz pebble
lags (with some feldspars). Poorly sorted
sandstone throughout.

x

Fluvial
o

x

6,774
o x

F-M-CSS-Ints

ox

Bb

6,776

x

B

o

M-CSS-M

-Bleached sandstone. Local thin unbleached
maroon beds.

o oxx

Fluvial

-Maroon-dark maroon sandstone. Isolated
quartz and feldspar granules.

C-VCSS-XB

6,778

B

x o
-Maroon-dark maroon sandstone.

Bb

F-MSS-H

B

F-MSS-XB-RB

-Dark maroon sandstone.

ox

-Maroon sandstone.

Fluvial

6,780

B

F-MSS-XB

ox

Bb
B

F-MSS-M

o x
-Bleached to light maroon sandstone.

Bb

6,782

-Maroon-light maroon, conglomerate.
Granule lag near base.

B

VCSS-GCL-XB

x

o

Bb
-Maroon-dark maroon, sandstone.

xo
M-CSS-XB-M

6,784

Fluvial

B
x

o
-Maroon sandstone.

B
C-VCSS-XB

x o

6,786

B
B

M-CSS-M-XB
C-VCSS-XB

-Light gray-light green broken laminae in
bleached zone. Possible scouring at base.

o

-Maroon-light maroon sandstone.

B

C-VCSS-XB

Fluvial
x

C-VCSS-XB

o

-Bleached sandstone.
-Light maroon sandstone. Red ironstone
intraclasts 3/8".
-Bleached, sandstone.

B

C-VCSS-XB

6,788

x

VCSS-M-H

-Bleached sandstone possible ripples.

x o

M-CSS-PB

-Sandstone with gray green laminations.

F-MSS-RB-PL

VC-CSS-XB

-Maroon sandstone. Scattered granules.
Possible bidirectional crossbedding.

B
x

C-VCSS-XB

6,790

o

-Bleached to light maroon sandstone.
-Maroon to dark maroon sandstone.

C-VCSS-XB

-Bleached sandstone, with abundant
gray-light green silty clayey laminae
throughout.
x -Maroon-dark maroon sandstone. Fining
upward, with granule at base. Pebble lag at
base.

F-M-Silt-M-PL
o

B

C-VCSS-XB

Bb

Fluvial
x

C-VCSS-RB-PB

6,792

-Maroon sandstone.

o

x o
-Maroon sandstone.

M-FSS-RL-PL

-Maroon sandstone.

M-CSS-RL-PL
xo

6,794

-Maroon sandstone. Moderate amount of
granules.

C-VCSS-RL-PL
ox

Fluvial
-Maroon sandstone.

B

C-M-VCSS-PL-XB

ox

6,796
M-CSS-XB

B
xo

B
M-CSS-XB

6,798

B

x

-Light maroon to partially bleached,
sandstone.

o

B

C-VCSS-XB

Fluvial
x o

M-CSS-XB

-Light maroon sandstone.

B
-Core missing 6,798.80−6,799.0'.
-Light maroon partially bleached, sandstone.

Preserved sample

MSS-PB

B
o x

Bb

6,800

o

-Light maroon to maroon sandstone. Gray to
light green silty clay laminae along cross-bed
foresets near top in bleached zone. Grain
segragation along foresets. Occasional
floating granules. Sharp base with coarser
material near base.

x

B
M-F-CSS-XB

Fluvial

B
o

6,802

Bb
B

x

x

o

-Maroon sandstone. Isolated red clay
intraclast. Very arkosic sands. Packages of
variable grain sizes.

C-VCSS-XB-PB
x

B

6,804

o

Fluvial

Bb

C-VCSS-XB

-Tan to light maroon, arkosic sandstone.

x

o

Bb
B

x

M-CSS-XB

o

-Tan to pink sandstone. Black speckles
throughout.
-Tan to pink, sandstone. Local granule
concentrations at the base of cross-sets.
Fining upward packages.

6,806
B

x

o

Fluvial

B
C-VCSS-XB
x

o

Bb

6,808

x

B

o

B

Bb

-Tan to pink sandstone. Very sharp base.

F-MSS-PL
x o

-Light maroon to pink, sandstone, with
isolated ripple beds in finer sands. Isolated
granules.

B

6,810
C-VCSS-XB-PL

B

x

o

x

o

Bb

Fluvial

B

6,812

-Tan to pink sandstone.

x

o

x

o

x

o

Course
Med
Fine
V.Fine
Silt
Clay

VC

Granule

6,814

Pebble

C-VCSS-XB

-Maroon, arkosic sandstone.

B

C-VCSS-XB

Fluvial
B

o

-Maroon to dark maroon, very arkosic,
conglomerate.

B

B

VC-GCl-XB

6,816

x

x

o

-Dark maroon-maroon, conglomerate. Trace
to moderatly friable.

Fluvial
B

CSS-GCL-XB

x

6,818

o

x

o

VCSS-GCL-XB

-Dark maroon, friable, conglomerate.
-Tan conglomerate. Very sharp base.

VCSS-GCL-XB

B

ox

B

o

-Maroon to light maroon, sandstone. Coarse
grain lag at base.

M-CSS-XB

6,820

x

B

M-CSS-XB

-Maroon-dark maroon, sandstone.
-Dark maroon, sandstone. Sharp base.

C-VCSS-XB

Fluvial

B
x o

B

M-CSS-XB

6,822

-Maroon to dark maroon, sandstone.

x o

B
C-VCSS-XB

B

B

x

x

B

Fluvial

o

B

CSS-XB

-Light maroon, sandstone.

C-MSS-XB

Bb

M-CSS-XB

-Tan to pink, sandstone, with bleaching.
-Tan to pink sandstone.

xo

B

MSS-PL-XB

6,826

-Light maroon to tan sandstone.

o

Bb

M-CSS-XB

6,824

-Maroon sandstone. Intraclast of green silt
with bleach halo around it.

B

-Tan to light maroon, sandstone.

B

-Light maroon, sandstone. Half of interval is bleached.
Very coarse more porous beds, interbedded in coarse
tighter beds.

x o

C-VCSS-XB

-Maroon to dark maroon, sandstone. High
porosity, friable.

Bb
ox

Fluvial

M-C-FSS-RL-M

B

6,828

o

B
C-MSS-RL-XB

Bb
x

B
B

C-MSS-Rl-PL

6,830

-Light maroon to bleached sandstone. Upper
interval is finer grained. Basal half is very
friable and bleached.

x

o

Bb

-Maroon to dark maroon, sandstone. Friable
sand beds within some bleach speckles.

x o

-Dark maroon to maroon, well-sorted
sandstone.

B

Fluvial

B

x

o

C-MSS-XB

6,832

B
x o

Bb
B

M-CSS-XB

6,834

-Dark maroon to maroon sandstone.

B
x o

xo

Preserved
sample

-Sample removed 6,834.06−6,834.6'.

Fluvial
M-CSS-PL-XB

-Dark maroon to maroon, sandstone. Slightly
homogenous. Coarse to very coarse at base.

x o

6,836

B
C-MSS-XB

6,838

-Maroon to light maroon, conglomerate. Finer
at top. Very coarse base slightly friable.

B
B
B

VC-G-CGL-XB

VF-FSS-H

M-CSS-H-XB

x

Bb

o

-Light maroon to maroon sandstone. Sharp
basal contact.
-Tan to bleached sandstone.

Fluvial
x

C-MSS-XB

-Tan to blotchy maroon sandstone. Fine to
medium grain sandstone laminae near base.

o

o

B
B

VF-FSS-M-RL

6,840

-Tan sandstone. Abundant green-clayey
intraclast in top half.

ox

VFSS-M-H

B

M-CSS-PL-XB

-Bleached blotchy, tan to maroon, sandstone.
-Maroon to bleached blotchy, sandstone.

Bb
x

B

o

-Maroon-tan-bleached sandstone.

Fluvial
x

6,842

x -Maroon to dark maroon, sandstone.

o

Bb

VC-CSS-XB

x

B

o

x

Bb

o

6,844

o

-Maroon to dark maroon sandstone.
Inter-bedded thin beds of fine to medium silt.

x

C-MSS-PL-RL

Bb
xo

Fluvial

-Maroon to dark maroon, sandstone with
slight crinkled beds.

F-MSS-M

6,846

-Tan to light green, well cemented, sandstone.
Abundant dark mineral grains near top.

B

M-CSS-RL-XB

6,848

B

ox

B

M-CSS-XB-H

x

o
-Light maroon to bleached, sandstone.
Bleaching follows cross-sets.

Bb
Bb
Bb

CSS-XB-RL

-Maroon to light maroon sandstone, very
slightly friable near base.

x o

B

6,850

-Maroon to dark maroon, sandstone. Sharp
sorted beds.

xo

C-MSS-PL-RL

H

Fluvial

xo

-Light maroon sandstone.

B
B
B

x o

CSS-XB-H

6,852

B

B

xo

xo
Sample removed 6,853.58−6,853.96'.

Preserved sample

6,854

-Light maroon, sandstone. Rubblized at base
for 3'. Isolated reddish brown clayey
intraclast.

x o

Fluvial

6,856

Tan

Course
Med
Fine
V.Fine
Silt
Clay

VC

Granule

Pebble

CSS-XB-H

GrayPink
Maroon
Dk.Maroon

B

-Core - rubblized.

B

6,858
Bb

x

C-MSS-XB

-Light tan, sandstone. Very sharp basal
contact.

o

Fluvial
-Dark maroon to brown clay siltstone with thin
interbedded gray-green siltstone beds. Sharp base.

6,860

FSilt-Clay-M-PL

Fluvial-Flood Plain-Playa

xo

VF-FSS-H
Clay-FSilt-PL-M
VF-FSS-RL
Clay-FSilt-PL-M
FSIlt-Clay-M-PL
VFSS-M

-Tan sandstone. Disrupted mottled bedding.

VFSS-Clay-RL-M

o

x

Clay-FSilt-PL-M

-Similiar to above bed with no burrows.

Fluvial-Flood Plain-Playa

VFSS-Clay-RL

6,862

-Dark maroon-brown clayey siltstone, grades upward to
gray-green-tan siltstone in upper 1/2".

FSilt-Clay-PL
VFSS-Silt-RL-PL

o

x

x

o

Clay-FSilt-PL-M

6,864

xo

-Tan, sandstone to siltstone, with green-gray flasers.
Sharp base.
-Dark maroon-brown, silty claystone. Very fine
green-gray sandstone stringers. Very sharp base.

Fluvial-Flood Plain-Playa

-Tan to light tan, sandstone. Mottled
bleaching near base.

M-CSS-XB-PL

Fluvial

M-CSS-PL-M

-Light maroon, sandstone. Planar laminated.
Bleach speckling throughout.

xo

B

6,866

B

-Light pink, sandstone. Quartz pebbles up to
4 cm basement clasts up to 4 cm. Some of
the basement clasts are rounded some are
very angular. Porphorytic rhyolite reminiscent
of basement at 7,062'.

xo

B

Fluvial

xo

6,868

-Light maroon to light brown, clayey sandstone.
Appears very churned to bioturbated at top. Horizontal
burrows to synerisis at top.

B

C-VCSS-XB-H

xo

B
B
B

o x

6,870
o x

B

MSS-XB

-Mostly tan, sandstone.

B

o

x

B
B

6,872

-Tan to light maroon, sandstone.
Cross-bedded at top, weakly cross-bedded
internally. Coarse bed at 6,874.75−6,874.8'.

B
xo

B
xo

B

6,874

Fluvial

ox

B

ox

M-CSS-XB

6,876
xo

o x

B

6,878

o x

o x

B

6,880

B
o

B
Bb

x

-Light maroon to tan, sandstone.

x o

B

6,882
M-CSS-XB-PL

B

x o

x

6,884

o

B
xo

-Sample removed 6,884.35−6,885.10'.

-Light maroon to tan sandstone. Green clayey
clasts with bleach halos surrounding. Granule
lags at the base of cross-bed sets rich with
feldspars and quartz. Bleaching common at
lags.

xo

B

6,886
x o

B

Fluvial

B
x

o

M-CSS-XB

6,888
x

o

x o

B
Bb

6,890

Preserved
sample

-Sample removed 6,890.0−6,890.5'.

x o

-Light maroon-tan, sandstone. Granule
concentrations along thin beds. Some platy
brown intraclast in beds. Bleach halos around
clasts.

Bb
B

Fluvial

M-CSS-XB
o

6,892

x

B
Bb
C-VCSS-XB

B

-Maroon-tan-dark maroon, friable sandstone.

o x

B

-Tan to light maroon, sandstone.

ox

MSS-XB-PL

6,894

B

o x
-Tan sandstone, with numerous green platy intraclasts
of silty claystone, also brown platy intraclasts.

MSS-XB

-Tan to maroon, sandstone. Pronounced,
bi-directional cross-bedding at 6,897'.

x o

6,896

Fluvial
xo

Course
Med
Fine
V.Fine
Silt
Clay

VC

Granule

Pebble

M-CSS-XB-PL

xo

6,898

Bb
x o

x o

B
Bb

6,900

-Light maroon sandstone.

B
CSS-PL-RL

ox

Fluvial

Bb
B
B

-Maroon to light maroon, sandstone.

xo

Fluvial-Eolian

6,902
MSS-XB

B

ox

H

o x

B

B

6,904

-Maroon sandstone.

B
B

Fluvial-Eolian

ox

M-FSS-PL-RL
o

6,906

x

B
Bb

VFSS-M

o

B

H

x

-Maroon-light maroon-dark maroon,
sandstone with scattered coarse to very
coarse grain laminae within cross-bed sets
x but overall dominantly planar to wavy
laminated. Trace ripples. Sharp basal
contact.

o

Bb

6,908
B

VFSS-PL-M

-Maroon to light maroon silty sandstone. Medium
sandstone concentrations near base.

o

x Fluvial-Eolian

o

x

B

6,910

Bb

xo

-Light maroon-dark maroon sandstone.
Friable in lower half. Sharp base questionable
position. Clay build up and pebbles at top.

B
C-VCSS-XB

Bb
B

x

B

Fluvial

o

6,912
B
o x

C-P-CGL

B
ox
C-MSS-XB

6,914

-Light maroon-bleach sandstone.

Fluvial

Bb

Preserved
sample

-Sample removed 6,914−6,914.45'.

xo

-Tan-light maroon sandstone. Bleached light
green fine grain lamine along cross-beds.

M-CSS-XB

Bb

-Maroon to tan conglomerate. Abundant
multi-colored quartz granules, feldspar
granules, and brown clayey clasts. Friable at
base.

xo

B

6,916
VCSS-GCL-XB

x o

6,918

Fluvial

o

B

o

B

-Light maroon sandstone. Broken pieces of
bed below occur at base of core.

C-MSS-XB
o

B

-Core not recovered

x o

-Sandstone, composed of well rounded
grains, moderate to well sorted. Light pink-tan
at top and becomes slightyly red downward.
Very sharp basal contact.

MSS-H-XB

6,920
x
VFSS-PL-INTS
MSS-M
VFSS-M-PL

-Tan-green sandstone with medium coarse
tan sandstone beds. Horizontal green clay
laminations.
-Hint of horizontal beds, a few rounded
granules, sharp base.
-Tan to mottled red-pink sandstone. Some
green streaks separating laminae.

o

Bb

x o

B

-Predominantly medium sand with local
coarser laminae up to or including granules.
Base of bed includes true pebbles and poorly
sorted sandstone. Abrupt fining upward
package. Light maroon-red-pink throughout.

6,922
xo

x

6,924

Fluvial

o

Bb

MSS-PL-RL

xo

Tan

x o

GrayPink
Maroon
Dk.Maroon

Course
Med
Fine
V.Fine
Silt
Clay

VC

Granule

6,926

Pebble

B

x o

B

B
xo

B

6,928

Fluvial

Bb

o x

B
B
Bb
B

MSS-XB

6,930

o

x

B
o x

B
Bb
B

CSS-XB

B

-Poorly sorted sandstone with large abundant
granules. Granules include quartz and
granite grains.

xo

-A dark maroon-red sandstone. From 6,938.2
−6,940.1' is a fining upward, coarse
sandstone poorly sorted with local granules.
This zone grades upward to medium
sandstone at 6,936.2'. Pebbles in lag include
quartz, rhyolite clast, olive green clast, rusty
red feldspar, and granite.

6,932
ox

B
B

ox

Fluvial

B

6,934
ox

B
B

o x
MSS-H-XB

6,936

B
ox

xo

B
B

6,938

x o

-Coarse poorly sorted sandstone from
6,938.2−6,940.1'.

x

o

Fluvial
-Major V-shaped scour 2" wide with pebble
lag at basal contact. Pebbles include quartz,
rhyolite clast, olive green clast, and feldspar
granite.

6,940
B

x

o

- Light maroon-pink cross-bedded sandstone
with pebbles from settling of above bed.

MSS-H

-Core missing from 6,940.72−6,941.75'.

x o

6,942

MSS-XB

-Light maroon pink, cross-bedded
Sandstone. Local stray granules.

B

Fluvial
x

Preserved
sample

o

B

MSS-XB-H

-Core sent to SIU missing 6,942.48−6,943.1'.

x

6,944

-Medium-coarse sandstone. Gradational
base.
-Partially coarse grain sandstone,
medium-well sorted. Interlaminated,
cross-bedded with granules in coarse grain
foresets. Granules of quartz, rhyolite, and
pink feldspars. Grains are subrounded and
have fine grain white cement. May be salt
precipitated at surface.

x o

o

CSS-XB

Fluvial
Bb

FSS-XB-M

B

MSS-XB

6,946

-Tan-light pink mottled sandstone, well
cemented tan bed at top. Sharp basal
truncation.

ox

x

-Friable sandstone, more poorly sorted than
above. Cross-bedding in upper 2" same color
as above bed.

o

B
B

MSS-XB-RL

-Less friable sandstone, color same as above
bed. Some granules and coarse sandstone
on cross-bed foreset. Ripples near base.

x

o
-Friable sandstone, color same as above bed.
Only rounded chunks recovered in core
includes quartz pebbles to 3/4" diameter,
smaller pink feldspar granules, poorly sorted.
Structureless.

6,948

Fluvial

CSS-H-CGL

x

6,950

o

x

GCL-XB-CGL

o

x

-Granule conglomerate with abundant quartz
pebbles exceeding 1". Cross-bedding
throughout. Pebble lag at base. 6” fining
upward units- with gravel lags at the base of
each one.

o

6,952
x

o

x

-Pale gray-light pink poorly sorted sandstone
with granules and pebbles throughout.
Quartz pebbles up to 1". Green shaley
intraclast one intraclast is up to 3". Local
cross-bedding event, but otherwise the
interval appears structureless. Conglomeratic
zones at 6,960.2−6,960', 6,962.9−6,963.65',
and 6,954.9−6,955.4'. Pebbles scattered
throughout interval. All pebbles are well
rounded, shale clasts are flat and tabular.

o

6,954
x

o

x

o

Fluvial

6,956
x

o

B
x

o

x

6,958

VCSS-H-CGL

o

x

o
-Conglomeratic zones at 6,960.2−6,960',
6,962.9−6,963.65', and 6,954.9−6,955.4'.

x

6,960

o

x

o

-Major light green mudstone clast 3" across
at 6,960.4'.

Fluvial

x

o

x

o

6,962

x

o

x

o

x

o

6,964

CSS-XB

-Cross-bedded sandstone with isolated round
pebbles up to 3/4". Color is pale gray-pink
maroon. Basal contact is very sharp and
truncates inclined cross-beds below.

Fluvial

6,966

x

o

x

o

6,968
x

o

x

o

-Laminations alternating of fine and coarse
grains. Inclined tabular cross-bedding. Some
ripple cross-bedding pink-maroon. Thin clay
rich maroon beds between coarse grain
beds. Sharp base.

B

MSS-XB

B
Fluvial

6,970
x

B
B
MSS-Intl-RL

x

B

6,972

o

-Gray sandstone. Interlaminated finer,
clayeyer interval. Faint ripple beds. Coarse
grain at base of unit. Trace bleached
spherical halos.

o

B
Bb
x

B

o

x

6,974

-Finely lamintaed, pink to maroon sandstone.
Very low angle cross bedding to planar
bedding. Trace bleached spherical halos.
Two 1/2" bleached zones in interval.

o

B
Bb

MSS-XB-PL

x

o

Bb
B

Fluvial

x o

Bb

6,976

x

o

Tan

Preserved
sample

GrayPink
Maroon
Dk.Maroon

Course
Med
Fine
V.Fine
Silt
Clay

VC

Granule

6,978

Pebble

-Sampled removed 6,975.97-6,979.51'.

-Core taken 6,975.97−6,979.51'.

x

o

6,980
x o

B
x o

6,982

x

-Pink-maroon pinstriped sandstone. Planar
laminated with bedding very slightly inclined.
Fracture at 6,982.5−6,983.5' not seen in FMI.
Possibly induced.

o

B
x

o

B
MSS-XB-PL

6,984

Fluvial
x

B

o

xo
x

6,986

o

B

xo

B

6,988

B

MSS-RL

-Interlaminated, ripple bedded sandstone.
Thicker beds than above intervals. Color as
above. Sharp base.

x o
x

-Planar interlaminated sandstone with low
angle inclined bedding. Dark orange-red
color. Coarser beds near base. Trace to no
localized bleach spherical spots.

o

MSS-XB

B

6,990

Fluvial
-Interlaminated sandstone, similiar to above
bed but may be rippled. Thin beds as
opposed to laminae. Color same as above.
Evidence for ripples. Sharp base at a
bleached zone.

o x
MSS-RL-PL
x

Bb
B

6,992
MSS-M-PL

o

B Bb

-Tan to orange red sandstone. Weak bedding,
slightly mottled with irregular planar surface.
Beds appear slightly disrupted. Three
bleached intervals with mottling from
6,991.98−6,992.22', 6,992.55−6,992.58',
6,992.89−6,992.96'.

ox

B
Bb

Fluvial

-Irregular hard ground base, well cemented.
Poorly sorted tan sandstone. Round red
intra-clast. Light green cement at base with
slight flame structures. Faint horizontal
bedding.

xo

FSS-M

Top of Pre-Mt. Simon

6,994

-Clay hardground at top anddark red
sandstone with some grey green mottled
intervals below. Contains intraclasts of
orange subangular grains and granules.
Granules contain quartz, glauconite. No
internal bedding. Angular clast at base and
matrix is gradational.

MSS-Br-M
ox

Bb

FSS-M

B

o

x Marine

o

x

B

6,996

MSS-H-XB

B
B

-Hints of stratification, tan-red mottling at top
of interval with tan bleached zone below,
contains greenish grains (clay). Mottley
irregular contact at base but very sharp to
dark red sandstone below.
-Dark brick red-brown fine sandstone with
localized white-bleached blebs. Very faint
hint of low angle cross-beds.
-Vertical burrows 1/4-3/4" wide.

B

o

x Marine
-Wavy laminations.

-Mottled grayish-brown-maroon sandstone
with profound vertical burrows 1/4-3/4" wide.
Escape structures related to burrowing.
o x Strata into which burrow was laminated
alternating red silt and fine red sand. Wavy
lamination. Branched burrow with sharp walls
near base cross-butting bedding. Bleached
tan sands infill some burrows, some bleach
o x blebs 1/2" high and 2"wide. Truncation
surface below large branching burrow.

6,998
FSS-B-PL

B

B

7,000

B

FSS-GCL-XB

ox

CSS-M-XB

7,002

-Poorly sorted sandstone with abundant lithics.
Includes red ferrunginous intraclast 1". Granules up to
1/4" of quartz. Faint cross bedding. Vertically oriented
ferruginous mottling within light tan pink sandstone.
Wavy inclined irregular base.

ox

-Poorly sorted sandstone with pebble beds at top and
bottom. At top bed is inclined. Bed at base is irregular
but more planar. Pebbles are mostly quartz.

MSS-M-XB
MSS-XB

o

x

B

MSS-XB
Silt-H

GCL-M

B

MSS-PL

o

x

GCL-H

7,004

MSS-XB-B
MSS-XB
VFSS-H

-Dark brown-purple sandstone with abundant granules.
Cross-bedded. Inclined fracture at 7,000.7−7,001',
vertical fracture at 7,000.2−7,000.4'. Granules
composed of vein quartz, cemented sandstone, agate.
Very fine grain thin horizontal beds throughout. Local
small burrows. Low angle fracture filled with clay
at 7,000.8'.

ox

FSS-M-RL

GCL-M-B
ox

MSS-M

7,006

-Cross-bedded light grayish-pink sandstone. Wavy
sharp base. Contains rare coarse grain sands.
-Cross-bedded gray-brown fine sandstone with pebble
zone near top. Tan-bleached mottling and spherical
blebs.
-Dark red-brown fine grain ferrunginous silt.
-Light gray poorly sorted granular conglomeratic
sandstone, with a 1/2" Ferruginous intraclasts.
-Dark gray-maroon planar fine sandstone. Poorly
sorted.
-Brown-gray ferruginous conglomerate.
-Cross-bedded sandstone with ferruginous
cross-bedded boundaries. Possible vertical burrowing.
-Cross-bedded sandstone. Alternating mottled
maroon-tan bedding. Sharp inclined basal contact.
-Well cemented silty very fine sandstone.
-Tan sandstone with current ripples.
-Brown-red to bluish grey poorly sorted sandy granule
conglomerate. Granules are mostly quartz and some
ferruginous. Localized vertical mottling probably
burrows.
-Grayish-tan poorly sorted sandstone with granules up
to 5mm.

Marine
PCL-M

-Brown-red very coarse pebble conglomerate. High
gamma zone on log. Pebbles are quartz, canary yellow
quartz, milky quartz, ferruginous grains. Clay meniscus
concentrations around base of grains.

o x

-Tan-red sandstone with horizontal
laminations.

MSS-M-PL

xo

-Pebble conglomerate, local cross-bedding
mostly red-brown cements. Range of pebbles
as in conglomerate above. Coarse 1" pebble
lag at base.

7,008
PCL-M-XB

o

x Marine

o

7,010

x
-Light tan sandstone, cross-bedded. Local
granules on foresets. Coarser in upper 2".

CSS-XB

o

x

o

x

B

7,012

-Light gray-red very coarse grain
conglomerate. Granules are up to 1/4". Mostly
cross-bedded. Horizontal bed at 7,013.5−
7,031.6' with crossbeds. 3/4" cross-bed sets
with horizontal boundaries.

Marine

GCL-CSS-XB
o

x

B
o

x

7,014
B

o x

CSS-XB

-Incline boundary base. Tightly cemented
cross-bedded, sandstone with granules. Light gray-tan
with mottling.

CCL-XB

-Light red-grey coarse to very coarse and pebble
conglomerate. Cross-bedded. Sharp pebble lag base.

o

MSS-XB
PCL-XB

7,016

PCL-H
GCL-Ints

x

B

GCL-Ints

B

CSS-XB

o

x o

B

7,018

x

Bb

CSS-XB

B
B

-Cross-bedded, poorly sorted sandstone to
small pebble conglomerate. Fairly high angle
cross-bedding throughout. Grayish Color.
Moderately well cemented. 6-8" high
cross-bed sets. Cross-bed sets are very
planar.

xo

Marine

B
Bb

xo

B

7,020

CSS-XB

-Lower angle cross-beds, poorly sorted sandstone to
pebble conglomerate. More cemented than above. Two
bleached zones.

Bb
xo

-Granule conglomerate, very well cemented gray-tan.
No grain plucking. Very low angle thin beds. Tan
mottling parallel to bedding. Possible ripples at base.

GCgl-ints

Bb

VCSS-XB

o

x

GCgl-M
FSS-XB-ints

-Poorly sorted sandstone with local granule interbeds.
Cross-bedded in part. Gray to light red. Fine grain
intraclast appears as platy sheets. 1" bleached bed at
7,021' , 1/2" thick granule bed at 7,020.53'.
-Light tan tightly cemented tan colored sandstone to
granule conglomerate. Weakly cross-bedded.

MSS-H

7,022

-Sandstone with floating pebbles. Brown gray.
-Cross-bedded pebble conglomerate. Wedged shaped.
-Light tan to gray red sandstone with local granules.
1/2" thick bleached zone.
-Pebble conglomerate, well cemented. Gradational
base.
-Friable well sorted granule conglomerate. Quartz
dominates.
-Granule conglomerate with small pebbles at base. Thin
friable zone at 7,016.77−7,016.82'. Appears to be
horizontally bedded. Clasts are mostly composred of
quartz. Interstratifed beds of granule conglomerate and
coarse sandstone.

B

ox

-Thin inclined cement at top with light green center. The
rest of interval is brown-red-gray interbedded
sandstone. Cross-bedded throughout. Small bleached
zone at 7,022.9' grading down to iron bearing sand.

B

Bb

-Mottled granule conglomerate, poorly sorted. Bleached
tan zones to brown-maroon mottling. Friable zone at
7,022.35'. Laminar bedding becomes inclined at base.

Marine

-Interbedded sandstone with pebble conglomerate.
Locally cross-bedded. Thin to medium beds.
Moderately tight. Inclined fracture at 7,024.2−7,024.4'.

CSS-ints-XB

7,024

o

x

CSS-PB

-Ferruginous cemented, poorly sorted sandstone.

GCgl-XB

o

x

B

FSS-H-XB

7,026

VFSS-H-ints

ox

B

VCSS-XB

o

S

x

MSS-H-XB

7,028
CSS-XB

B
B

Bb

o x

VFSS-ints
ox

B
MSS-XB

7,030

B
B

o

x

Silt- H

B

7,032

MSS-XB-RL

FSS-M
FSS-PL

MSS-H-XB
MSS-H-XB

o x

B

o x

B

7,034

B

x -Mottled bleached zone at 7,034.24−7,034.3'

o

x -Maximum burrow is 6" tall, 1/4” wide.

Sandstone has slight green tint in bleached
zone and some bleached halos. Possible
exposure or hardgroung surface.

GrayPink
Maroon
Dk.Maroon

Tan

Course
Med
Fine
V.Fine
Silt
Clay

VC

Granule

Pebble

B

B
Bb

Marine

Bb

o

x

o
o

x
x

o

x

MSS-XB-B
MSS-XB-M
MSS-XB

7,040

Bb
B

Marine

-Cross-bedded sandstone bleached at top with wavy
contact above. Slight green below contact. Overall light
tan to pink-red.

ox

-Pinkish-gray-dark reddish-brown poorly
sorted cross-bedded sandstone. Some sense
of fining upward with dense cement at top.
Very densely cemented dark red brown
sandstone beds at 7,040.2−7,040.6', 7,041.55
ox
−7,041.85' and 7,042.1−7,042.25'. Clasts in
sandstone are mostly quartz with some red
lithic clasts. Some lithic sand grains.
Localized bleaching along beds. Cross bed
sets up to .9'. Granule stylolite at 7,041.95'.

CSS-CGL-XB

Bb
B

x Marine

o

B
CSS-XB

o

7,044

-Dark brown-tan mottled sandstone.
-Light green-pink-maroon sandstone, strong bleaching
at top 1/4" burrow. Erosional surface.
-Trough cross-bedded sandstone with numerous iron
intraclasts grains. Rare quartz pebbles. Vertical burrow
1/4" wide. Wavy mottled base.

-Light tan-pink red sandstone. Moderately well-sorted,
rounded-subrounded grains. Cross-bedded and
bleached at base. Spherical bleach halos locally.

B
Bb
Bb

7,042

-Weakly cross-bedded sandstone, light gray-red. Dark
red iron-siltstone intraclasts near base.

o

MSS-XB-B

FSS-B
FSS-M-ints

-Bleached mottled fine grained sandstone.
-Red-brown, poorly sorted sandstone. Possible weak
cross-bedding.
-Dark brown to black bed, dense iron cemeneted SS.

-Generally gray-red cross-bedded sandstone.
Foresets well defined by dark laminations.
Abundant vertical burrows. Some zones of
fine horizontal laminae occasionally such as
7,036.8−7,037'.

H

7,038

-Cross-bedded sandstone with reddish-gray color.
Moderately well sorted with local bleached halos. Top is
faintly planar bedded. Slight ripples.

o x

B

7,036

-Red-gray, rippled to small scale cross-bedded
sandstone. Local 1/8" thick up to 1/2" long ferroan silt
clast.
-Dark red-brown 1/4" thick iron-cemented siltstone
draping over bed below.

-Bleached mottled gray-tan sandstone. Moderate-well
sorting.

Bb

MSS-M

Marine

-Light gray poorly sorted sandstone,with ferruginous
clasts up to 5mm. Inclined interpenetrating possible
stylolites at top. Possible burrows in center above thin
granule bed. Weakly cross-bedded throughout. Slightly
bleached at base.
-Dark gray-brown-red-tan sandstone with low angle
cross-bedding. Mottling streaks parallel to some
laminae from 7,028.5−7,028.6'. Exposure surface at top
responsible for Fe cementation.
-Interlaminated dark gray sandstone and red silty
laminae 1/8" wide, 1" deep vertical burrows cross
cutting silt beds.

Marine

H B
B

-Dark brown-red very tightly cemented sandstone with
granule size white blebs. Weak stratification.

-Red-gray cross bedded sandstone. Bedding
highlighted by dark bands on foresets.
Possible bidirectional dips, mottled zone at
top to 7,029.22'. Slightly bleached. Foreset
x bed boundary at 7,030.65' with lower angle
dips and higher angle above and below. 2-4"
high foresets.

o

MSS-RL

-Very well cemented gray-tan sandstone. Planar and
ripple bedded at top, massive below. Floating granules
at top. Fracture with moderately high angle from
7,025.53 to edge of core at 7,025.75'. White mineral
cement along crack.
-Gray-tan to dark brown-red Conglomeratic sandstone
at top. Cross-bedded. Tightly cemented at top. Finer
grains below with thin beds composed of poorly sorted
fine-medium sand. Bed of iron cemented medium sand
at base.

B

B

-Tan to brown granule conglomerate. Weakly
cross-bedded. Soft friable streak at 7,025.27'.

VCSS-XB

B

x

x

o

-Very tight well-cemented dark red coarse grain
sandstone.
-Reddish-gray cross-bedded sandstone with granules.
Granule stylolites at 7,043.98'. Densely cemented zone
at base from 7,044.35−7,044.7'. Basement clasts up to
1/2"x 2" at 7,043.28', 7,044.37', 7,044.61'. Abundant
brown aphanitic lithoclasts from fine-granule size.

Marine

VCSS-XB

7,046

o x

-Dark red-brown densely cemented sandstone and
granule conglomerate.

GCGL

B
B
CSS-CGL-XB

-Dark red-red-brown, cross-bedded, poorly sorted
sandstone. Very densely cemented at 7,044.7−7,045.15'.
Granules concentrated at base. Cross-bed set
thickness is 2-5". Some red-brown lithic granules.
Healed fracture at 7,045.65'.

B

o

x -Pale red-brown-gray sandstone with

o x

granules concentrated at crossbed bases.
Dark red lithic fragments granule size.
Granule stylolite with alternation halo at
7,046.25'. Kaolinite cement? Mottled bleach
speckles below 7,047'. Localized bleach
spheres. Trough cross-bed sets less than 3".

7,048
o x
-Light pink to faintly green sandstone. Trace dark red
lithic fragments. Faint planar bedding.

FSS-PB-XB

CSS-PB-M

7,050

B

o x

Bb
o x

MSS-XB-B
o

x

Marine
-Dark red interbedded sandstone with weak bedding.
Faintly cross-bedded, weak planar bedding. 1.25"
Basement intraclast at 7,050.04'. Variety of granule size
basement clasts throughout unit. Poorly cemented
coarse bed at 7,049.65'. Possible granule stylolites.
Bleached beds.
-Light tan-white-slight pink very poorly sorted well
sorted sandstone. Angular clasts up to 1.5" near top of
interval. Very weak horizontal bedded. Possible faint
vertical burrows. Interesting basal contact below clasts.
Very sharp basal contact with basement. Flat lying
contact. No intraclasts at base. Appears to be
bioturbated.

Top Of Basement

7,052

-First Interval does not appear granitic.

ox

-Rock is mostly aphanitic.
-Alteration of large spherical dark maroon
clast with lighter colored shales.

ox

-Rounded phenocrysts granule size of quartz.

7,054
ox

-Some natural fractures with white milky
calcite.
-Large fracture from 7,054.5−7,056.8' has
calcite cement.

ox

7,056
ox

ox

7,058
ox -Gradational base.

APPENDIX 7 Detailed Stratigraphic Column Containing Core Descriptions from the Middle Mt. Simon
API #: 12-11523460-00

Company: Pioneer
Well Name: Verification #1
S-T-R: 5-16N-3E
Elevation: 669 ft
Comp date: September 24, 2010
Total Depth: 7,250′
Sample/Core#: Core #8 (5,930′–5,989.7′)
Described By: David Morse and Jared T. Frieburg
7/25/2011

Color
Lithofacies

Bedforms and
Structures

Tan

Course
Med
Fine
V.Fine
Silt
Clay

VC

Granule

Sand

GrayPink
Red
Dk.Red
Mean
Paleo-flow
Direction

Grain Size

Depth(ft)
Pebble

PL-Planar Laminated
PB-Planar Bedded
RL-Ripple Laminated
XB-Cross Bedded
AD-Adhesion Features
Ints-Interstratified
M-Mottled (Disrupted Bedding)
H-Homogeneous
B-Bioturbated
LB-Lenticular bedding
WB-Wavy Bedding
FB-Flaser Bedding

Silt-Silt
VFSS-Very Fine Sandstone
MSS-Medium sandstone
CSS-Coarse Sandstone
VCSS-Very Coarse Sandstone
CGL-Conglomerate
BR-Breccia
G-Granules
P-Pebbles
DC-Densely Cemented
FSilt-Fine Siltstone
CSilt-Coarse Siltstone
Fe-Feruginous
Ca-Calcerious
AD-Adhesion Feature

30

20

10

0

Permeability-X (mD)
500

50

5

0.5

bedded near base. Slightly stylolitic. Slightly
disruped beds near center.

B

Eolian
-Pale maroon-gray sandstone, appears to be
better sorted than above.

B
Bb
FSS-RL-M

o x

H
H
B

5,933

o

x
-Pale maroon-gray sandstone.

FSS-RL
FSS-RL-M
FSS-XB

x -Well sorted fine sandstone light gray to

o

H

FSS-PL

maroon. 1.25" fracture.

Eolian

Bb
FSS-M-PL

o x

H
B

5,935

-Pale-grayish maroon sandstone with
localized bleached zones.

Bb

FSS-M-PL
FSS-XB

-Mottle to weakly laminated tan sandstone.
Some hematite blebs.
-Light gray to maroon sandstone.
o x Burrow-ophiomorpha?
-Light gray-maroon sandstone.

H
B
Bb

S

5,937
FSS-PL

Eolian

B

FSS-M-PL

o x

Bb

S

-Light gray-maroon sandstone. Weakly
laminated with local bleach blebs and some

B

S B

FSS-PL-M

x mottled thin bleached beds. Sharp contact at

o

base, thin styolites throughout.

Bb

H

Preserved
sample

5,941

o

x

o

x -Sample removed 5,939.8-5,941'.

Bb

-Similar to above.

S

x

o

B

FSS-PL-RL

B

5,943

B

VFSS-M-PL
FSS-XB

o x

B

FSS-PL-RL

sharp.

x

o

Bb

5,945

-Very pale pinkish white sandstone. Very faint
stylolitic boundaries that are curved without
insoluble residues.

VFSS-PL
o

x -Red-maroon, sandstone,less sorted than

o

x

B
FSS-PL-M

H

B

5,947

above beds.

o x

B
S

FSS-RL

-Maroon-red sandstone.

-Light gray-maroon sandstone.

H

B

Eolian

x -Maroon-red sandstone. Basal contact is

o

H Bb
B

S

-Bleached intervals have very irregular
contacts. Slight light green concentrations of
clays in bleached zones. Stylolitic dark iron
concentrations above base.

o x

H

S

FSS-XB-M

5,939

Comments/Depositional
Environment

Top of Middle Mt. Simon
o x -Moderately sorted sandstone. Weakly thin

Bb

5,931

L

Local Styolites
Hematite Spots
Hematite along bedding
Spherical Bleach Spots
Bleach Speckles
Bleached Beds (>1/4”)
Isolated Granules or Pebbles
Pebble or Granule Lag
Unconformity
Liesegang Bands
Erosional Boundary
Shale Intraclast
Sandstone Intraclast
Breccia Fragment
Silt Intraclast
Basement Intraclast

Porosity-O (%)

B
FSS-M-RL

S
H
H
B
B
Bb

B
B
o

FSS-RL

x

Eolian

-Very heterolithic in laminar beds with
respectto grain size. Red to brick red
sandstone. Faint white (bleached) blebs
locally. Well sorted internally. Semi-sharp
basal boundary.

Eolian

Bb

5,949

B
Bb

B

FSS-PL-M

o x

-Horizontally laminated brick red sandstone.

B
B

FSS-PL

o x

B

5,951

-White to light pink, structureless sandstone.
Curving gradational basal contact.

VFSS-M-XB
FSS-PL

o

B

x

L

-Laminate brick red sandstone.

Eolian
-Sample removed 5,951.73-5,953'.

Preserved
sample
o

x

5,953

-Brick red sandstone. Liesegang are vertical
to overturned. Sharp color change at basal
contact.

Bb

o x Eolian

B H
L

FSS-PL-M

o

5,955

-Brick red to light pink sandstone.

x

-Laminated pale grey-maroon sandstone.
Stylolite at 5,954.92'. Structureless pale pink
very fine sandstone near base.

H H
B
B

FSS-M-RL

-Brick red sandstone. Silty zone at

o x 5,958.33-5,958.41' with clay like laminae.

B

Extremely fine tan laminae at top. Somewhat
transitional at base.

B

Eolian
o x

5,957

VFSS-RL-Ints

Bb
H
ox

o x

S

5,959

B

-Brick red sandstone. Localized bleb zones
are in slightly coarser lamination beds.
Vertical fracture at 5,950-5,959.4'.

o x

VFSS-PL-RL

-Brick-red sandstone. Weak bedding. Blebs
line parallel to bedding.

B

o

B

x

Eolian

FSS-RL

5,961

o x
-Brick red sandstone. Small vertical fracture
cross cuts laminae.

B

FSS-XB

H
B

VFSS-XB

5,963

-Light brick red sandstone. Trace incline
fractures from 5,962.5-5,962.95'.

o x

B

L

o

x
-Brick red sandstone.

VFSS-RL-PL

B
VFSS-M

5,965

B

Bb

o

x -White thin bed of very fine sandstone at top.
Below is reddish very fine sand. Very weakly
laminated to laminated.
-Brick red sandstone.

B

Eolian

xo

B
VFSS-RL-PL
ox

5,967
o x -Brick red sandstone. At 5,968.55-5,968.65'

Bb
B
B
H

black bands of hematite. Sharp basal contact.

Eolian

H

FSS-M-PL

B

o

5,969

x

Bb
B

FSS-RL-M

L

-Brick red to light red sandstone. Vertical
fracture from top to 5,970.65'. Core color
becomes more pale towards the bottom.

ox

B
B

5,971
B

-Brick red sandstone. Local modestly mottled
zones 5,972.9-5,973.2' and5,976.1-5,976.4'.

ox

B

Eolian

Bb
xo

H

5,973
L

FSS-RL-PL

ox

B

B

xo

H

5,975
x o

B

B

5,977

x o

L

-Brick red sandstone. Very faint bedding and

LB

FSS-M

-Light pink-white tan sandstone. V-shaped and
vertical dark linear bands. Different from
o x liesegang bands. Above the V, inclined planar
laminae.

Bb
B

VFSS-XB-M

x disrupted at top

o

Eolian

5,979
o x

B

-Light pale-maroon sandstone. Thin black
bands on top of laminae by the base.

FSS-PL-RL
xo

-Pale maroon gray sandstone.

FSS-PL

5,981

-Pale maroon-gray sandstone. Hematite-rich
fine grained drapes. Aqueous ripples.
Pronounced hematite-rich interval at 5,983.6'
and 5,983.65'. Possible adhesion structure
below basal contact.

B
VFSS-M-RL

B

AD

VFSS-AD

xo

Eolian

-Pale maroon-gray sandstone.

xo

-Pale maroon sandstone. Slight lenticulartity
to laminae.

H

5,983

FSS-PL
x o
VFSS-RL
VFSS-PL
VFSS-AD

5,985

AD B B

VFSS-PL

H
FSS-PL-M

-Sharp basal contact.

B

B

ox

-Very low angle inclination of laminae sets
around 5,985.2'. Possible adhesion ripple
5,985.42-5,985.48'.

xo

-Possible aqueous ripples. Gradational
contact at base.

B

Eolian
x o
-1" of inclined adhesion ripples.

VFSS-AD-M

5,987

-Pale maroon to gray sandstone.

VFSS-M-PL
xo

B
FSS-RL-M

B
H

-Variety of laminae thicknesses up to thin
beds. Some are wavy, a few short foresets,
some are mottled with no internal structures,
and some show fine grained drapes.

ox

Eolian

5,989
xo

-Base of core run 5,989.7'.

APPENDIX 8 Detailed Stratigraphic Column Containing Core Descriptions from the Upper Mt. Simon
API #: 12-11523460-00

Company: Pioneer
Well Name: Verification #1
S-T-R: 5-16N-3E
Elevation: 669 ft
Comp date: September 24, 2010
Total Depth: 7,250′
Sample/Core#: Core #8 (5,526′–5,562.58′)
Described By: David Morse and Jared T. Frieburg
7/25/2011

Lithofacies

Bedforms and
Structures

Red/Green

Course
Med
Fine
V.Fine
Silt
Clay

VC

Pebble

Granule

Silt-PL

Silt-Silt
VFSS-Very Fine Sandstone
MSS-Medium sandstone
CSS-Coarse Sandstone
VCSS-Very Coarse Sandstone
CGL-Conglomerate
BR-Breccia
G-Granules
P-Pebbles
DC-Densely Cemented
FSilt-Fine Siltstone
CSilt-Coarse Siltstone
Fe-Feruginous
Ca-Calcerious
AD-Adhesion Feature

Color

Sand

S
H
H
B

Local Styolites
Hematite Spots
Hematite along bedding
Spherical Bleach Spots
Bleach Speckles
Bb Bleached Beds (>1/4”)
Isolated Granules or Pebbles
Pebble or Granule Lag
Unconformity
L Liesegang Bands
Erosional Boundary
Shale Intraclast
Sandstone Intraclast
Breccia Fragment
Silt Intraclast
Basement Intraclast

Porosity-O (%)

Tan
Gray
Dk. Gray

Grain Size

Depth(ft)

5,527

PL-Planar Laminated
PB-Planar Bedded
RL-Ripple Laminated
XB-Cross Bedded
AD-Adhesion Features
Ints-Interstratified
M-Mottled (Disrupted Bedding)
H-Homogeneous
B-Bioturbated
LB-Lenticular bedding
WB-Wavy Bedding
FB-Flaser Bedding

Comments/Depositional Environment
Top of Mount Simon
Upper Mount Simon

CSS-M-H

Intertidal

MSS-M-H

-Light green-pink very fine sandstone, very fine laminated with dark red-brown
clayey siltstone. Locally bioturbated.
Questionable tidalite.

VFSS-Silt-WB
FSS-M-B

-Medium-fine grain light tan-gray sandstone. Remnant of reddish brown clayey
siltstone. Bioturbated. Possible sandstone intraclasts.

MSS-XB

-Light tan-white crossbedded medium grain sandstone. Well-sorted. Faint cross
beds.

Intertidal

5,529
-Tan-dark red medium-coarse sandstone. Burrowed. Clotted fabric at top. Variable
greenish gray color near center of interval. Overall mottled look. Healed fracture at
5,529.12–5,529.30'. Pink tabular intraclasts near middle up to 1 cm. Feruginous
layers near base. Trace fractures.

M,F,CSS-M-B

Intertidal

5,531
CSS-XB

-Tan-Dark reddish coarse sandstone. Cross-bedded. Well-sorted.

FSS-M-H

-Tan-pinkish-maroon, fine grain sandstone. Cross-bedded at top. Mottled below.
Small red brown siltstone intraclasts on cross-bed sets. Vertical burrows? More
pinkish clean sandstone near base. Well cemented.

Intertidal

5,533
-Interlaminated very fine pinkish-orange sandstone with dark gray-brown clayey
siltstone laminae throughout. Rythmic bedding in places. V-shaped cracks
throughout are likely syneresis cracks.

VFSS-Silt-Ints

Intertidal

M,CSS-XB
VFSS-Silt-Ints

5,535

S

-Light gray-white medium-coarse sandstone cross-bedded. Disseminated pyrite.
Stylolitic surface at 5,534.97'.
-Intelaminated very fine gray-pinkish sandstone with finely laminated dark gray
clayey siltstone. Sharp base. Bioturbated.

Intertidal

5,537

-Light tan-white sandstone. Tannish zones are very well sorted. Faintly cross
bedded. Dark gray laminations are stains over sand. Thin dark clayey siltstone
shale laminae 1/4" thick at 5,535.83'. Localized coarse to granule beds. High angle
planar cross-bed set at 5,538.8–5,539.11'. Below this sand is mottled.
Trace fractures.

M,F,VF,CSS-Ints

Intertidal

5539

-Interbedded light gray-white and light pink-tan fine-very fine sandstone with very
fine laminations of dark gray clayey siltstone. Medium grain light gray sandstone at
base. Bioturbated in dark gray clayey siltstones. Sands are largely structureless.

F,M,VFSS-Silt-Ints

-Tan-white-light orange-pink, sandstone. Few very fine laminae of dark gray clayey
siltstone between sandstones beds. Locally bioturbated. Vertical burrows. Some
beds are cross bedded. Dark gray stylolitic features with localized pyrite.

5,541

Intertidal
S

M,FSS-Silt-Ints

5,543

VFSS-Silt-Ints-B

Fe

5,545

5,547

Intertidal
-Light tan-pinkish-white sandstone. Isolated granules and rare dark gray-greenish
pyritiferous thin stylolitc bands.

F,MSS-XB-PL

Silt-B

-Interlaminated dark brown clayey siltstone and light red sandstone.

Silt-B
CSS-FSilt-Ints-B

Fe

F,MSS-FSilt-M

Fe

-Dark red-brown dayey siltstone with minor tan silstone filled bioturbation features
-Light gray-white coarse sandstone. Disruptive horizontal beds. Clayey laminations
-Dark red clayey siltstone with V-shaped cracks. mm sized burrow at base.
-Light brown-red sandstone with discontinuous dark red to brown fine laminae of
clay siltstone. Bioturbated.

Intertidal

-Light gray-green-red, sandstone. Coarse grained dark red bed at 5,547.1'. Slightly
stylolitc. Bedding slightly diffused but rippled. Hairline fracture near base
-Dark red-brown clayey siltstone. Finely interlaminated with dark tan-green siltstone

M,CSS-RL
F-CSilt-ints

-Light tan-white grain sandstone. Upper 1" is light greenish-red fine grain well
cemented sandstone. Basal 2" has clotted texture with light green outlines.

M,CSS-B

Intertidal

5,549

M,FSS-H

Fe

-Light tan-white sandstone. Local floating coarse grains. Very weak low angle
beds. Dark red hematitic staining along some planar beds. Mottled dark red stain at
base.

-Light tan-gray-faint red, sandstone. Well cemented. Cross beds sets 2–3" high.
Local pyritiferous stylolites. Localized scouring with coarser sand concentrations.

M,CSS-XB

Intertidal

S

5,551

S

5,553

-Light tan-white structureless fine grain sandstone. Wavy contacts above and
below with bedded sands. Isolated coarse grains of quartz.

FSS-H

-Light tan-gray-maroon, grain sandstone. Leisigang banding/staining in lower foot.
Crossbed sets up to 1' high. Possible water escape structure at 5,553.1–5,553.56'.
At least 1"+ in diameter. Bi-directional cross-bedding at base.

Intertidal

5,555

M,CSS-XB

5,557
L
-Gray-tan medium grain sandstone with dark reddish-brown clayey laminae, that
appears to drape over sandstone.

MSS-FSilt-Ints-WB

-Light gray-tan-maroon coarse-medium grain sandstone. Local thin maroon
staining. Very coarse grains are very well rounded.

C,MSS-XB

5,559

-Light tan-white-slight dark red medium-coarse grain sandstone with local coarse
grain beds at the base of cross bed sets. Very coarse beds tend to break irregular.
Cross-bed sets 2-3". Local dark red clayey laminae.

M,VCSS-XB

Intertidal
M,CSS-M

5,561

M,CSS-Pl
M,CSS-M-XB

CSS-XB

L
L

-Light gray-faint maroon-red, medium-coarse sandstone. Very disruptive bedding.
Core rubblized. Finer grain sand near base, with tight cement. Leisigang bands
throughout.
-Light gray-maroon sandstone.
-Light gray-tan-light red sandstone. Cross-bedded in part and disruptive to obscure
bedding in rest. Faint light green localized streaks.
-Tan-gray-maroon sandstone. Common black-red hematitic staining and pyrite
along cross-bed sets.

Intertidal

End of Core run 5,562.55'.

5,563

