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The objective of this study is to characterize heterogeneity, mineralogy, and
diagenetic history in the Upper Cretaceous Eutaw Formation of the Heidelberg field
Jasper County, Mississippi through analysis of the Cook-McCormick-4 core. The Eutaw
Formation in this interval ranges from fine-grained sandstone to siltstone and contains
interbedded oil-rich sandstone beds. The Eutaw Formation is heterogeneous and thus an
excellent formation for testing enhanced oil recovery methods, such as Microbial
Permeability Profile Modification (MPPM). The reservoir characterization data compiled
here in can be applied to analogous unit, and used to improve secondary and tertiary oil
recovery efforts in oil fields located in central Mississippi.
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CHAPTER I
INTRODUCTION

The objectives of this study are to document the heterogeneity, mineralogy, and
diagenetic history of the Eutaw Formation by study of the Cook-McCormick Core. The
core was characterized to determine the degree of heterogeneity with respect to lithology
and porosity as well as the mineralogic composition and the paragenetic sequence of
authigenic components. The hypothesis to be tested is that this unit will be an excellent
site to test new enhanced oil recovery methods. This project is significant because it will
be used to improve secondary and tertiary oil recovery efforts in oil fields located in
central Mississippi.
The proposed study is a subset of a larger study of Microbial Permeability Profile
Modification (MPPM), which is a process used in secondary and tertiary oil recovery.
The objective of the larger MPPM research is improvement of carbon dioxide sweep
efficiency by promoting growth of in situ bacteria, clogging pore throats in porous zones,
and thereby reducing the amount of oil bypassed during carbon dioxide flooding. Growth
of indigenous microbes is fueled by a mix of injector water containing phosphates and
nitrate compounds. The bacterial growth clogs pore throats in the most permeable zones,
which are the primary porous areas or evacuated sections of a reservoir. After the highest
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permeability zones are filled with bacterial mucilage, less permeable zones, where oil
remains become the preferred path for diverted carbon dioxide. This carbon dioxide helps
produce oil that would have otherwise been economically unrecoverable (Brown, 2002).
MPPM research is the result of a grant funded by The United States Department
of Energy and carried out by a partnership between a team of microbiologists and
geologists at Mississippi State University and Denbury Resources, Inc. As a contributor
to this project, Denbury Resources, Inc. provided access to live (kept anoxic) and
conventional core samples for Mississippi State University, including, the CookMcCormick Core and associated well logs.

Literature Review
The Cook-McCormick Core was taken from the Eutaw Formation (Upper
Cretaceous) between depths of 4,605-4,790.3 ft in the Heidelberg oil field from Jasper
County Mississippi (Figure 1.1; Oxley and Herlihy, 1974). The Heidelberg reservoir is
located in the southeast portion of Jasper County, in Twp. 1 N., Rges. 12 E. and 13 E.,
and Twp. 10 N., Rges. 10 W. and 11 W. as well as, 9 mi (14.5 km) south of Paulding
County; (Shreveport Geological Society, 1945).
The Eutaw Formation is approximately 4,500-5,500 ft (1,372.0-1,676.8 m) thick
in the subsurface (Figure 1.1; Oxley and Herlihy, 1974) in Jasper County Mississippi.
The unit crops out from the southwest corner of Tennessee, across Mississippi and
Alabama, to the central western portion of Georgia (Hilgard, 1860; Stephenson and
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Figure1.1 Heidelberg structure. East-west cross section of Heidelberg field illustrating depth of the Eutaw Formation in central
Mississippi and salt doming as the cause for the Heidelberg Sand-Hill Graben System. Modified from Oxley and
Herlihy (1974).
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Monroe, 1940). In the northwest corner of Mississippi, the Eutaw Formation generally
strikes north toward the embayment, and generally dips southwest; this is attributed to the
trough-like structure of the basin (Bicker, 1977). Upper Cretaceous beds form arcuate
prisms that thicken down dip, toward the embayment.
The prolific nature of the Heidelberg field is partly attributed to local structural
controls and partly credited to stratigraphic controls. The reservoir is part of the
Heidelberg-Sand Hill Graben System (Figure 1.2), which extends 55 mi (88.6 km) from
Jasper County to Greene County, in southeastern Mississippi (Hughes, 1960; McLeod,
1960; Bowman and Meylan, 1986). The graben system is bounded to the west by a
laterally continuous fault dipping to the east and to the east, by a series of en echelon
faults dipping west (Figure 1.2; Bowman and Meylan, 1986). The Heidelberg-Sand Hill
Graben system has formed as a result of salt doming and associated faulting (Figure 1;
Wallace, 1944; Currie, 1956; Hughes, 1960; McLeod, 1960). Eleven oil fields have been
discovered in the graben network, and the Heidelberg field has been the most productive
of the fields, generating 107 million barrels by 1984 (Bowman and Meylan, 1986). With
secondary and tertiary extraction, projections suggest that the Heidelberg field and
surrounding reservoirs have the potential to produce millions of barrels more. The known
reserves of the field have been described as being “the most sought after wells in
Mississippi” (Greer, 1995).
The Cook-McCormick core was chosen for this study because it meets several
criteria. First, cores extracted from the Eutaw Formation in Heidelberg wells are
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Figure 1.2 Map of Heidelberg field. Illustration of the Sand-Hill Graben system, a
network of faulting that contributes the prolific nature of the
Heidelberg oil field. Modified form Hughes (1960).
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described as poorly cemented sands, thus, the majority of wells in the Heidelberg field
have encountered poor core recovery. Because the Cook-McCormick core remained
solidified sandstone after removal from the well, it became a prime candidate for the
project. Second, this study aims to quantify the mineralogy and porosity of a reservoir
core to facilitate removal of oil by secondary and tertiary means, therefore Heidelberg
field’s prolific and porous reputation also made it a prime candidate for this study.

Stratigraphy
In the Heidelberg reservoir, the Eutaw Formation is capped by the Selma Group
and underlain by the Tuscaloosa Formation (Figure 1.1) (Hughes, 1960). However,
further north, the Eutaw Formation is capped by the Coffee Sand and Mooreville
Formation, and underlain by the McShan Formation (Figure 1.3) (Sohl et al., 1991).
When the stratigraphic relationships of the Eutaw Formation were first mapped by
Hilgard (1860), the Tuscaloosa Formation was included as part of the Eutaw Formation.
and the Tombigbee Sand was labeled a group between the Eutaw Formation and the
Selma Group. Later Smith and Johnson (1887) separated the Tuscaloosa Formation from
the Eutaw Formation, because of the unconformable contact they shared, and the
Tombigbee Sand was grouped as a member of the uppermost Eutaw. Carr (1954) found
that the Tombigbee Sand was a member of the Eutaw Formation, because the contact
between the two was gradational. The Selma Group, which is deposited after the
Tombigbee Sand Member, is described as an infilling sequence that unconformably
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Figure 1.3 Stratigraphic column. Stratigraphy from Cenomanian to
Maastrichtian stage. Simplified correlation chart of the
Upper Cretaceous (and Eutaw) formations of the
northeastern Gulf of Mexico7Basin. Modified from Sohl
(1991).

overlies the Eutaw Formation (Stephenson and Monroe, 1938, 1940; McGlothlin, 1944;
Mancini and Pucket, 2002).
Mancini and Puckett (2005) suggest that relationships between strata in the
Western Gulf Coast (Mississippi area) can be described as T-R cycles (transgressiveregressive cycles) and the cycles can be compartmentalized and bound between specific
types of unconformities. According to Mancini and Puckett (2005) (Mancini et al., 1994)
the unconformable contact between the Tuscaloosa Formation and the Eutaw Formation
can be classified as a regional unconformity that coincides with a regional fall in base
level. The hiatus is thought to represent a time interval of two million years, from the
Turonian to Mid Coniacian (Mancini and Puckett, 2002). The contact observed between
the Tombigbee Sand and the Eutaw Formation is described as a surface of ravinement, or
the surface marking a transition between an aggrading interval to a transgressive
backstepping interval (Mancini et al., 1995; Mancini and Puckett, 2002; Mancini and
Puckett, 2005). This interval stretched from the Middle Santonian to the Middle
Coniacian (Figure 1.3). Mancini and Puckett (2005) interpret the Moorville Chalk (the
lower member of the Selma Group) and the Eutaw Formation facies to constitute an
entire T-R cycle and the disconformity between the formations to signify marine
transgressions or maximum flooding surfaces (Greer, 1995; Mancini et al., 1995), where
the deposits shift from glauconite-rich, fossiliferous sands to marl and chalk (Mancini,
1994). The hiatus between the formations is suggested to have lasted from the Santonian
to the Early to middle Campanian (Savrda and Nanson, 2003; Mancini and Puckett,
2005). Earlier work (Mancini et al., 1995) suggests the strata from this cycle represent a
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time span between 1 and 12 million years. Mancini and Puckett (2002) also note that
facies modeling a complete cycle of transgressive backstepping and regressive infilling,
such as the Mooreville and Eutaw formations, should be principle exploration targets, and
anticipate these types of sandstone to be prolific.

Lithology and Depositional Environment
Tombigbee Sand Member
The Tombigbee Sand Member sediment package was deposited in a fluvial
environment while the Eutaw Formation was deposited in a paralic, shallow marine
environment. According to Mancini (1994) the Tombigbee Sand Member contains very
fine to fine grained glauconite, calcareous, fossiliferous, micaceous, bioturbated (Morse
et al., 1943), massive-bedded, marine shelf quartzose sand (Soens, 1984). These deposits
can be interpreted as inner to middle neritic (Mancini, 1994). Morse et al. (1943) found
the Tombigbee Sand Member to be locally interbedded with indurated calcareous
sandstone and silty clays. Morse et al. (1943) also found that down dip the unit became
more calcareous. Up to 73 different megafossil genera are found throughout the unit and
many more microfossils (Soens, 1984). Macrofauna present within the unit are
gastropods, scaphopods, cephalopods, and bivalves (Mancini, 1994) as well as,
crustaceans, fish, mammals and reptiles (Soens, 1984), while microfauna found include,
foraminifera, ostracodes, and calcareous nannoplankton (Mancini, 1994). Exogyra
Ponderosa are particularly common in the Tombigbee Sand Formation (Needham, 1934;
Torries, 1964). Nearshore currents and wave activity in an extended shallow sea are the
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suggested (Soens, 1984) cause of marine diversification and fine grain and silt suspension
settling. According to Soens (1984) fine sediment and intense bioturbation caused an
unstable substrate, and consequently an epifaunal environment.
When measured initially, the Tombigbee Sand Member was found to be 100 ft
(30.5 m) or less in thickness (Morse et al., 1943). Later, well measurements in Perry
County, Alabama, showed that the unit was 157 ft (47.9 m) thick (Monroe, 1964). In
Aberdeen, Monroe County, Mississippi, Torries (1964) and Shaw (1970) found the
Tombigbee Sand to be over a 100 ft (30.5 m) and documented the presence of numerous
bentonite beds. Recent calculations from western Alabama suggest that the Tombigbee
Sand Member is approximately 80 ft thick (Mancini, 1994).

Eutaw Formation
Original characterization of the unit (Stephenson and Monroe, 1940; Morse et al.,
1943) describes sands as highly glauconitic, and containing strings of pebbles as well as
chert gravel. Additionally, lignite, plant fragments, clay laminations and massive layers
of mostly dark grey and black clay were noted in original literature (Stephenson and
Monroe, 1940; Morse et al., 1943). Sands appear white, gray, and greenish gray where
fresh, and yellow, red, purple, and brown where weathered (Torries, 1964).
In outcrop, local pockets of gravel, lignite (Morse et al. 1943), phosphate nodules,
shark teeth, and sideritic mollusk molds (Mancini, 1994) are found at the contact of the
Eutaw Formation and the Tombigbee Sand Member. In Northeastern Mississippi, the
contact between the Tombigbee Sand Member and the Eutaw Formation is gradational
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and is marked by cross-bedded sands and laminated clay (Vestal and McCutcheon, 1943).
Outcrops of the Eutaw Formation in Alabama and Mississippi are described as
glauconitic, fine-grained, micaceous sand and thin-bedded clay, which is a massive, thick
bedded, glauconitic, micaceous, and fossiliferous, with fine quartz sand upsection (Sohl
et al., 1991). Recent petrographic analysis of the Eutaw Formation found that induration
in outcrop is uncommon and often the unit is poorly lithified. Cemented areas had
experienced many episodes of cementation and iron oxides and hydroxides were found to
be the main cementing agents (Culpepper et al., 2003).
Ophiomorpha burrows are common in the Eutaw Formation, though Mancini
(1994) found no calcareous microfossils in the unit. Soens (1984) also found that the
Eutaw Formation contains clay laminations and that structures in the unit, such as festoon
and tabular cross-bedding, dip northwest to west. Clay clasts are found locally and fauna
are poorly preserved as well as being in low abundance. In the Eutaw Formation,
dolomitization is absent and calcite is the primary cement (Soens, 1984).
Few subsurface studies of the Eutaw Formation in central Mississippi have been
produced. Greer (1995) focused on sediments from the Upper Cretaceous in the
Heidelberg Field, but also noted down dip, the Eutaw Formation contains fine to very
fine grained sands that are occasionally fossiliferous and commonly contain muscovite
and glauconite. In subsurface, the upper Eutaw Formation is comprised of massive
calcareous to noncalcareous, glauconitic sand and micaceous shale (Sohl, 1991). In
contrast, the lower Eutaw is laminated, carbonaceous, contains dark grey shales, and
sands that are commonly glauconitic (Sohl et al., 1991). The Eutaw is suggested to
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become a marly and dense chalk in southern-most Mississippi, and can contain bentonites
and other pyroclastic sediment (Merrill, 1983). The Eutaw Formation sediments found in
western Alabama were deposited in a typical marine environment (Mancini and Puckett,
2005; King, 1994). Sohl et al. (1991) explains that Eutaw Formation sediments were
likely deposited in a high-energy transgressive pulse. A high-energy depositional
environment is indicated by the coarser grained sediments that are found in the Eutaw
Formation (as compared to the underlying McShan Formation).
Measurements of the Eutaw Formation in outcrop approximated thickness to be
90 ft through northwest Mississippi and western Alabama (Soens, 1984). Shallow well
tests adjacent to outcrops in Monroe County, Mississippi, (outside Aberdeen) penetrated
315 ft (96.0 m) and did not reach the bottom of the unit (Morse et al., 1943). The Eutaw
Formation dips approximately 30 ft (9.2 m) to the mile to the south (Morse et al., 1943).
Cretaceous units have been found to dip approximately 30-40 ft (9.2-12.2 m) per mile to
the southwest (Morse et al., 1943; Torries, 1964).

Mineralogy and Provenance
The mineralogy and provenance of Lower Eutaw deposits is poorly documented.
In contrast, the mineralogy and provenance of the Tombigbee Sand Member is well
documented. According to Needham (1934), in the Tombugbee Sand Member, quartz
grains lacked major abrasion, muscovite is plentiful, and epidote and garnet are the most
abundant heavy metals. The abundance of quartz and presence of muscovite, epidote,
sillmanite, kyanite, and garnet are indicative of a metamorphic provenance, possibly
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schists, gneisses, and impure limestones (Needham ,1934). In addition, the presence of
ilmanite, zircon, titanite, tourmaline, quartz, small amounts of orthoclase, muscovite and
biotite suggests a provenance of plutonic rocks and high -temperature veins (Needham,
1934). Lack of abrasion in grains suggests a proximal and crystalline source as well as
deposition above wave base. These findings suggest the pre-Cambrian and Early
Paleozoic southern Appalachians as the provenance (Needham, 1934).
Heavy minerals and clays constitute 10% of the contents of the Tombigbee Sand
Member while the remaining 90% is largely quartz, muscovite, and glauconite
(Torries,1964). Glauconite grains can be divided into two categories, globular shaped and
solid green, and spheroidal grains with alternating dark and light green layers. Pyrite was
also found to be the most common of the heavy minerals (2% of the sand). Glass shards
have been reported from the sand and montmorillonite, vermiculite, kaolin, and mica
were the most abundant clay minerals (Torries, 1964). Based on the presence of minor
amounts of euhedral feldspars and hexagonal biotite (Mellen, 1958), glass shards, and
bentonite beds a volcanic source for at lease a portion of the sediments in the Tombigbee
Sand Member is suggested (Torres, 1964).
Though previous research has examined characteristics of the Eutaw Formation in
outcrop and subsurface of northeastern Mississippi, none have examined the Eutaw
Formation in the subsurface of central Mississippi. Results from this study will explore
heterogeneities in the core by using core logs, thin sections, and Scanning Electron
Microscopy (SEM). After samples have been characterized, in order to improve tertiary
oil recovery in carbon dioxide sweep, samples will be compared in terms of mineralogy,
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porosity and lithology. This study is significant because documenting that the CookMcCormick core and therefore the Heidelberg reservoir are heterogeneous will show that
this is an excellent site to test, Microbial Permeability Profile Modification (MPPM) in
association with carbon dioxide flooding.
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CHAPTER II
METHODOLOGY

Core Log
After the Cook-McCormick Core was received by Mississippi State University, it
was laid out in succession in Research Building A, Mississippi State University. To
quantify the Cook-McCormick cores’ macro-scale elements, a core log was generated
(Appendix 1). The core was logged in three foot sections and included a description of
the rock type, contacts, sedimentary structures, induration, and grain size (Appendix 1).
In addition, the log correlated a cross sectional view of the core to each 3 ft section. All
remaining details that did not fit into said categories were lumped into a column labeled
“comments”. Elements such as possible mineralogy, possible sources of cement, visible
oil content, and concretions or other noted sedimentary structures were included in the
“comments” category.

Thin Section Petrography
Sample locations for thin section analysis were chosen based on visible
heterogeneity. Locations chosen were recorded on the core log and photographed for
better correlation. To prepare thin sections, a small piece of rock was shaved off the back
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of the core with a rock saw. Each section was cut to thin section dimensions. Canola oil
was used as lubrication for the saws instead of the water due to the high clay content of
certain units (when the clay is exposed to water it swells). After each slice was cut from
the core, it was placed in a plastic Zip-lock bag and labeled according to core depth,
sample number and whether the sample contained visible oil traces. Once the sections
were prepared, they were sent to Spectrum Petrographic, Inc. to be cut into 30 micron
thick slices and placed on glass slides. Spectrum Petrographic, Inc. was instructed to
include blue epoxy, EPOTEK-301 (to better show porosity) and potassium feldspar
staining, sodium cobaltnitrite reagent (to show differences in feldspars) on the slides.
When thin sections were prepared, sent back to Mississippi State University, and
examined with petrographic microscopes. Samples were point counted to quantify and
identify mineralogy and grain size.

Scanning Electron Microscopy
After reviewing thin sections, samples from key areas of core and outcrop were
photographed using Scanning Electron Microscopy (SEM) imaging. SEM was conducted
to image cement, pore, and grain relationships. SEM work was completed on the
Mississippi State University campus at the Electron Microscope Center (EMC) using a
Field Emission Scanning Electron Microscope (FESEM) microscope. To prepare samples
for imaging, samples were chiseled down to approximately 3-4 mm in diameter. Samples
were mounted on aluminum stubs with double-sided carbon tape. To ensure adhesion to
the stub, a small amount of hot glue was applied between carbon tape and stub. Next, the
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samples were coated using the Polaron SEM Coating System. The coating was Gold
Palladium and applied at a thickness of <40 nm or less. To achieve the desired thickness,
the settings of the Polaron SEM Coating System were set at, 20 mA, 2.4 kV for a
maximum of 30 seconds (Folk and Lynch, 2001). To ensure charging did not impede
imaging, samples were surrounded by a small amount of silver paste. Finally, samples
were examined using the FESEM.
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CHAPTER III
RESULTS

Core
The Cook-McCormick core was taken from the Eutaw Formation (Upper
Cretaceous), in the Heidelberg field, between 4,606-4,790.3 ft (1,404.3-1,460.5 m), with
no data recovery between 4,609.1-4,618 ft (1,405.2-1,407.9 m), 4,652-4,680 ft (1,418.31,426.8 m), and 4,722.2-4,740 ft (1,439.7-1,445.1 m) (Figure 3.1; Appendix 1). Grain
size ranges from medium grained to silt, although the majority of grains are fine to veryfine. The core is variably lithified. Well indurated sections are up to 9 ft (3 m) thick and
can be as little as 1-2 inches (2-5 cm) thick (Figure 3.2), and are often associated with
oyster fossils (Figure 3.3, 3.4).
The core is a sequence of upward coarsening sandstone and siltstone. Sandstone
layers at the bottom of the core are only inches thick and very-fine grained; these
relatively clay-poor rocks are surrounded by heavily bioturbated siltstone and shale that
are volumetrically more significant than the sandstone sections (Figure 3.5; Appendix
1). In the upper portion of the core the relative amount of the fine to medium grained,
laminated sandstone increases and the units can be as thick as 5 to 6 ft (2 m) (Figure
3.6), separated by siltstone and
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Figure 3.1 Core log and samples. Chart showing depth
of sample locations with corresponding
19each sample.
average grain size counts for
Locations examined with SEM and sections
containing oil are also indicated.

Figure 3.2 Induration. Each box of the core holds a 3 ft (1 m) interval. This 9
ft (3 m) (4,695-4,704 ft, 1,431-1,434.2 m), well indurated section
(highlighted by yellow boxes) demonstrates the maximum
thickness of well cemented sandstone in the core.
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Figure 3.3 Induration associated with oyster shells I. A 5 ft (2 m)
section of well indurated core (4,742-4,747 ft,
1,445.7-1,447.3 m ) and associated oyster shell
fragments (white crescent-shaped clasts).
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Figure 3.4 Induration associated with oyster shells II.
Well cemented unit (4,800-4,803 ft, 1,463.41,464.3 m) associated with oyster shells (O)
and brick red pockets (R).
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Figure 3.5 Sandstone units in lower core. 4,790.5-4,801 ft (1,460.5-1,463.7 m)
Much of the lower core consists of heavily bioturbated siltstone, ft
thick, inter-mixed with 2-10 in. (5.1-25.4 m) thick pockets of very
fine grained sandstone (red boxes indicate sandstone). Sandstone
sections here are brown because they contain oil.
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Figure 3.6 Sandstone units in the upper core. The amount of fine and medium
grained sandstone increases in the upper portion of the core (shown
here between 4,686-4,690 ft [1,428.7-1,429.9 m] and 4,692.5-4,701
ft [1,430.5-1,433.2 m] with red boxes) separated by equal or
smaller bioturbated siltstone units (shown here between 4,6904,692.5 ft, 1,429.9-1,430.6 m with yellow boxes). Dark brown
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shale (Appendix 1). With few exceptions, laminated sandstone sections contain oil.
Intervals containing oil are limited to the uppermost 80 ft (24 m) and the lowest 40 ft
(12 m) of the core with no oil sections in the middle (Appendix 1). Oil-rich sandstone is
distinct for their sulfurous odor and occasionally for their oozy, sticky nature. Oil can
also be discerned by a light brown or orange tint (Figure 3.7) evident in hand sample.
Sections containing oil (and their corresponding samples) in the uppermost 80 ft (24 m)
of the core are; 4,628-4,628.7 ft (1,411.0-1,411.2 m), 4,628.9-4,629.5 ft (1,411.31,411.4 m), 4,634.5-4,637.5 ft(1,413.0-1,413.9 m), 4,642.1-4,646.7 ft (1,415.3-1,416.7
m), 4,651.5-4,652 ft (1,418.1-1,418.3 m), and 4,685.1-4,686.3 ft (1,428.4-1,428.8 m).
Sections containing oil in the lowermost 40 ft (12 m) of the core are; 4,773-4,773.2 ft
(1,455.2 m), 4,774.5-4,774.7 ft (1,455.6 m), 4,776.5-4,777 ft (1,456.3-1,456.4 m),
4,777.6-4,777.8 ft (1,456.4-1,456.7 m), 4,790-4,791 ft (1,460.4-1,460.7 m), and 4,7964,796.8 ft (1,462.2-1,462.4 m). Relative sizes of oil-rich sandstone is also shown on
Appendix 1.

Fabrics and Macro Detritus
Fabrics observed in the Cook-McCormick core are bioturbation and laminaions.
Bioturbation occurs in siltstone and sandstone while laminae occur solely in sandstone
(Figure 3.8). Textures range from well laminated to massive (Figure 3.8). Coarsergrained sandstone is laminated by clay (Figure 3.8). Contacts between coarse grained,
well laminated, oil-rich sandstone and fine grained,
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Figure 3.7 Oil-rich Sandstone. (A) Laminated sandstone from 4,464 ft
(1,361.0 m) containing oil. Presence of oil is discernable due to
oozing and dark color. (B) Fine grained 6 inch thick laminated
sandstone from 4,635 ft (1,413.1 m) showing lighter oil staining.
Presence of oil is clear from a light brown to light orange
appearance.
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Figure 3.8 (title continued on next page)
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Figure 3.8 Laminations. (A) 4,686 ft (1,428.7 m) Oil-rich sandstone is
laminated by clay matrix and has sharp contacts with overlying
and underlying siltstone. (B) 4,688 ft (1,429.3 m) Clay
laminations are also present in oil-free sections or matrix
dominated sections though matrix dominated sections are
usually massive. (C) 4,636.5 ft (1,413.6 m) Example of typical
matrix rich, massive, siltstone grading into laminated sandstone
where muscovite grains indicate bedding. Upper and lower
micrographs correspond to their locations on the hand sample photo.
(D) 4,785.4 ft (1,459.0 m) Siltstone dominated section demonstrating
massive texture. (E) 4,807 ft (1,465.6 m) Alternating detrital
matrix and
authigenic
massive, clay-rich
sections
can begreen
sharpclay.
or gradational (Figure 3.8). Clay can also
be the source of laminations in matrix-dominated sections of the core, although, the vast
majority of fine grained to clay-sized samples are massive (Figure 3.8). Samples
containing light and dark laminations consist of alternating clay layers (dark) and
authigenic green clay (light) (Figure 3.8).
Oysters, green sand, and wood are detrital particles observable in hand sample.
Oysters are commonly found in association with calcite cement although where oysters
are found in association with oil, samples are poorly indurated (Figure 3.9). Green sand
is also associated with oysters and calcite cement. Wood particles are generally found in
well indurated sections.

Thin Section Microscopy and Scanning Electron Microscopy (SEM)
A total of 41 thin sections (Figure 3.1) were examined from the Cook-McCormick
core and 300 point counts were taken from each. These point counts are described
compositionally in terms of framework (F), matrix (M), cement (C), and porosity (P)
(FMCP). Point count data that is not included in the FMCP
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Figure 3.9 Oysters in association with oil. Example at
4,686 ft (1,428.7 m) of oyster fragments
(small clasts in image) present with oil stains.
Where oysters are present with petroleum,
samples are poorly indurated.
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categorization will be addressed at the end of this section in “Other Components”. Point
count data is also supplemented with SEM imaging in this section.

Framework Grains
On average, framework grains comprise 59% of total grains in the core (Figure
3.10). Sample 4,787.5 ft (1,459.6 m) contains the smallest percent of framework grains,
(44%) and sample 4,784.5 ft (1,458.7 m) contains the largest percent of framework
grains, (74%) (Figure 3.10). Framework grains are largely comprised of quartz,
glauconite, rock fragments, and feldspars. Minor constituents of clay clasts,
pseudomatrix, zircon, and apatite were also found.
Quartz is the most common framework grain averaging 40% of each sample
(Table 3.1). Sample 4,800 ft (1,463.4 m) and sample 4,801.5 ft (1,463.9 m) contain the
smallest percent of quartz, (29%) and 4,798 ft (1,462.8 m) contains the largest percent
of quartz, (54%) (Figure 3.11). Quartz is the most commonly found grain in the core and
is identifiable for its low birefringence, lack of cleavage and twinning, and low relief
(Figure 3.12).
The second most common framework grain is glauconite, which averages 6% of
each sample (Table 3.1; Figure 3.11). Sample 4,642 ft (1,415.2 m) contains the smallest
percent of glauconite grains, (< 1%) and sample 4,747.4 ft (1,447.4 m), contains the
largest percent of glauconite grains, (23%) (Figure 3.11). In thin section, glauconite
grains are characterized most for their bright Kelly green coloration
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Figure 3.10 FMCP chart. Chart showing the percent of framework,
matrix, cement, and porosity present in samples.
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Table 3.1 Grain type averages. Total averages
of individual minerals and clasts as
well as framework grains, matrix,
cement, and porosity. Averages
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Figure 3.11 Types of framework grains chart. Chart showing the percent
of quartz, feldspars, glauconite, and rock fragments in each
sample.
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Figure 3.12 Quartz. (A) 4, 645.8 ft (1,416.4 m) pp and (B) 4, 645.8 ft (1,416.4
m) pp. Typical quartz grains (Q) dominating field of view and
demonstrating low birefringence, no cleavage or twinning, and
low relief.
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in transmitted and polarized light. Glauconite grains are well rounded
though this is not usually an indication of abrasion because grains are fecal pellets
deposited locally or in situ (Figure 3.13). Well preserved glauconite grains are green to
green-yellow in color and display a granular texture in polarized light
(Figure 3.13). Altered glauconite appears partially deformed or dissolved. Deformation
can include filling of adjacent pore space and embayment by surrounding grains (Figure
3.13). Because glauconite is susceptible to this type of ductile deformation, glauconite
commonly forms pseudomatrix (Figure 3.13). Where glauconite grains are present in
sandstone with oil, they display an atypical, brown, leached appearence (Figure 3.13).
Electron Dispersive Spectrometry (EDS) was used in conjunction with SEM to confirm
the presence of glauconite in some samples (Figure 3.14).
The third most common framework grain is feldspar, which averages 7% of each
sample (Table 3.1). Sample 4,747.4 ft (1,447.4 m) contains the smallest percentage of
feldspars, 2%, 4,624 ft (1,409.8 m) contains the largest percentage of feldspars, 18%.
On average, each sample contains 4% potassium feldspar and 4% plagioclase (Table
3.1). Sample 4,606 ft (1,404.3 m) contains the smallest percent of potassium-rich
feldspars, <1%, and samples 4,774 and 4,774.5 ft (1,455.5 and 1,455.6 m) contain the
largest percent of potassium-rich feldspars, 9.0% (Appendix 2). Sample 4,756.4 ft
(1,450.12 m) contains the smallest percent of plagioclase feldspars, <1%, and sample
4,624 ft (1,409.8 m) contains the largest percent of plagioclase feldspar, 9.33%
(Appendix 2). Plagioclase grains and potassium feldspar are distinct
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Figure 3.13 Glauconite. (A) 4,785.4 ft ( 1,459.0 m) xp. Glauconite (G) is
typically well rounded and green to yellow-green with granular
texture in. (B) 4,785.4 ft (1,459.0 m) pp. Numerous glauconite
grains displaying bright green and yellow green color. (C) 4,606 ft
(1,404.3 m) pp and (D) 4,606 ft (1,404.3 m) pp. Glauconite (G)
grains in samples not containing cement compact into surrounding
pores and form pseudomatrix. (E) 4,790.3 ft (1,460.5 m) pp and (F)
4,790.3 ft (1,460.5 m) pp. Leached glauconite grains “G’ from oilrich samples.
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Figure 3.14 Glauconite imaging (SEM). (A) 4,745.5 ft (1,446.8 m) and (B)
4,745.5 ft (1,446.8 m) Photomicrographs of well rounded, well
preserved glauconite grains (center of micrograph) in matrix.
Glauconite composition confirmed with Electron Dispersive
Spectrometry (EDS).
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for their twinning (Figure 3.15) and dissolution variably affects those twinning planes.
Feldspars located in porous reservoir sandstone demonstrates little alteration, while
feldspars found associated with cements, matrix, or in porous non-reservoir sandstone
shows minimal dissolution (Figure 3.15).
The fourth most common framework grains are rock fragments, which average
3% of each sample (Table 3.1). Sample 4,708.5 ft (1,435.5 m) contains the smallest
percentage of rock fragments, <1%, and sample 4,636.5 ft (1,413.6 m) contains the
largest percentage of rock fragments, 9% (Figure 3.11). Rock fragments present include
polycrystalline quartz, chert, chalcedony, and “rock fragments”, which is used to
categorize rock fragments that did not fall under the other titles. On average, 2% of the
rock fragments observed were labeled rock fragment (miscellaneous), <1% were labeled
polycrystalline quartz, <1% were labeled chert, and <1% were labeled chalcedony.
Rock fragments (including polycrystalline quartz, chert, and chalcedony) are distinct
because they have domains with differences in extinction in the bounds of a single
grain. Igneous rock fragments especially exhibit this behavior and they typically have at
least two different minerals with in their grain boundaries such as biotite or muscovite.
Polycrystalline quartz display an almost microcrystalline texture or small compartments
within one grain which all become extinct on different rotations, making the grain
appear granular in crossed polarized light. Chert and polycrystalline quartz share similar
texture except chert has much smaller domains of extinction. Chalcedony is distinct for
its brown to orange tint in transmitted light.

38

Figure 3.15

Feldspars. (A) 4,648 ft (1,417.1 m) pp and (B) 4,785.4 ft
(1,459.0 m) xp. Examples of potassium-rich feldspar indicated
by twinning and yellow staining (sodium cobalnitrite reagent),
which appears as circular yellow bubbles on potassium-rich
grains. (C) 4,648 ft (1,417.1 m) xp and (D) 4,785.4 ft (1,459.0
m) pp. Examples of plagioclase feldspars indicated by a lack of
yellow stain combined with twinning. (C) A porous sandstone
with feldspar grain. (D) Feldspar displaying dissolving edges
and bound in calcite cement. (E) 4,798 ft (1,462.8 m) pp and (F)
4,798 ft (1,462.8 m) xp. Plagioclase feldspar dissolving along
preferred crystallographic planes in porous sandstone.
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Texture demonstrated by chalcedony in polarized light consist of fibrous blades
that can exhibit sweeping extinction (Figure 3.16).
Although they only make up a small percent of framework grains, clay clasts,
zircon, and apatite account for approximately 2% of framework grains. Clay clasts are
present in 28 of the samples and on average comprise 1% of samples (Table 3.1; Figure
3.17). Zircon is present in 13 samples and on average comprises <1% of samples (Table
3.1). Though identifiable for high relief, zircon is also noticeable for high birefringence
(Figure 3.17). Apatite is present in 11 samples and on average comprises <1% of
samples (Table 3.1). Generally, apatite occurs as elongate crystals and exhibits high
relief (Figure 3.17).

Matrix
On average, matrix comprises 7% of the core (Figure 3.18, Table 3.1). Samples
4,628 ft (1,411.0 m), 4,686 ft (1,428.7 m), 4,686 ft (1,428.7 m), 4,756.4 ft (1,450.1 m),
4,783.3 ft (1,458.3 m), 4,783.3 ft (1,458.3 m), and 4,625.5 ft (1,410.2 m) contain no
matrix (Figure 3.17). Sample 4,807.5 ft (1,465.7 m) contains the largest percent of
matrix, (32%) (Figure 3.18). Matrix occurs as both massive and laminated with
alternating layers of green authigenic clay (Figure 3.19). SEM images of matrix show
that the clay is both massive and honeycomb-like or lenticular and cornflake textured
(Figure 3.20). Electron Dispersive Spectrometry shows chemical components of the
massive portion of these SEM images and results imply that this is smectite clay.
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Figure 3.16

Chalcedony. (A) 4,785.4 ft (1,459.0 m) pp and (B) 4,785.4 ft
(1,459.0 m) xp. Chalcedony grain displaying typical sweepy
bladed extinction and appearing with an orange to cream
colored tint in plane light (C) 4,785.4 ft (1,459.0 m) xp.
Chalcedony grain in lower right and polycrystalline quartz in
upper left. Chalcedony is distinguishable from polycrystalline
quartz because it typically displays a orange to cream colored
tint in plain and polarized light. (D) 4,699.1 ft (1,432.7 m) xp.
Chalcedony grain in porous sandstone with poorly developed
bladed extinction.
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Figure 3.17

Other Framework grains.(A) 4,798 ft (1,462.8 m) xp and
(B) 4,798 ft (1,462.8 m) pp. Examples of typical clay
clasts. (C) 4,606 ft (1,404.3 m) pp and (D) 4,606 ft
(1,404.3 m) xp. Zircon grain “Z” displaying high relief
and bright birefringence. (E) 4,606 ft (1,404.3 m) pp.
Zircon crystal “Z” above glauconite grain deforming into
surrounding pore space. (F) 4,798 ft (1,462.8 m) pp.
Elongate apatite crystal evident by high relief, indicated
by “A” and arrow.
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Figure 3.18 Matrix chart. Chart showing percent of matrix in samples.
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Figure 3.19

Matrix and green clay. (A) 4,807.5 ft (1,465.7 m) pp and (B)
4,807.5 ft (1,465.7 m) pp. Alternating layers of authigenic green
clay and brown matrix. (A) and (B) Micrographs taken from
(E). (C) 4,606 ft (1,404.3 m) pp. Massive clay matrix
surrounding quartz grains. (D) 4,688 ft (1,529.3 m) pp. Pockets
of authigenic green clay that still resemble their predecessor,
glauconite. (E) 4,807.5 ft (1,465.7 m) and (F) 4,688 ft (1,429.3
m) pp. Examples of the bedding caused by clay laminations. In
(A) (B) and (E) the bedding is the result of alternating layers of
green (authigenic) and brown (detrital) clay matrix, while (F)
contains only brown clay matrix. Glauconite grains (G)
squeezing into pore space and adjoining authigenic green clay
matrix patches.
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Figure 3.20

Matrix imaging (SEM). (A) 4,624 ft (1,409.8 m) Massive
(detrital) clay matrix in the center of micrograph and associated
crystalline flakey clay (authigenic). (B) 4,624 ft (1,409.8 m)
Massive clay matrix in the lower right triangle and associated
pseudo-honeycomb textured crystalline clay. (C) 4,624 ft
(1,409.8 m) Corn flake like crystalline clay matrix. (D) 4,624 ft
(1,409.8 m) Example of pseudo-honeycomb textured matrix
lining a muscovite grain.
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Cement
Cement comprises 14% of the core (Figure 3.21; Table 3.1). Sample 4,688 ft
(1,429.3 m) contains the smallest percent of cement, <1%, and sample 4,745 ft
(1,446.7 m) contains the largest percent of cement, 48% ( Figure 3.21). The cements
present are calcite, quartz overgrowths, authigenic green clay, and siderite (Figure 3.22).
Minor amounts of pyrite and iron oxides were also found in the core.
Quartz overgrowths are present in most samples and are volumetrically the
second most common cement averaging 3% (Table 3.1, Figure 3.23). Sample 4,642 ft
(1,415.2 m) contains the largest percent of quartz overgrowths counted, 16% (Figure
3.23). Samples 4,624 ft (1,409.8 m), 4,708.5 ft (1,435.5 m), and 4,787.5 ft (1,459.6 m)
do not contain quartz overgrowths. Quartz overgrowths can exhibit “dust rims” were
detrital grains and authigenic quartz contact, however, these rims are not always present.
Quartz overgrowths are easy to locate with SEM however, difficult to see in thin section
unless displaying euhedral terminations (Figure 3.24 and 3.25).
Pyrite is also present in most samples and averages approximately 1% (Table
3.1). Although pyrite was seen in all thin sections, in 14 samples no pyrite was counted.
Sample 4,777 ft (1,456.4 m) contains the largest percent of pyrite, 8%. Pyrite is opaque
in plain light and in polarized light though it is distinct in reflected light because of its
gold luster (Figure 3.26). Although pyrite is one of the least volumetrically significant
cements, it is present in all samples.
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Figure 3.21

Cement chart. Chart showing the percent of cement in each
sample.
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Figure 3.22

Types of cement chart. Chart showing the percent of quartz
overgrowths, siderite, calcite, and green clay in each sample.
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Figure 3.23

Quartz overgrowths chart. Chart showing percent of quartz
overgrowths in samples
49

Figure 3.24

Quartz overgrowths I. (A) 4,790.3 ft (1,460.5 m) pp. Small dust
rims line the contact between the detrital quartz nucleus and the
enveloping quartz overgrowth on the two chicken bone shaped
grains in center. (B) 4,790.3 ft (1,460.5 m) xp. The same image
in polarized light demonstrates the optical continuity of quartz
overgrowths with the underlying quartz grain. (C) 4,790.3 ft
(1,460.5 m) pp. The four detrital quartz grains in center of
micrograph contain characteristic the euhedral terminations
(which also run into each other) of quartz overgrowths. (D)
4,790.3 ft (1,460.5 m) xp. Polarized light reveals the quartz
overgrowths were precipitated in optical continuity with
underlying quartz grains.
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Figure 3.25

Quartz overgrowths II. SEM image of quartz overgrowth
(QOG) growing into and onto dissolving feldspar (F)
indentations.
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Figure 3.26

Pyrite. (A) 4,790.3 ft (1,460.5 m) pp. Authigenic pyrite appears
opaque in transmitted and reflected light. (B) 4,790.3 ft (1,460.5
m) Cubic faces on pyrite cement are visible under reflected
light.
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Calcite is the most common cement. On average, calcite constitutes 23% of the
11 samples that contain calcite (Figure 3.27). Sample 4,606 ft (1,404.3 m) contains the
largest percent of calcite (43%) (Figure 3.27). In the Cook-McCormick core calcite is
identified by rhombohedral texture in plane and polarized light (Figure 3.27). Calcite is
also poikilotopic, a textural description for calcite of a single calcite crystal that will
become extinct uniformly. All thin sections with calcite cement also contain oyster
shells (Figure 3.28).
On average green clay comprises 11% of the nine samples where it is present
(Figure 3.29). Sample 4,775 ft (1,455.8 ft) contains the largest percentage of green clay,
15% (Figure 3.29). Green clay is typically massive and commonly present with
compacting glauconite grains or pseudomatrix (Figure 3.19 and 3.20). Pseudomatrix is
present in eight of the samples and on average comprises >1% of all samples (Table
3.1). Pseudomatrix is discernable because it will be embayed by surrounding grains and
will be filling adjacent pore space while somewhat retaining original grain shape (Figure
3.13).
On average, siderite constitutes 11% of the five samples that contain siderite
(Figure 3.30). Sample 4,801.5 ft (1,463.9 m) contains the largest percent of siderite,
26%. In thin section siderite has an orange-brown tint and an oval shape, with two
slightly pointed ends. Siderite occurs as individual ‘grains’ (Figure 3.31) as well as in
clusters that can entirely occlude pore space (Figure 3.32). Sample 4,747.5 ft (1,447.4
m), siderite and calcite are found together (Figure 3.32).
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Iron oxides were present in a single at sample 4,745.5 ft (1,446.8 m), and
constitute 2% of that sample.
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Figure 3.27

Calcite chart. Chart showing percent of calcite in samples.
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Figure 3.28

Calcite cement. (A) 4,785.4 ft (1,459.0 m) xp. Example of typical
calcite cement seen in thin section samples. (B) 4,785.4 ft
(1,459.0 m) xp, (C) 4,785.4 ft (1,459.0 m) xp, and (D) 4,785.4 ft
(1,459.0 m) pp. Micrographs are all taken in the same field of
view to demonstrate different qualities of diagenetic calcite.
Comparing (C) to (B) shows a sweeping extinction of all calcite
at the same time in a 90 degree rotation of the stage. (D) Displays
the rhombohedral crystal structure of the diagenetic calcite.
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Figure 3.29.

Green Clay chart. Chart showing percent of green clay in
samples.
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Figure 3.30

Siderite chart. Chart showing percent of siderite in samples.
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Figure 3.31

Siderite.(A) 4,645.8 ft (1,416.4 m) pp. Individual siderite
crystals resemble wheat grains with an oval shape and
sometimes with pointed ends. Siderite color is brown to rusty in
plain light. (B) 4,756.4 ft (1,450.1 m) pp. Siderite as a dominant
cement occluding all pore space. (C) 4,745 ft (1,446.7 m) pp
and (D) 4,745 ft (1,446.6 m) xp. Example of siderite as
dominant cement.
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Figure 3.32

Siderite and calcite. (A) 4,747.4 ft (1,447.4 m) pp and (B)
4,747.4 ft (1,447.3 m) xp. Siderite and calcite cement present
together in the same sample. (A) In plane light siderite is
distinguishable for its oval-like shape and brown to rusty red
color while calcite is not as visible. (B) In polarized light both
calcite and siderite are easily distinguishable. (C) 4,793.5 ft
(1,461.4 m) pl. Siderite grains present in sandstone reservoir
unit. (D) 4,747.4 ft (1,447.3 m) xp. Micrographs of diagenetic
calcite and siderite, where calcite is the dominant
intergranular volume. Siderite appears to have grown in what
was once adjacent pore space and calcite may have filled the
remaining pore space.
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Porosity
All samples contain porosity. Approximately 13% of each samples is porosity
(Table 3.1, Figure 3.33). Sample 4,688 ft (1,429.3 m) contains the largest amount of
porosity, 29% and 4,785.4 ft (1,459.0 m) contains the least amount of porosity, <1%
(Figure 3.33). Porosity types were subdivided into four categories; intergranular
porosity (porosity between grains), intragranular porosity (porosity with in a single
grain), oversized porosity (porosity that appeared larger than other pore space), and
green epoxy (areas that should be stained blue but appear green) (Figure 3.34).
Intergranular porosity, or primary porosity, is the most common porosity type.
On average, intergranular porosity constitutes 12% of all porosity in samples. All
samples except sample 25 contain intergranular porosity. Sample
4,688 ft (1,429.3 m) contains the largest percent of intergranular porosity, 26% (Figure
3.35, 3.36).
Intragranular porosity is the second most common porosity. (Table 3.1; Figure
3.37). On average samples point counted contain 1% intragranular porosity (Figure
3.37). Seventeen samples do not contain intragranular porosity and sample 12 contained
the largest amount of porosity, 6% (Figure 3.35). Intragranular porosity is common in
feldspar and glauconite grains (Figure 3.36).
Oversized pores are the third most common type of porosity found in the
samples (Table 3.1; Figure 3.38). Dissolution of least competent grains is usually the
cause of oversized pores or secondary porosity. On average samples point counted
contained <1% oversized pores (Figure 3.38). Fourteen samples contain
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Figure 3.33

Porosity chart. Chart showing percent of porosity in
samples.
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Figure 3.34 Types of porosity chart. Chart showing the percent of
is easily intergranular
identified in thin
section
with blue dye
epoxy oversized
(Figure 3.36).
porosity,
intragranular
porosity,
porosity, and green epoxy in each sample.
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Figure 3.35

Intergranular porosity chart. Chart showing percent of
intergranular porosity in samples.
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Figure 3.36

Porosity. (A) 4,686 ft (1,428.7 m) pp. Micrograph of intragranular
porosity. (B) 4,686 ft (1,428.7 m) pp. Reservoir sandstone with
27% porosity and shell fragment. (C) 4,686 ft (1,428.7 m) pp.
Intragranular porosity in the center grain indicated by the outside
ring signifying the extent of the grain before dissolution. (D)
4,686 ft (1,428.7 m) pp. Two feldspar grains experiencing
dissolution causing intragranular porosity to form.
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Figure 3.37

Intragranular porosity chart. Chart showing percent of
intragranular porosity in samples.
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Figure 3.38

Oversized porosity chart. Chart showing percent of oversized
porosity in samples containing oversized porosity.
67

oversized pores and sample 4,798 ft (1,462.8 m) contains the largest percent of
oversized pores, (3%) (Figure 3.38).
Green epoxy is the least common type of porosity observed in the sample (Table
3.1, Figure 3.40). On average samples point counted contained <1% green epoxy
porosity (Figure 3.40). Three samples contain green epoxy and sample 4,686 ft (1,428.7
m) contains the largest percent of green epoxy, 6% (Figure 3.39). Green epoxy is always
present in samples that contain oil in hand sample (Figure 3.40).

Other Components
Other less-common grains found in the core are mica and organic fragments.
Muscovite and biotite mica are common in samples. Both are distinct in thin section for
high birefringence and distinct “rough birch bark” texture (Figure 3.41). Muscovite is
present in all samples with the exception of two slides and on average comprises 3% of
all samples (Table 3.1). Sample 4,708.5 ft (1,435.5 m) contains the largest percent of
muscovite, 8% (Appendix 2; Figure 3.31). Muscovite displays a range of preservation.
Grains that are extremely altered exhibit ductile deformation or dissolution (Figure
3.42). Biotite is not as common in the core as muscovite but is present in twenty-one
samples and on average comprises <1% of all samples (Table 3.1, Figure 3.41). Sample
4,775 ft (1,455.8 m) contains the largest percentage of biotite, 3% (Appendix 2; Figure
3.41). Like muscovite, biotite exhibits variable levels of alteration throughout the core
(Figure 3.42). Effects of excessive alteration for biotite include ductile deformation and
authigenic precipitation of pyrite between flakes (Figure 3.42).
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Figure 3.39

Porosity. (A) 4,787.5 ft (1,459.6 m) pp, (B) 4,787.5 ft
(1,459.6 m) pp, and (C) 4,787.5 ft (1,459.6 m) pp. Oversized
pores are indicated by voids much larger than adjacent pore
space. (D) 4,686 ft (1,428.7 m) pp. Green epoxy with dark
meniscus-like boundary in center. (E) 4,646 ft (1,416.5 m) pp.
Example of green epoxy exhibiting relief between quartz
grains. (F) 4,686 ft (1,428.7 m) pp. Dark menisci lining
grains.
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Figure 3.40

Green pores chart. Chart showing percent of green pores in
samples containing green pores.
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Figure 3.41

Mica chart. Chart showing percent of biotite and
muscovite in samples.
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Figure 3.42 Mica.
(A) 4,787.5 ft (1,459.6 m) pp. Muscovite flake displaying
no pleochroism. (B) 4,787.5 ft (1,459.6 m) xp. The same
muscovite flake showing high birefringence. (C) 4,787.5 ft
(1,459.6 m) pp. Biotite flake with rough birch bark texture and
pyrite growing in intergranular porosity.(D) 4,686 ft (1,428.7 m)
pp. Typical biotite flake marking bedding. (E) 4,646 ft (1,416.5
m) pp. Partially dissolved muscovite flake in oversized pore
space. (F) 4,686 ft (1,428.7 m) Muscovite flake marking bedding.
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Organic material that is present in the core includes wood and organic particles,
and shells. On average wood particles comprise <1% of samples (Table 3.1). Wood
fragments are present in four samples which all contained 0.33% (Appendix 2). On
average organic particles comprise 0.40% of samples counted (Table 3.1). Organic
particles are present in sixteen samples. Organic material is typically opaque in
transmitted and polarized light, and does not reflect light (Figure 3.43). Organic
particles can also have relict cell or fibrous structure and can be orange or brown tinted
(Figure 3.43). On average shells comprise 1% of samples counted (Table 3.1). Shells are
visible in thin section in six samples counted. Sample 4,686 ft (1,428.7 m) contains the
largest percent of shells, 8% (Appendix 2). In thin section shells are light pink in
transmitted light and display medium birefringence in polarized light with many
compartments which go extinct separately (Figure 3.44).
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Figure 3.43

Organic particles. (A) 4,606 ft (1,404.3 m) pp and (B) 4,606 ft
(1,404.3 m) xp. Organic material opaque in transmitted and
polarized light filling adjacent pore space. (C) 4,745 ft (1,446.7
m) pp. Example of organic material with relict fibrous internal
texture. (D) 4,745 ft (1,446.7 m) xp. Organic substance with
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Figure 3.44

Oyster Shell Fragments. (A) 4,686 ft (1,427.8 m) pp and (B)
4,686 ft (1,427.8 m) xp. Oyster shell fragment from an oil-rich
sandstone under transmitted and polarized light. (C) 4,790.3 ft
(1,460.5 m) pp and (D) 4,790.3 ft (1,460.5 m) pp. Shell
fragment (Sh) in transmitted light from sandstone oil-rich units.
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CHAPTER IV
DISCUSSION

Core Sedimentology
The Eutaw Formation consists of siltstone interbedded with sandstone sections up
to 3-4 ft thick ( 3 m) (Figure 4.1) and as thin as 0.5 inches (1.3 cm) thick (Figure 4.2).
The upper 80 ft (24 m) and lower 40 ft ( 12 m) of the core contain numerous sharp
contacts as a result of variations in lithology (grain size, laminations) and induration
(Figure 4.2). This is in contrast to the central section of the core where most contacts are
graded (Figure 4.1). Oil-rich sandstone sections between 0.5-1 ft (15-31 cm) thick and
3-4 ft (1 m) thick (Figure 4.3) are located in the uppermost 80 ft (24 m) and the
lowermost 40 ft (12 m) of the unit and are one cause of sharp contacts with siltstone
(Figure 4.3).
Laminations are present in oil-rich sandstone and occasionally in matrixdominated sections. Lamination in oil-rich sandstone is caused by clay coating grains
and in lesser amounts, lining pores (Figure 3.8). In matrix dominated sections,
laminations can indicate alternating detrital matrix and authigenic green clay (Figure
3.8).
The induration of the core varies from well to poorly cemented. Well indurated
sections are up to 9 ft (3 m) thick (Figure 4.4), while poorly cemented
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Figure 4.1

Bedding. 4,786-4,701 ft (1,459.1-1,433.2 m) Example of
graded contacts (blue arrows and boxes) in the center
portion of the core and fewer sharp contacts (orange arrows
and boxes).
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Figure 4.2

Heterogeneous bedding. 4,790-4,801 ft (1,460.4-1,463.7 m)
Layers of oil-rich sandstone have display contacts
with surrounding bioturbated siltstone. Siltstone is usually
cemented by authigenic green clay or matrix. Orange arrows
and boxes delineate the sharp contacts between siltstone and
sandstone and the blue arrow and box show graded contacts,
which are less common in the lowermost and uppermost core.
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Figure 4.3

Heterogeneous Bedding. 4,636-4,639 ft (1,413.4-1,414.3 m)
Example of well laminated oil-rich sandstone overlying
bioturbated siltstone. The sharp contact between the units is
due to the strong contrast of colors in each bed (the
sandstone is dark brown and the siltstone is light grey).
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Figure 4.4

Variable induration. 4,695-4,710 ft (1,431.4-1,436.0
m) Well indurated section of the core in the first three
boxes cementing 9 ft (3 m) of strata, 4,695-4,703 ft
(1,431.4-1,433.8 m).
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sections can be over 15 ft (4.6 m) thick (Figure 4.5). Cements present are quartz
overgrowths, calcite, siderite, green clay, and pyrite. Figures 4.6-4.9 show the
distribution of intergranular volume or porosity, matrix, and cements (not including
pyrite because of its low volume at all depths). Figure 4.6 shows the composition of the
samples, including framework grains and intergranular volume (IGV). Figures 4.7-4.9
show the relative composition of the IGV space. In figures 4.7-4.9, the core is divided
into three sections, the upper core (4,606-4,688 ft) (1,408.3-1,429.3 m), lower core
(4,773-4,812 ft) (1,455.2-1,467.1 m), and the middle core (4,689-4,772 ft) (1,429.61,454.9 m). The upper core and lower core contain all of the oil-rich units in the core.
Because MPPM aims to clog the pore throats of primary porous zones to facilitate
removal of oil from secondary porous zones, this method can only be successful in
reservoirs with units of varying lithology. The Eutaw Formation demonstrates this
variation in lithology and is therefore an excellent formation to test the MPPM method.
Sandstone sections with the most porosity are located in the upper 80 ft (24 m)
and lower 40 ft (13 m), although, porosity is present in all samples. Where porosity
exceeds > 60% of the intergranular volume, generally, other constituents of the
intergranular volume are quartz overgrowths and matrix that individually comprise 1015% of the intergranular volume.

81

Figure 4.5

Variable induration. Poorly indurated section of core
from4,715-4,730 ft. Poorly cemented units of core can be
up to 15 ft thick.
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Figure 4.6

Intergranular volume (IGV) and framework grains.
Graph showing IGV as a percentage of total grains in
each sample. Variables include porosity, matrix,
siderite, calcite, and green clay. Pyrite is not included
because of its low volumetric significance.
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Figure 4.7

Upper Core IGV. Upper core, 4,606-4,688 ft (1,404.3-1,429.3 m)
Graph showing each variable of IGV as a percent of 100 (total IGV=
100%).
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Figure 4.8

Middle core IGV. Middle core, 4,689-4,772 ft (1,429.61,454.9 m) Graph showing each variable of intergranular
volume as a percent of 100 (total IGV= 100%).
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Figure 4.9

Lower core IGV. Lower core, 4,773-4,810 ft (1,455.2-1,466.5 m)
Graph showing each variable of intergranular volume as a percent of
100 (total IGV= 100%).
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Units containing > 60% IGV porosity are always in the upper 80 ft (24 m) and
lower 40 ft (12 m) and always contain oil, although these units never contain calcite or
green clay. This indicates that diagenetic calcite, and green clay are later stage
diagenetic processes and that when oil entered the reservoir, diagenetic reactions were
impeded, preventing their development.
Diagenetic calcite is always present in association with oyster shells, except in
oil-rich units, where shells are present but diagenetic calcite is absent. Where calcite is
present or where calcite and siderite are present together, they occlude intergranular
volume between 65-90%. Calcite is rarely present with authigenic green clay or matrix,
however where calcite and clay are present in conjunction, clay comprises <10% of the
intergranular volume.

Diagenesis
Calcite and Shell Association
Diagenetic calcite is always associated with oyster shells (Figure 3.3 and 3.4),
although the converse is not true. In units were oil is present, diagenetic calcite is never
present even when oyster fragments are also present (Figure 3.8 and 3.43). This
relationship is significant because dissolution of oyster shells is the most likely source
of diagenetic calcite. This indicates that oil migration into the sandstone stopped further
diagenesis. If lack of calcite in conjunction with oyster shells indicates that diagenesis
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shut down when oil entered the reservoir, this also indicates that any diagenetic phases
seen in oil-rich sandstone occurred prior to charging of the reservoir. For example
siderite, quartz overgrowths, and pyrite are present in oil bearing sandstone (Figure
4.10), therefore their authigenic growth likely happened prior to reservoir charging.

Feldspar Dissolution
Feldspar dissolution occurs in oil-rich sandstone in the Eutaw Formation and in
samples with diagenetic calcite (Figure 4.11). Feldspars found in calcite-filled samples
are partially replaced with calcite indicating dissolution occurred prior to filling of pores
by diagenetic calcite (Figure 4.11). Because reservoir charging likely impeded
diagenesis in oil-rich sandstone, feldspar dissolution occurred prior to charging (Figure
4.11).

Glauconite Alteration
Glauconite is typically found in three morphologies. The first is least altered
glauconite (Figure 4.12) or rounded green to yellow grains that have granular texture in
polarized light. The second is a semi-altered product of glauconite called pseudomatrix.
This type of glauconite alteration continues until individual, original grain boundaries
are no longer present. At this point (the third phase) glauconite is referred to as green
clay and somewhat resembles detrital matrix (Figure 4.12), although, SEM investigation
shows that detrital clay is massive, and authigenic clay is crystalline and has a
cornflake-like texture (Figure 3.19).

88

Figure 4.10

Authigenic minerals in oil reservoirs. (A) 4,790.3 (1,460.5 m) pp
and (B) 4,686 ft (1,428.7 m) pp. Authigenic phases present in oilrich sandstone is quartz overgrowths (QOG), pyrite (P), and siderite
(S).
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Figure 4.11

Feldspar. (A) 4,785.4 ft (1,459.0 m) xp. Micrograph of replaced
feldspar surrounded by diagenetic calcite. (B) 4,634.5 ft (1,413.0 m)
pp, (C) 4,686 ft (1,428.7 m) pp, and (D) 4,686 (1,428.7 m) pl.
Examples of dissolving feldspars found in oil-rich sandstone.
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Figure 4.12

Glauconite morphology. (A) 4,785.4 ft (1,459.0 m) xp. Example of
least altered glauconite. Glauconite grain is well rounded, yellow-green
and displays granular texture. (B) 4,606 ft (1,404.3 m) pp and (C) 4,606
ft (1,404.3 m) pp. Pseudomatrix is the middle phase of alteration for
glauconite grains. Pseudomatrix fills adjacent pore space due to grain
embayment, thus, superficially resembling matrix. (D) 4,606 ft (1,404.3
m) pp. Authigenic green clay is the most altered phase of glauconite
and resembles detrital matrix.
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Because green clay is only present where abundant matrix occurs, the driving
agent that fuels alteration into pseudomatrix and green clay could be compaction due to
overburden. Sections containing calcite or porosity (with quartz overgrowths and oil) as
their primary intergranular volume halt compaction allowing glauconite grains to remain
largely intact. This shows that diagenetic calcite probably precipitated early enough to
prevent glauconite alteration. Alteration of glauconite into pseudomatrix and green clay
happened after diagenetic calcite precipitation. Development of pseudomatrix and green
clay occurred where diagenetic calcite did not develop. Diagenetic calcite may not have
developed in the matrix-rich units either because a source of Ca was not available or
intergranular volume was already filled with matrix.

Paragenetic Sequence
Feldspar dissolution happened early on in reservoir diagenesis based on the
presence of partially to fully dissolved feldspars in oil-rich sandstone (Figure 4.11).
However, whether feldspar dissolution preceded the growth of siderite and quartz
overgrowths, which are also present in oil-rich sandstone, is unclear (Figure 4.10).
Pyrite rims lining rectangular-shaped, oversized pores indicate that pyrite probably
preceded feldspar dissolution (Figure 4.11). However, whether siderite and quartz
overgrowths grew before, after, or simultaneously with pyrite also remains unclear
(Figure 4.10). Lack of calcite cement in oil-rich sandstone that contains oyster shells
indicates that reservoir charging occurred prior to development of calcite (Figure 3.44).
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This also indicates that once oil occluded porosity in oil-rich sandstone, other diagenetic
processes ceased, therefore all diagenetic phases (i.e. siderite, pyrite, quartz
overgrowths, and dissolved feldspars) developed prior to charging. Authigenic calcite
developed in sections containing oyster fragments and where oil migration did not occur
(Figure 3.27). Finally, authigenic green clay and pseudomatrix began developing in
matrix-rich units after diagenetic calcite, because glauconite grains remain well
preserved where found in calcite (Figure 4.12).
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CHAPTER V
CONCLUSIONS

1. This Eutaw Formation reservoir is herterogeneous ranging in grain size from fine
grained sandstone to siltstone with inter-bedded oil-rich sandstone between 3 ft
and 1-2 inches thick. Thickness of homogeneous intervals is up to 9 ft thick
however 60% of the core consists of thinner beds approximately 0.1-1 ft (0.03-0.3
m) thick.

2. Oil-rich units contain no calcite suggesting reservoir charging impeded
diagenesis. Cements found in oil-rich units (siderite, quartz overgrowths, and
pyrite) developed prior to oil migration.

3. Where no oil is present, diagenetic calcite occludes all porosity and is associated
with oyster fragments.

4. Glauconite is well preserved in units where oil is present or calcite cement
occludes porosity. In matrix-rich units, glauconite grains compact into
pseudomatrix and green clay.
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