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This study used petrographic thin sections, scanning electron microscopy, and
confocal laser microscopy to document microbially mediated dissolution of carbonate
reservoir rocks. The samples studied came from three carbonate units that are
hydrocarbon reservoirs; the Salem, Sligo, and Smackover formations. These samples
were inoculated with bacteria, and then treated with nutrient solutions followed by
ethanol to promote generation of acetic acid by bacteria. Dissolution occurred in calcitedominated rocks and in dolomitized rocks. Noticeable changes first occurred after nine
weeks of ethanol treatment and significant change only occurred after twelve weeks of
ethanol treatment. The size of the vuggy pores created increased from 1 µm or less to
over 5 µm, and rarely over 10 µm, in length.
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CHAPTER I
INTRODUCTION
The objective of this project was to document the results of MEOR (microbially
enhanced oil recovery) when used as a technique for increasing porosity and permeability
in carbonate reservoirs. The samples studied came from three carbonate units that form
hydrocarbon reservoirs; the Salem, Sligo, and Smackover formations. These samples
were inoculated with bacteria, and then treated with nutrient solutions followed by
ethanol to promote generation of acetic acid by bacteria. The samples were then
examined microscopically to determine how porosity and permeability were enhanced.
Bacteria extracted from the subsurface Smackover Formation in Monroe County,
Alabama, were grown in culture and then introduced into the samples. Nitrate and
phosphate were then introduced into the samples to promote growth of the microbes. The
samples were then exposed to ethanol, which promotes acetic acid production by the
bacteria. This project was designed to determine specifically how the acid produced
affects the carbonate rock samples.
Various experiments and imaging techniques were used in order to assess the
affects of acetic acid on the samples. Documentation of the effect of bacterially produced
acetic acid entailed recording evidence of porosity inc rease, permeability enhancement
and the pattern of how dissolution occurs through time. Experiments were designed to
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determine how variations in nutrient exposure time and ethanol exposure time affect
dissolution. Experiments were carried out over six months and were designed to
determine how changes in porosity and permeability develop over time. Sample
dissolution was documented at intervals of 2 weeks, 4 weeks, 6 weeks, 9 weeks, 12
weeks, 18 weeks, and 24 weeks. Samples were contained in 50 ml beakers with 20-30 ml
of solution (Figure 1-1). Scanning electron microscopy (SEM) and conventional lightmicroscope petrography were used to determine how the microstructures of different
allochems and cements were affected, and how calcite, anhydrite and dolomite were
affected differently. In addition, confocal laser microscopy, as well as a new technique
for creating thin sections using glutaraldehyde and paraffin impregnation, was used to
determine the relationship of the microbes to the reservoir rocks.

Formations Studied
The three units studied, the Smackover, Sligo, and Salem formations, provided a
variety of mineralogies, allochems, microstructures, and cements. The Smackover
Formation is a prodigious reservoir rock in the southeastern United States, including
Mississippi. Sligo Formation samples were selected because its simple calcite mineralogy
provided contrast to the dolomite rich Smackover Formation. Salem Formation samples
(which were provided by the Indiana Geologic Survey) were chosen for the bulk of the
study because of uniform mineralogy, relatively simple diagenetic history, homogeneous
nature, and relatively consistent porosity and grain size.

3

Figure 1-1. Experimental conditions: rock sample and solutions in 50 mL beaker.
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Smackover Formation
The samples of the Upper Jurassic Smackover Formation from the Container
Corp. 34-9, Monroe County, Alabama were almost completely dolomitized limestone and
porosity was entirely intercrystalline. The Smackover is an Upper Jurassic unit found
rimming the north Gulf of Mexico (Figure 1-2). Reservoir rocks from the Smackover
Formation used in this study were generally interpreted as upper Smackover ooid shoal
packstones and grainstones. The Smackover Formation in the study area has undergone
significant dissolution during diagenesis (Meendsen et al., 1987, Kopaska-Merkel et al.,
1994), which could have enhanced or reduced porosity and permeability (Mancini and
Parcell 2001). Interparticle porosity is the primary pore type in the Smackover Formation
and grain moldic, intercrystalline dolomite, vuggy, and fracture are secondary pore types
in this region in the Smackover based on a modified (Kopaska-Merkel et al., 1994) pore
classification by Choquette and Pray (1970) also described by Meendsen et al., (1987)
and Mancini (2000). Samples in this study showed only dolomitized grains, probably
ooids or peloids, euhedral dolomite crystals, and predominantly vuggy porosity.
Related studies show that in Smackover reservoir rocks in Mississippi, kerogen
maturation caused the enhancement of porosity by generating acids that resulted in
rounding edges and pitting calcite crystals (Heydari and Wade 2002). Large volumes of
CO2 and organic acids were produced by kerogen maturation (Tissot et al., 1974, Hunt
1979, Barth and Bjorlykke 1993). Organic acid anions are found in Smackover Formation
waters (Carothers and Kharaka 1978, Kharaka 1986, Hanor and Workman 1986,
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Figure 1-2. Smackover Formation extent. (Budd and Loucks 1981).
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Lundegard and Land 1986). Acids produced by kerogen maturation were also found to
be neutralized within the source rock (Heydari and Wade 2002).
The dissolution due to organic acids found naturally in the Smackover Formation
was subtle and difficult to distinguish from dissolution produced by experimentation.
Initial expectations were that little to no dissolution would occur in the dolomitic
samples. Due to the limited sample quantity and complex diagenetic history, especially
the difficulty of distinguishing previous diagenetic dissolution from experiments, other
samples were sought.

Sligo Formation
Sligo Formation samples from the lower Cretaceous Mobil McElroy-1, Webb
County, Texas, are composed of rudist packstone with vuggy, inter- and intra-particle
porosity. The Sligo Formation is a Lower Cretaceous unit that rims the ancestral Gulf of
Mexico extending from Mexico north and east around the northern Gulf of Mexico
through to southern Florida (Figure 1-3). Reservoir rocks from the Sligo Formation used
in this study were primarily back-reef apron debris and are generally coral rudist
grainstones and packstones. Large rudist fragments and other mollusc shell fragments are
present in a matrix of smaller fragmented and abraded skeletal debris, replaced grains,
micritized grains, peloids, mollusc fragments, and benthic foraminifera (Bebout 1977,
Bebout and Schatzinger 1978, Bebout and Loucks 1983, Kirkland et al., 1987, Tyrrell
and Scott 1989, Fritz et al., 2000). Samples in this study showed only fossil fragments
surrounded by euhedral crystals of sparry calcite cement with minor intergranular and
intragranular porosity.
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Figure 1-3. Sligo Formation extent. (Fritz et al., 2000).
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Salem Formation
The Mississippian Salem Formation samples were cut from a quarry block of
limestone from Crown Quarry in Monroe Co., Indiana, (courtesy of Brian D. Keith of the
Indiana Geologic Survey). This unit was selected because of its homogenous and uniform
texture and mineralogy (the features that also make it desirable as a building stone). The
samples studied contained a diverse assemblage of allochems and had inter-particle
porosity. The Salem Formation is a Mississippian unit that outcrops in south central
Indiana, and extends through Kentucky in the subsurface (Figure 1-4). The Salem
Formation is quarried for building stone where found on the surface, and is a reservoir for
petroleum in the subsurface. The Salem Formation is generally a grainstone with minor
amounts of packstone. It is composed of fossil fragments, microfossils, and ooids, is tan
in color, and has a homogenous texture (Pinsak 1957, Keller and Becker 1980).
Echinoderms and fenestrate bryozoans are the most common skeletal constituents with
minor amounts of brachiopods, molluscs, foraminifera, and ostracods. Non-skeletal
grains are less abundant than skeletal grains and include ooids, peloids, and intraclasts.
Syntaxial cement on echinoderms is the most common cement, though sparry calcite
cement is locally abundant (Dodd et al., 1993). Two types of porosity were present, large
intergranular pores and intragranular pores located within fossil fragments and calcite
cement (Leith 1993, Leith et al., 1996). Samples in this study showed only skeletal grains
and syntaxial and sparry calcite cement with intergranular and intragranular porosity.

9

Figure 1-4. Salem Formation extent. Adapted from Geologic Map of Indiana, 1956, Ind. Dept. Conserv.,
Geol. Survey. (From Ind. Dept. Conserv., Geol. Survey Report of Progress No.7, fig.6) (Hendrix 1966)
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Significance
MEOR (microbially enhanced oil recovery) is used as an adjunct to waterflooding as a secondary oil recovery technique. MPPM (microbial permeability profile
modification) technology uses nitrogenous and phosphorus-containing nutrients to
enhance growth of microbes and consequently plug porosity in specific layers. Changing
porosity re-directs flow by creating preferential pathways for injection water and oil
during production. This technique has extended the economic life of the North Blowhorn
Creek Unit, Carter Sandstone in Lamar County, Alabama (Stephens et al., 2000 and
Brown et al., 2002). In carbonate reservoirs, after nitrogenous and phosphorus-containing
nutrients enhance the growth of microbes, ethanol is introduced. Microbes convert the
ethanol to acetic acid. This acid dissolves the carbonate minerals, thereby increasing
porosity and permeability. Currently, flow tests have only been performed for carbonate
reservoirs. This thesis describes what happens to the carbonate reservoir rocks.

Previous Studies
Extensive studies ha ve been done to try to understand porosity evolution in
carbonate rocks (Moore, 1989 and 2001). However, laboratory experiments designed to
alter porosity with microbial interaction are relatively limited. Recent field studies of
microbial interaction in the karst environment have shed some light on microbial
interactions with carbonate environments.
Experimental studies performed on clastic sedimentary reservoir rocks showed
that reservoir porosity can be plugged by microbial byproducts. With the addition of
enough nutrients, such as glucose, phosphate and ammonium ions, increased microbial
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growth could fill pores and reduce permeability by 60 to 80% (Jenneman et al., 1984).
Studies developed to determine the distribution and morpholo gy of bacteria and their
byproducts in MEOR showed that a distinct order of events occurred when nutrient
solutions were introduced into cores containing bacteria. Previously dormant bacteria had
grown in size and a mucilaginous sheath was visible. After several weeks, the
mucilaginous layer was significantly thicker and the bacteria along with their mucilage
formed a biofilm (Fratesi 2002).
Other experiments involving flow tests through core plugs demonstrated
microorganisms could increase pore space in limestone formations through the
production of acids. This process could be used to facilitate the movement of oil and
enhance oil recovery. Microbial growth required nitrate and phosphate nutrients because
oil and subsurface fluids were deficient in the nutrients required to substantiate growth.
In order to prevent the bacteria from plugging porosity and permeability, microbial
growth was regulated. Supplying microorganisms with 15 µM ethanol enhanced acid
production, increasing the flow rate in test cores. Water flowed on the perimeter around,
and not through, cores of dense dolomitized limestones with low porosity and
permeability (Azadpour 1992, Brown et al., 1992).
The role of bacteria in formation of large pores and caves is well-documented.
Bacteria lly mediated sulfur oxidation reactions resulted in sulfuric acid, which
contributed significantly to cave formation and development (Herman and Hubbard
2002). Sulfur-oxidizing bacteria found in caves and cave streams formed mats and
enhanced limestone dis solution at places of contact with the mats and cave walls or mats
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and breakdown. Secondary to dissolution, the cave walls were coated with gypsum that
helped create a layer impermeable to the thick organic biofilm, thus preventing
dissolution until the gypsum was removed (Stern et al., 2002). The presence of bacteria in
samples from blue holes had been documented with SEM photomicrographs showing
dissolution pits or pores lined with bacteria. Dissolution rates varied laterally and
vertically in blue holes and were a reflection of variations in sea level. The geochemical
environment where microbial processes could mediate dissolution of limestone was
dependant on water chemistry (Schwabe 2002).

CHAPTER II
MATERIALS AND METHODS
Sample Preparation and Expe riments
Samples of Smackover Formation were core plugs ranging from 2 mm to 6 cm
long and 2.5 cm in diameter from Container Corp. 34-9, Monroe County, Alabama, from
depths of 4,250 m (13,943.15 feet) to 4,255 m (13,961.2 feet). Samples of Sligo
Formation were cut from Mobil McElroy-1, Webb County, Texas, from depths of 4,556.7
m (14,950 feet) to 4,557.4 m (14,952 feet). Samples of Salem Formation plugs were cut
from a quarry block 20.5 cm long, 12.5 cm wide, and 9 cm tall. This sample was taken
from Crown Quarry in Monroe Co., Indiana, sent by Brian D. Keith of the Indiana
Geological Survey.
Pieces of the Smackover Formation for these experiments were from the 2.5 cm
core plugs cut with a dry rock saw to a thickness of 0.25 to 0.75 cm and then broken by
hand into semicircles. In the case of the Sligo and Salem Formations pieces were cut to
be 2.5 x 1.5 cm rectangular pieces using a wet or dry rock saw, with flat surfaces for
filtration and imaging.
Dormant bacteria extracted from the subsurface and cultured in the lab of Dr. L.
Brown in the Biological Sciences Department at Mississippi State University are from
subsurface live cores of the Smackover Formation in Webster County, Alabama. Bacteria

13

14
were inserted into the rock samples of the using a vacuum pump. The vacuum pump was
attached with rubber tubing connected to a glass pipette inserted through a rubber stopper
closing the Pyrex vial containing the sample and bacteria in production water. The
vacuum pump was operated for about one minute in order to remove the air in the sample
and consequently to pull the production water along with the bacteria into the pore spaces
of the sample.
Second, nutrients were provided to the bacteria with the intent of activating
bacteria from the dormant state by promoting metabolic processes and growth. Nitrate as
sodium nitrate (NaNO3 ) and orthophosphate as dipotassium hydrogen phosphate
(K2 HPO4 ) nutrient solutions were prepared with simulated production water prepared
with inorganic salts (Table 2-1) provided by the Microbiology Lab at Mississippi State
University. Each solution was applied for 2 days alternating every day in the first sample
set or for 2 weeks alternating every other day in the second sample set in Nalgene 250 ml
disposable filtration units and 50 ml beakers to promote bacterial growth and activity.
Third, ethanol was added with the goal of promoting acetic acid production.
Enough ethanol to cover the entire sample (amount will vary due to container size and
sample size) was applied and replaced every other day for 4 days, 2 weeks, 4 weeks, 8
weeks, 12 weeks, 18 weeks, and 24 weeks in order for the bacteria to metabolize acetic
acid for dissolution. (See Table 2-2 for a chart of experiments.)
In order to assure solutions were not causing dissolution as well, five control
samples were imaged. For each of the three rock units studied, a dry uninoculated control
sample with no procedures applied was imaged by SEM and petrographic thin section to
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Table 2-1. Simulated production water composition.
NaCl
778.00g
Na2 SO4
130.00g
MgCl2 *6H2 O
352.00g
CaCl2 *2H2 O
36.00g
KCl
11.00g
Na2 HCO3
3.20g
KBr
1.60g
SnCl2 *6H2 O
0.67g
H3 BO3
0.41g
Na2 SiO 3 *9H2 O
0.08g
NaF
0.05g
NH4 NO3
0.03g
FePO4 *4H2O
0.02g
*In 8 liters of distilled water
*pH adjusted to 7.0 using 10% (v/v) HCl
Table 2-2. List of experiments for each formation.
Smackover 2 Week
6 Week
12 Week 24 Week
2 Day
D-25
D-7
D-14
D-18
2 Week
D-26
D-9
D-15
D-27
Sligo
2 Day
2 Week

2 Week
C-A
C-B

4 Week
C-E

Salem
2 Day
2 Week

2 Week
ILS-1
ILS-2

6 Week

9 Week

12 Week

18 Week

24 Week

ILS-5

ILS-7

ILS-8

ILS-9

ILS-11

*Smackover Formation designation signifies relative depth from the core.
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compare starting conditions to samples with procedures applied. Nutrient solution alone
was applied to another uninoculated control sample to check for any residues that could
be mistaken for biofilm and the possibility that the nutrient solution may cause
dissolution without bacteria. Ethanol alone was applied to another uninoculated sample to
check for residues and the possibility that ethanol may cause dissolution without the
presence of bacteria.

Paraffin Impregnation
A technique was developed to image bacteria and biofilm in thin section using
Paraplast® paraffin and was applied to various samples. Commercially available paraffin
dye in colors hunter green, deep purple, and burgundy were tested to see which showed
most clearly and was least likely to be confused with blue dye epoxy used in the thin
section making process. Samples were fixed in 2.5% glutaraldehyde with phosphate
buffer and air dried under a hood overnight prior to impregnation. Paraplast paraffin was
heated to liquid at 56°C in a beaker using a hotplate and intensely dyed to a bold color
using 10-40 drops of liquid paraffin dye until the desired intensity was reached. Samples
were warmed on the hotplate alongside the heating paraffin in individual Pyrex vials.
The vacuum pump was attached with rubber tubing connected to a glass pipette inserted
through a rubber stopper closing the Pyrex vial containing the sample and heated liquid
paraffin. The vacuum pump then removed the air in the sample and pulled the liquid
heated paraffin in to replace the air in the pore spaces for about five minutes. Heat was
maintained during the process to keep the paraffin from cooling prior to filling pores.
Pieces were then cooled and prepared for thin section. Thin sections were made by
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National Petrographic, Inc. to the following specifications. Thin sections were on 27 x 44
mm slides, polished, and any pores not filled with paraffin were impregnated with epoxy.
Samples were impregnated with blue-dyed epoxy in order to determine the effectiveness
of the paraffin technique. No cover slips were applied, nor were the slides ground in oil.

Imaging Techniques
In addition to standard petrography, SEM and confocal laser microscopy were
used to study samples. For SEM, samples were air dried and a portion about two
millimeters thick and small enough to fit on but not overlap a stub (no dimension larger
than one centimeter) were chiseled off using a flat-head screw driver and hammer. Pieces
were mounted on aluminum stubs with hot glue and coated with Gold/Palladium alloy for
30 seconds using a Polaron E5100 sputter coater. Pieces were imaged using a Leo
Stereoscan 360 scanning electron microscope at 15 kV with an average working distance
of 10 mm at varying magnifications within the range of 100 to 20,000 times.
A Leica TCSNT Confocal laser scanning microscope was used to document the
presence and distribution of bacteria in early samples to confirm relative amounts of
growth between nutrient treatment of two days and nutrient treatment of two weeks.
Samples were dyed with acridine orange or saffronin so that the bacteria fluoresce in the
yellow to red spectrum. Calcite and dolomite auto- fluoresce green, therefore bacteria and
crystals were distinguishable. The 20x objective lens was used so that entire pores could
be viewed to determine pore geometry and the location of bacteria in pores.

CHAPTER III
RESULTS
Smackover Formation
Control Samples
SEM images of Smackover Formation control samples show large crystals with
smooth surfaces (Figure 3-1, Figure 3-2) as well as some irregular crystal surfaces
(Figure 3-3, Figure 3-4). Photomicrographs of Smackover Formation control samples
portray pre-existing intercrystalline porosity (Figure 3-5). Samples are predominantly
dolomitized particles, probably ooids, and euhedral crystals in dolomite cement with
predominantly vuggy porosity less than 1 µm in diameter.

Nutrients 2 Days, Etha nol 2 Weeks
SEM images of Smackover Formation samples supplied with nutrients for 2 days
and ethanol for 2 weeks illustrate enlargement of small pores on large, previously smooth
crystals, as well as enlarged vuggy pores ~1 µm wide and 4 µm long (Figure 3-6). SEM
images of Smackover Formation samples supplied with nutrients for 2 days and ethanol
for 2 weeks show ~1 µm thick biofilm coating crystal faces with uneven distribution
(Figure 3-7).
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Figure 3-1. SEM image of Smackover Formation control sample showing large, angular crystals with
biofilm blobs. Scale bar is 20 microns.

Figure 3-2. SEM image of Smackover Formation control sample displaying large, angular crystals with
smooth crystal faces. Scale bar is 5 microns.
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Figure 3-3. SEM image of Smackover Formation control sample illustrating an irregular crystal face and
minor vugs (V) . Scale bar is 1 micron.

Figure 3-4. SEM image of Smackover Formation control sample showing a smooth crystal face at higher
magnifications. Scale bar is 1 micron.
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Figure 3-5. Petrographic image of Smackover Formation control sample exemplifying intercrystalline
porosity (P). Scale bar is 100 microns.

Figure 3-6. SEM image of Smackover Formation sample supplied with nutrients for 2 days and ethanol for
2 weeks portraying slightly enlarged vugs (V) . Scale bar is 10 microns.
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Figure 3-7. SEM image of Smackover Formation sample supplied with nutrients for 2 days and ethanol for
2 weeks showing biofilm coating (B) crystal surfaces and irregular crystal surfaces. Scale bar is 5 microns.
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Nutrients 2 Weeks, Ethanol 2 Weeks
SEM images of Smackover Formation samples supplied with nutrients for 2
weeks and ethanol for 2 weeks exemplify irregular, large crystal faces with small, vuggy
porosity (Figure 3-8a). SEM images of Smackover Formation samples supplied with
nutrients for 2 weeks and ethanol for 2 weeks show biofilm coverage over jagged crystal
edges (Figure 3-9, Figure 3-10). Confocal Laser Microscopy images of Smackover
Formation samples supplied with nutrients for two weeks illustrate calcite and dolomite
as green due to auto- fluorescence and microbes dyed with acridine orange fluoresce
orange to red. Microbes appear to collect or anchor in cavities (Figure 3-11, Figure 3-12).

Nutrients 2 Days, Ethanol 6 Weeks
SEM images of Smackover Formation samples supplied with nutrients for 2 days
and ethanol for 6 weeks portray minor amounts of biofilm and bacteria persisting (Figure
3-13) with no dissolution on smooth crystal faces or crystal boundaries, or edges (Figure
3-14c). On this sample, which contained anhydrite, SEM images show barite roses as
precipitate on crystal surfaces (Figure 3-15). Barite was determined by peaks of barium,
sulfur and oxygen only using X-EDS spectrometer. Complex diagenetic history is
prevalent in experiment samples as seen in (Figure 3-16).

Nutrients 2 Weeks, Ethanol 6 Weeks
SEM images of Smackover Formation samples supplied with nutrients for 2
weeks and ethanol for 6 weeks display irregular, broken crystal faces on large crystals
(Figure 3-17). On this sample, which contains anhydrite as cement between grains, barite
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Figure 3-8. SEM images of Smackover Formation dissolution over time.

Figure 3-8a. SEM image of Smackover Formation sample supplied with nutrients for 2 weeks and ethanol
for 2 weeks showing irregular crystal surfaces. Scale bar is 20 microns.

Figure 3-8b. SEM image of Smackover Formation sample supplied with nutrients for 2 weeks and ethanol
for 6 weeks showing dissolution indicated by highly irregular crystal faces and edges . Scale bar is 20
microns.
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Figure 3-9. SEM image of Smackover Formation sample supplied with nutrients for 2 weeks and ethanol
for 2 weeks portraying probable biofilm coating (B) crystal surfaces. Scale bar is 20 microns.

Figure 3-10. SEM image of Smackover Formation sample supplied with nutrients for 2 weeks and ethanol
for 2 weeks illustrating probable biofilm coating (B). Scale bar is 20 microns.
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Figure 3-11. Confocal image of Smackover Formation sample supplied with nutrients for 2 weeks and
ethanol for 2 weeks displaying distribution of bacteria (red) filling pores on carbonate minerals (green).
Scale bar is 30 microns.

Figure 3-12. Confocal image of Smackover Formation sample supplied with nutrients for 2 weeks and
ethanol for 2 weeks exemplifying distribution of bacteria (orange) in pores on carbonate minerals (green).
Scale bar is 100 microns.
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Figure 3-13. SEM image of Smackover Formation sample supplied with nutrients for 2 days and ethanol
for 6 weeks showing biofilm coating (B). Scale bar is 2 microns.
Figure 3-14. SEM images of Smackover Formation crystals over time.

Figure 3-14a. SEM image of Smackover Formation control sample showing smooth, but slightly irregular,
crystal faces. Scale bar is 1 micron.
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Figure 3-14b. SEM image of Smackover Formation sample supplied with nutrients for 2 days and ethanol
for 2 weeks displaying smooth crystal faces. Scale bar is 20 microns.

Figure 3-14c. SEM image of Smackover Formation sample supplied with nutrients for 2 days and ethanol
for 6 weeks portraying smooth crystal faces. Scale bar is 20 microns.
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Figure 3-14d. SEM image of Smackover Formation sample supplied with nutrients for 2 days and ethanol
for 12 weeks exemplifying dissolution indicated by fracturing (Fr) along cleavage planes and pock marks
(Pm). Scale bar is 2 microns.

Figure 3-14e. SEM image of Smackover Formation sample supplied with nutrients for 2 days and ethanol
for 24 weeks showing crystal dissolution indicated by box-like frames (Bf) of crystals . Scale bar is 1
micron.
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Figure 3-15. SEM image of Smackover Formation sample supplied with nutrients for 2 days and ethanol
for 6 weeks displaying barite roses (R), identified by X-EDS, precipitated on crystals. Scale bar is 5
microns.
Figure 3-16. SEM images of Smackover Formation diagenetic history.

Figure 3-16a. SEM image of Smackover Formation sample supplied with nutrients for 2 days and ethanol
for 6 weeks illustrating complex diagenetic history including dolomitization of large crystal growths. Scale
bar is 20 microns.
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Figure 3-16b. SEM image of Smackover formation sample supplied with nutrients for 2 days and ethanol
for 6 weeks portraying complex diagenetic history. Tiny crystals surrounded ooids, then the ooids
dissolved, and larger (100 µm) dolomite crystals filled ooid molds. Scale bar is 500 microns.

Figure 3-17. SEM image of Smackover Formation sample supplied with nutrients for 2 weeks and ethanol
for 6 weeks showing irregular crystal faces and fractured corners, and minor vuggy porosity. Scale bar is 20
microns.
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roses are present as precipitate on crystal surfaces as well as an unidentified lacy
substance (Figure 3-18). Photomicrographs of Smackover Formation samples preserved
in glutaraldehyde and impregnated with paraffin prior to being made into thin sections
exemplify bacteria lining pores and biofilm that sticks out into pores (Figure 3-19).

Nutrients 2 Days, Ethanol 12 Weeks
SEM images of Smackover Formation samples supplied with nutrients for 2 days
and ethanol for 12 weeks exemplify dissolution features, not seen in any control samples,
along cleavage planes on large crystals (Figure 3-14d). In this image dissolution is visible
as 1 to 3 µm segments along cleavage planes so that when segments connect,
rhombohedral shapes are formed.

Nutrients 2 Weeks, Ethanol 12 Weeks
Anhydrite in samples dissolved more readily than dolomite as seen in Figure 3-20
where the anhydrite portion of the sample is 1 mm lower than the cut surface of the
sample and precipitate was left on the rim of the beaker holding the sample. The
anhydrite portion of this sample was broken off during the thin-section making process.

Nutrients 2 Days, Ethanol 24 Weeks
SEM images of Smackover Formation samples supplied with nutrients for 2 days
and ethanol for 24 weeks display dissolution along cleavage planes (Figure 3-21). These
24-week experiments contain large interparticle pores and “box-like” crystal remnant
(Figures3-14e and 3-22), a structure also seen in evaporate deposits. These images also
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Figure 3-18. SEM image of Smackover Formation sample supplied with nutrients for 2 weeks and ethanol
for 6 weeks exemplifying precipitated barite roses (R) identified through X-EDS and a lacy substance (L),
possibly clay. Scale bar is 5 microns.

Figure 3-19. Petrographic image of Smackover Formation sample supplied with nutrients for 2 weeks and
ethanol for 6 weeks displaying filamentous bacteria (F) preserved in green dyed paraffin. Scale bar is 50
microns.
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Figure 3-20. Photographic image of Smackover Formation sample supplied with nutrients for 2 weeks and
ethanol for 12 weeks showing dissolution, 50 mL beaker for scale. Note surface difference of 1 mm
between dolomite (gray) and anhydrite (white). Note rim of precipitate on sample beaker.

Figure 3-21. SEM image of Smackover Formation sample supplied with nutrients for 2 days and ethanol
for 24 weeks showing dissolution indicated by fracturing (Fr) along cleavage planes. Bacterial substrates
(Bs) are also present. Scale bar is 1 micron.
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Figure 3-22. SEM image of Smackover Formation sample supplied with nutrients for 2 days and ethanol
for 24 weeks illustrating dissolution of crystals indicated by fractured (and transported) crystals (Fr) and
box-like frames of crystals (Bf). Bacterial substrates are also present (Bs). Scale bar is 1 micron.
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portray less prevalent biofilm than in previous samples, and only bacterial substrates, or
possible “grape cluster” bacteria, are present.

Nutrients 2 Weeks, Ethanol 24 Weeks
SEM images of Smackover Formation samples supplied with nutrients for 2
weeks and ethanol for 24 weeks exemplify biofilm, or mucilage, seemingly unaffected by
the dissolution process (Figure 3-23 and Figure 3-24). In this figure dissolution appears to
occur along cleavage planes in line segments of 1 to 3 µm.

Overview of Samples
Figure 3-14 portrays the progression of dissolution over time for Smackover
Formation samples supplied with nutrients for two days. Control sample show no
dissolution (Figure 3-14a). After 2 weeks (Figure 3-14b) and 6 weeks (Figure 3-14c)
dissolution is still not prevalent. After 12 weeks dissolution is present along cleavage
planes (Figure 3-14d). After 24 weeks dissolution is common (Figure 3-14e). Figure 3-8
shows the progression of dissolution over time for Smackover Formation samples
supplied with nutrients for two weeks. After two weeks little to no dissolution is
prevalent (Figure 3-8a). After 6 weeks, some evidence of dissolution of crystal edges and
corners occurred (Figure 3-8b)
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Figure 3-23. SEM image of Smackover Formation sample supplied with nutrients for 2 weeks and ethanol
for 24 weeks exemplifying possible dissolution indicated by the irregular form of large crystals (Ir) along
cleavage planes and biofilm (B). Scale bar is 1 micron.

38
Sligo Formation
Control Samples
SEM images of Sligo Formation control samples show irregular crystal surfaces
(Figure 3-24). Petrographic images show small, angular, euhedral crystals and preexisting intercrystalline and intracrystalline porosity (Figure 3-25). Samples are
predominantly fossil fragments surrounded by euhedral crystals of a calcite matrix with
minor intergranular and intragranular porosity.

Nutrients 2 Days, Ethanol 2 Weeks
SEM images of Sligo Formation samples supplied with nutrients for 2 days and
ethanol for 2 weeks show subtle evidence of dissolution (Figure 3-26). SEM images
ofSligo Formation samples portray possible sparse biofilm that is undistinguishable from
residual bitumen (Figure 3-27).

Nutrients 2 Weeks, Ethanol 2 Weeks
SEM images of Sligo Formation samples supplied with nutrients for 2 weeks and
ethanol for 2 weeks exemplify rounding and alteration of small crystals (Figure 3-28) and
small pores in large crystals (Figure 3-29c). Subtle enhancement of existing vugs on
large crystals can be seen in Figure 3-29.

Nutrients 2 Days, Ethanol 4 Weeks
SEM images of Sligo Formation samples supplied with nutrients for 2 days and
ethanol for 4 weeks show rounded crystal edges as seen in controls (Figure 3-30c). SEM
images of this sample also exemplify enhanced vuggy porosity (Figure 3-29d). In photo-
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Figure 3-24. SEM image of Sligo Formation control sample displaying irregular surfaces (Ir) on euhedral
crystals. Scale bar is 10 microns.

Figure 3-25. Petrographic image of Sligo Formation control sample illustrating intracrystalline porosity (P).
Scale bar is 100 microns.
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Figure 3-26. SEM image of Sligo Formation sample supplied with nutrients for 2 days and ethanol for 2
weeks showing irregular crystal faces (I) of euhedral crystals. Scale bar is 5 microns.

Figure 3-27. SEM image of Sligo Formation sample supplied with nutrients for 2 days and ethanol for 2
weeks displaying possible biofilm (B). Scale bar is 20 microns.
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Figure 3-28. SEM image of Sligo Formation sample supplied with nutrients for 2 weeks and ethanol for 2
weeks illustrating possible biofilm coating (B) the euhedral crystals. Scale bar is 10 microns.

Figure 3-29. SEM images of Sligo Formation vuggy porosity over time .

Figure 3-29a. SEM image of Sligo Formation control sample portraying vuggy micro-porosity (V) in large
crystals . Scale bar is 10 microns.
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Figure 3-29b. SEM image of Sligo Formation sample supplied with nutrients for 2 days and ethanol for 2
weeks exemplifying vuggy micro-porosity (V) in large crystals. Scale bar is 20 microns.

Figure 3-29c. SEM image of Sligo Formation sample supplied with nutrients for 2 weeks and ethanol for 2
weeks showing vuggy micro-porosity (V) in large crystals . Scale bar is 20 microns.

43

Figure 3-29d. SEM image of Sligo Formation sample supplied with nutrients for 2 days and ethanol for 4
weeks showing vuggy micro-porosity (V) in large crystals . Scale bar is 20 microns.

Figure 3-30. SEM images of Sligo Formation crystals over time.

Figure 3-30a. SEM image of Sligo Formation control sample image portraying euhedral crystals and
crystals with irregular edges (Ir) and “pock marks” (Pm). Scale bar is 10 microns.
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Figure 3-30b. SEM image of Sligo Formation sample supplied with nutrients for 2 weeks and ethanol for 2
weeks exemplifying euhedral crystals with sparse biofilm or bacteria (B). Scale bar is 5 microns.

Figure 3-30c. SEM image of Sligo Formation sample supplied with nutrients for 2 days and ethanol for 4
weeks displaying straight crystal edges (T) and irregular crystal edges (Ir). Scale bar is 10 microns.
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Figure 3-31. Petrographic image of Sligo Formation sample supplied with nutrients for 2 days and ethanol
for 4 weeks showing biofilm and filamentous bacteria (F). Scale bar is 10 microns.

Figure 3-32. Petrographic image of Salem Formation control sample exemplifying smooth crystal edges
(C). Scale bar is 10 microns.
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micrographs of Sligo Formation samples supplied with nutrients for 2 days and etha nol
for 4 weeks, biofilm lines pores (Figure 3-31).

Overview of Samples
An overview of Sligo Formation samples can be seen in Figure 3-30. Figures 330a (control), 3-30b, and 3-30c display small crystals that show no discernable change,
even after being exposed to acetic acid produced by bacteria prompted by ethanol for four
weeks.

Salem Formation
Control Samples
Photomicrographs of Salem Formation control samples in thin section illustrate
large, smooth crystal boundaries (Figure 3-32) and previous dissolution of allochems due
to pressure solution (Figure 3-33). SEM images of Salem Formation control samples
display small euhedral crystals (Figure 3-34), and large crystals with smooth surfaces
(Figure 3-35). Samples are predominantly skeletal grains and syntaxial and sparry calcite
cement with intergranular and intragranular porosity ~1-2 µm in length or width.

Nutrients 2 Weeks, Ethanol 2 Weeks
SEM images of Salem Formation samples supplied with nutrients for 2 weeks and
ethanol for 2 weeks show small cubic crystals with rounded edges (Figure 3-36), large
crystals with smooth surfaces even at high magnification, and bacterial growth along
cleavage planes. Salem Formation samples supplied with nutrients for 2 weeks and
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Figure 3-33. Petrographic image of Salem Formation control sample showing dissolution of allochems due
to pressure solution indicated by interpenetration and spalling (S). Scale bar is 100 microns.

Figure 3-34. SEM image of Salem Formation control sample displaying small irregularly rounded crystals
with “pocked” surfaces (P). Scale bar is 1 micron.
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Figure 3-35. SEM image of Salem Formation control sample exemplifying large crystal faces, mostly
smooth with some small crystal growths (G) and some minor vugs (V). Scale bar is 1micron.

Figure 3-36. SEM image of Salem Formation sample supplied with nutrients for 2 weeks and ethanol for 2
weeks showing small equant rounded crystals. Scale bar is 10 microns.
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ethanol for 2 weeks were impregnated with paraffin prior to being made into thin
sections. These samples contain copious biofilm lining pores (Figures 3-37 and 3-38).

Nutrients 2 Days, Ethanol 4 Weeks
SEM images of Salem Formation samples supplied with nutrients for 2 days and
ethanol for 4 weeks show ~4-5 µm long irregular vugs on large crystal surfaces (Figure
3-39) and large crystal faces with enlarged vuggy pores ~5-10 µm in length (Figure 340). Photomicrographs of Salem Formation samples supplied with nutrients for 2 days
and ethanol for 4 weeks and inoculated with paraffin prior to being made into thin
sections exemplify biofilm lining pores 10-20 µm thick and extending across pores
between crystals (Figure 3-41 and Figure 3-42).

Nutrients 2 Weeks, Ethanol 6 Weeks
SEM images of Salem Formation samples supplied with nutrients for 2 weeks and
ethanol for 6 weeks show small (~1 µm diameter), etched and rounded crystals (Figure 343). SEM images of this sample also show 1 µm bacteria attached to crystals using a
substrate found interspersed throughout the sample at high magnifications (Figure 3-44).
In this figure, notice the “tail” of the bacteria. This was intact upon initial viewing, but
was broken by damage from the electron beam by the time the photo was taken.

Nutrients 2 Weeks, Ethanol 9 Weeks
SEM images of Salem Formation samples supplied with nutrients for 2 weeks and
ethanol for 9 weeks display crystals the size of euhedral crystals seen in control samples.
These crystals, however, have irregularities on all surfaces and crystal diameters of 1 µm
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Figure 3-37. Petrographic image of Salem Formation sample supplied with nutrients for 2 weeks and
ethanol for 2 weeks portraying biofilm (B) lining pores. Scale bar is 10 microns.

Figure 3-38. Petrographic image of Salem Formation sample supplied with nutrients for 2 weeks and
ethanol for 2 weeks displaying filamentous bacteria (F). Scale bar is 10 microns.
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Figure 3-39. SEM image of Salem Formation sample supplied with nutrients for 2 days and ethanol for 4
weeks illustrating long vugs (V) on with irregular patterns on large crystals. Scale bar is 10 microns.

Figure 3-40. SEM image of Salem Formation sample supplied with nutrients for 2 days and ethanol for 4
weeks showing vugs (V) of varying sizes on large crystal faces. Scale bar is 20 microns.
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Figure 3-41. Petrographic image of Salem Formation sample supplied with nutrients for 2 days and ethanol
for 4 weeks illustrating filamentous bacteria (F) and biofilm (B) lining pores. Scale bar is 10 microns.

Figure 3-42. Petrographic image of Salem Formation sample supplied with nutrients for 2 days and ethanol
for 4 weeks displaying biofilm (B) lining pores and filamentous bacteria (F). Scale bar is 10 microns.
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Figure 3-43. SEM image of Salem Formation sample supplied with nutrients for 2 weeks and ethanol for 6
weeks showing small equant crystals with rounded corners. Scale bar is 1 micron.

Figure 3-44. SEM image of Salem Formation sample supplied with nutrients for 2 weeks and ethanol for 6
weeks portraying bacteria (Ba) attached to crystals using a substrate (Bs) and biofilm (B) coating the area.
Scale bar is 1 micron.
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or less (Figure 3-45d). Fracturing occurs along cleavage planes of large crystals. Biofilm,
less than 1 µm thick, covers entire crystal faces on crystals greater than 20 µm (Figure 346c).

Nutrients 2 Weeks, Ethanol 12 Weeks
SEM images of Salem Formation samples supplied with nutrients for 2 weeks and
ethanol for 12 weeks exemplify small euhedral crystals, with diameters of 1 µm or less
(Figure 3-45e). SEM images of this sample also portray dissolution along cleavage planes
of large crystals ~4-5 µm in length (Figure 3-46d).

Nutrients 2 Weeks, Ethanol 18 Weeks
SEM images of Salem Formation samples supplied with nutrients for 2 weeks and
ethanol for 18 weeks exemplify dissolution along the cleavage planes of large crystals
(Figure 3-46e). SEM images of this sample also show vugs enlarged along cleavage
planes (Figure 3-47).

Nutrients 2 Weeks, Ethanol 24 Weeks
SEM images of Salem Formation samples supplied with nutrients for 2 weeks and
ethanol for 24 weeks illustrate 2 µm diameter euhedral crystals (Figure 3-45f). Images
also portray dissolution along cleavage planes (connected vugs) on the surfaces of large
crystals with dimensions greater than 10 µm in length (Figure 3-46f).
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Figure 3-45. SEM images of the Salem Formation showing dissolution of small crystals over time.

Figure 3-45a. SEM image of Salem Formation control sample exemplifying small (<1 µm) crystals. Scale
bar is 5 microns.

Figure 3-45b. SEM image of Salem Formation sample supplied with nutrients for 2 weeks and ethanol for 2
weeks showing small (<1 µm) crystals. Scale bar is 5 microns.
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Figure 3-45c. SEM image of Salem Formation sample supplied with nutrients for 2 weeks and ethanol for 6
weeks exemplifying small (<1 µm) crystals among larger (10 µm) rounded crystals with biofilm present.
Scale bar is 10 microns.

Figure 3-45d. SEM image of Salem Formation sample supplied with nutrients for 2 weeks and ethanol for 9
weeks displaying small (<1 µm) crystals with biofilm (B) coating. Scale bar is 1 micron.
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Figure 3-45e. SEM image of Salem Formation sample supplied with nutrients for 2 weeks and ethanol for
12 weeks showing small (~1 µm) crystals. Scale bar is 1 micron.

Figure 3-45f. SEM image of Salem Formation sample supplied with nutrients for 2 weeks and ethanol for
24 weeks portraying small crystals (~2 µm) with rounded edges. Scale bar is 2 microns.
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Figure 3-46. SEM images of Salem Formation dissolution along cleavage planes over time.

Figure 3-46a. SEM image of Salem Formation control sample illustrating cleavage planes. Scale bar is 10
microns.

Figure 3-46b. SEM image of Salem Formation sample supplied with nutrients for 2 weeks and ethanol for 6
weeks showing bacteria on cleavage planes. Scale bar is 1 micron.
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Figure 3-46c. SEM image of Salem Formation sample supplied with nutrients for 2 weeks and ethanol for 9
weeks exemplifying fracturing along cleavage planes. Scale bar is 1 micron.

Figure 3-46d. SEM image of Salem Formation sample supplied with nutrients for 2 weeks and ethanol for
12 weeks displaying fracturing along cleavage planes. Scale bar is 1 micron.
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Figure 3-46e. SEM image of Salem Formation sample supplied with nutrients for 2 weeks and ethanol for
18 weeks showing fracturing along cleavage planes. Scale bar is 10 microns.

Figure 3-46f. SEM image of Salem Formation sample supplied with nutrients for 2 weeks and ethanol for
24 weeks portraying fracturing along cleavage planes. Scale bar is 10 microns.
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Figure 3-47. SEM image of Salem Formation sample supplied with nutrients for 2 weeks and ethanol for 18
weeks showing enlarged vugs along cleavage planes. Scale bar is 1 micron.
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Overview of Samples
Figure 3-45 shows the progression of dissolution of calcite in the Salem
Formation over time. Biofilm is most prevalent in samples supplied with ethanol for 9
weeks (Figure 3-45d) and 12 weeks (Figure 3-45e). Noticeable evidence of
dissolutionthat is distinctively different from the control sample is first visible after
samples had been supplied with ethanol for 6 weeks (Figure 3-45c). This dissolution
becomes progressively more prominent in samples supplied with ethanol for 12, 18, and
24 weeks (Figures 3-45d, 3-45e, and 3-45f respectively). Figure 3-46 shows the
progression of dissolution along cleavage planes over time. Noticeable differences in size
of fractures along cleavage planes when compared to the control sample are visible in
after 9 weeks (Figure 3-46c) and become progressively more prominent in samples
supplied with ethanol for 12, 18 and 24 weeks (Figures 3-46d, 3-46e, and 3-46f
respectively).

CHAPTER IV
DISCUSSION
Smackover Formation
The complex diagenetic history of the Smackover Formation includes compaction
and dolomitization. This complex history in addition to the low solubility of dolomite
made it very difficult to identify effects of microbially enhanced dissolution. Short term
(2-6 week) dissolution of samples is particularly hard to distinguish from the complex
diagenetic changes in the Smackover Formation. In long term (12 week and 24 week)
samples evidence of dissolution is clear when compared to control and short term
samples. Small vugs are no longer present; instead, lines of connected vugs are present
along cleavage planes. This is particularly clear when comparing Figure 3-8a (supplied
with ethanol for 2 weeks) and 3-14c (supplied with ethanol for 6 weeks) to Figure 3-23
(supplied with ethanol for 24 weeks). Figure 3-23 also shows a large crystal riddled with
vuggy porosity.
Anhydrite, noticeably present in three Smackover samples, dissolved more readily
than the surrounding dolomite. Mobilization of anhydrite could be harmful to reservoirs
by plugging porosity and permeability pathways. Barite roses and an unidentified lacy
substance, possibly clay, were uniquely present in samples with anhydrite.
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Dissolution along cleavage planes in these samples resembles calcite dissolution
by sulfur-reducing bacteria from Lower Kane Cave, Wyoming (Figure 4-1). Work in
Lower Kane Cave suggests that active sulfur-oxidizing bacteria that colonize subaqueous
carbonate surfaces cause significant carbonate dissolution to occur (Engel et al., 2004).

Sligo Formation
The Sligo Formation also underwent a complex diagenetic history including
extended heating resulting in conversion of hydrocarbons to gas and abundant residual
bitumen. Short term experiments involving the dissolution of Sligo Formation samples
produced indistinguishable results from control samples. This can be attributed to the
complex diagenetic history of the Sligo Formation. Furthermore, residual bitumen is
difficult to distinguish from biofilm and, therefore, it is difficult to determine
effectiveness of biofilm growth (Figure 3-28). The only indication of dissolution from
bacterial growth was seen in Figure 3-29d. The vugs appearing on fossils in these
samples are more numerous than control samples. Because of the complexities
encountered in the Sligo and Smackover samples, a more suitable unit was sought to
study.

Salem Formation
Samples from the Salem Formation proved to be the most suitable for this study
due to the relatively simple diagenetic history of this unit. The diagenetic history of the
Salem Formation includes large syntaxial cements with smooth surfaces, and small
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Figure 4-1. Images showing dissolution of calcite by sulfur reducing bacteria from Lower Kane Cave,
Wyoming (Engel et al., 2004). Scale bar is 50 µm for (A) and 20 µm for (B).
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crystals. The most pronounced evidence of dissolution is in the form of interpenetrative
dissolution due to pressure solution. The Salem also contains a variety of allochems and
cement types, which allowed better visual interpretation of how dissolution affects all of
the components of the rock. Furthermore, abundance of sample allowed more samples to
be studied than the other two formations studied.
Short term (2 week, 4 week, and 6 week) experiments do not appear to have
significant dissolution (Figure 3-40). Perhaps this is because the bacteria need time to
metabolize the ethanol or because acidity must reach a critical level before dissolution
can occur. In contrast to the short term experiments, long term (9 week, 12 week, 18
week, and 24 week) experiments appear to have changed drastically compared to control
and short term samples (Figure 3-46d). The abundance of enlarged vuggy porosity was
visibly more noticeable in long term experiments (Figure 3-46c and 3-46f). This results in
an increase in porosity and along with it an increase in permeability, if enough time is
allowed for dissolution to occur.
Petrographic images of samples impregnated with paraffin prior to being made
into thin sections show promise for this technique to be viable as a way to preserve
microbes and microbial byproducts. This new technique was not perfect as the paraffin
can be removed by acetone during cleaning. Subtle evidence of paraffin can be seen in
Figures 3-19, 3-31, 3-37, 3-38, 3-41 and 3-42 as a greenish hue in pore spaces. The use of
more dye is necessary to produce a dark enough color to be seen in thin section, however,
after 80-100 drops of liquid dye the chemical properties of the paraffin change. Once this
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happens, the paraffin remains pliable at room temperature and is not suitable for making
thin sections.
Permeability was enhanced by dissolution and enlargement of pores in existing
permeable pathways. Using bacteria to produce acetic acid to dissolve carbonates and
increase porosity is significant because this technique could be used to direct flow by
creating preferential pathways for oil to travel during excavation (Azadpour 1992, Brown
et al., 1992). Essentially, this process follows the same idea as plugging pores using
bacteria to expand and fill pores with mucilage, but in the opposite respect.

CHAPTER V
CONCLUSIONS
1. Dissolution occurs with longer exposure to ethanol, however, other than keeping
bacteria active, the length of exposure of bacteria to nutrients did not seem to affect
dissolution.
2. Dissolution occurred in calcite-dominated rocks and in dolomitized rocks.
3. Anhydrite, present in a few samples, dissolved more readily than either calcite or
dolomite.
4. Already permeable areas were more susceptible to dissolution due to availability of
space for living microbes and transportation of nutrients and ethanol.
5. Paraffin impregnation as a method to preserve bacteria and biofilm worked, but further
manipulation of this technique is required to produce better results.
6. Confocal imagery works well for determining the distribution of bacteria.
7. SEM imagery is more effective than standard thin section petrography for observation
of dissolution of allochems and cements.
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