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Abstract

The team of Alabama A&M University, Denbury Resources, Geological Survey of
Alabama, Southern Company, University of Alabama, University of Alabama at Birmingham, and
University of North Carolina at Charlotte were partners in a Cooperative Agreement with the NETL
Strategic Center for Natural Gas and QOil, to evaluate the potential for carbon-dioxide-enhanced oil
recovery (CO,-EOR) to increase oil yield and extend the productive life of the Citronelle Oil Field
in Mobile County, Alabama. To accomplish this objective, the analysis of the field and its response
to CO, flooding had the following components: (1) Stratigraphy, sedimentology, and petrology, (2)
Reservoir fluid properties and miscibility behavior, (3) Reservoir simulation and visualization, (4)
CO; injection and oil production monitoring, (5) Environmental monitoring, (6) Seismic
monitoring, and (7) Technology transfer.

The objectives of the project were to provide a detailed analysis of Citronelle geology,
reservoir simulations, diagnostic and monitoring techniques, and water-alternating-gas (WAG)
injection experience to assist the operator in designing and implementing a commercial CO, flood
at Citronelle that would realize the expected EOR potential of the field and could also provide a
secure sequestration site for CO, produced from electric power generation.

Carbon dioxide was injected through an infill well in an inverted five-spot well pattern into
two sands at depths near 11,000 ft. A total of 8036 tons were injected, from December 2009 to
September 2010, at an average rate of 31 tons/day, including the down time for maintenance. The
only significant interruption in the injection was caused by a tubing leak repaired during January
2010. The following outcomes and events associated with the injection should be considered in any
plan for a commercial CO, flood in the Citronelle Field:

Early breakthrough of injected CO, was observed at wells to the west-southwest and east-
northeast from the injector, in the approximate direction of maximum horizontal compressive
stress in the Southeast.

A pressure-transient test provided strong evidence for a 600 to 1000-ft-long hydraulic
fracture intersecting the injector, consistent with the early breakthrough of CO, at the producer
in the southwest corner of the test well pattern. In the plan for a CO, flood, a maximum
injection pressure should be established by testing and calculation, to minimize the probability
that pressure in the injection zone may initiate unwanted fractures or propagate existing
fractures.

On completing the CO, injection and returning to water injection, power oil pumps
experienced excessive erosion-corrosion by particles and scale mobilized by the combination of
CO; and water. If WAG recovery were implemented, power oil pumps that are not resistant to
erosion-corrosion should be replaced to avoid the loss of production during down time resulting
from premature failure of the pumps.

Injectivity to water suffered a marked reduction following the CO; injection, from an
average of 160 bbl/day before the CO, injection to 67 bbl/day after. The reduction occurred
primarily in the finer-grained of the two target sands and is thought to have been caused by the
same particles responsible for wear of the power oil pumps. The particles could not be flushed
out by flowing back the injector.



During repair of a tubing leak in the injector the internal plastic coating in the tubing was
found to be flaking off. A test is needed to assess the integrity of internal plastic coating in new
tubing.

Treatments of the injector with surfactant, hydrocarbon solvent, and asphaltene dispersant
had little permanent effect on injectivity to water, indicating that neither capillary blocking nor
hydrocarbon precipitation was a significant contributor to the low injectivity to water following
the CO; injection.

The difficulties experienced on switching from CO, to water injection suggest that
continuous CO, injection would be preferable to WAG.

Conclusions from the study of oil and gas from Citronelle Field, geology of the Donovan
Sands, reservoir simulation, seismic surveys, and environmental monitoring also provide valuable
guidance for reservoir management during commercial CO,-EOR and CO, storage:

The minimum miscibility pressure of CO, with Citronelle oil was found to be

2340 + 160 psig, assuring a miscible flood at depths of ~11,000 ft.

The carbon-13 to carbon-12 isotope ratio in CO, was shown to be a robust method for
distinguishing injected CO, from CO; native to the reservoir, without addition of tracer.

The sedimentologic and petrologic analysis was synthesized into a sequence stratigraphic
model that provides a predictive framework for reservoir distribution and quality. Citronelle
Field is structurally simple, but the interplay of depositional and diagenetic processes during the
evolution of the field resulted in reservoir sandstone bodies in which heterogeneity occurs at
disparate scales, an important consideration for prioritizing CO; injection targets and
understanding flow pathways. The extreme facies heterogeneity is expected to present one of
the greatest challenges to design of a commercial CO,-EOR project for Citronelle Field.

A Core Workshop was developed by staff members at Geological Survey of Alabama, for
education of interested groups at all levels of expertise, about the geology and resource potential
of the Citronelle Field. Hundreds of thin sections from the Citronelle Field were added to the
Survey's thin section archive.

Reservoir simulations showed that cumulative oil production increases with increasing
amount of CO, injected, regardless of the assumed permeability distribution. However, there is
an optimum CO; slug size, from the point of view of the profitability of a CO,-EOR project.
The optimum size of CO, slug increases with increasing oil price. The discount factor has little
impact on the optimum size of CO; slug at high oil prices, but does have some impact at low oil
prices.

A powerful open-source framework was developed for simulation of large-scale, fine-grid,
porous media systems.

The refraction microtremor seismic technique, utilizing only existing ambient excitation
sources, provided useful information on the stress state of the reservoir and formations above it.
The method was able to distinguish stress changes in the oil-bearing layer from stress changes in
the strata above.

Environmental and ecological monitoring throughout the project demonstrated that the
impact of CO, handling and injection was minimal to non-existent.

The capacity of Citronelle Dome for CO, storage was estimated to be 530 to 2100 million
short tons, sufficient to store the CO, produced from coal-fired generation at nearby Alabama
Power Plant Barry (12 million tons/year) for at least 40 years.

Uncertainty introduced into the baseline oil production, during troubleshooting of CO;
injection, undermined the ability to make a reliable estimate of the incremental gain or loss in
oil production associated with the CO; injection.
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Executive Summary

Objective

The team of Alabama A&M University, Denbury Resources, Geological Survey of
Alabama, Southern Company, University of Alabama, University of Alabama at Birmingham, and
University of North Carolina at Charlotte were partners in a Cooperative Agreement with the NETL
Strategic Center for Natural Gas and QOil, to evaluate the potential for carbon-dioxide-enhanced oil
recovery to increase oil yield and extend the productive life of the Citronelle Qil Field in Mobile
County, Alabama. To accomplish this objective, the analysis of the field and its response to CO,
flooding had the following components: (1) Stratigraphy, sedimentology, and petrology, (2)
Reservoir fluid properties and miscibility behavior, (3) Reservoir simulation and visualization, (4)
CO; injection and oil production monitoring, (5) Environmental monitoring, (6) Seismic
monitoring, and (7) Technology transfer.

The Citronelle Field, discovered in 1955, is operated by Denbury Onshore, LLC, a
subsidiary of Denbury Resources, Inc., of Plano, TX. Original oil in place (OOIP) is estimated to
have been 378.6 million bbl (Fowler et al., 1998), of which 173 million bbl, or 46%, have been
produced to date. Secondary recovery by water flooding has been underway since 1961. Present
production is approximately 540,000 bbl/year, or 6.6% of the peak of 8.2 million bbl produced in
1963. The field is approaching the ultimate recovery possible using conventional secondary
recovery techniques.

According to the criteria enumerated by Kovscek (2002), the Citronelle Field is a good
candidate for both CO,-enhanced oil recovery (CO,-EOR) and CO, sequestration. From the
reservoir engineering prospective, the site is mature and water-flooded, with existing infrastructure,
including deep wells, and from the geological prospective, the field consists of fluvial-deltaic
sandstone reservoirs in a simple structural dome and, because of the presence of a regionally
extensive anhydrite seal, four-way structural closure, and lack of faulting, is naturally stable with
respect to CO, storage. However, the geology of Citronelle Field is quite different from that of the
carbonate strata of the Permian Basin in Texas and New Mexico and the Williston Basin in North
Dakota and Montana, well-known sites of commercially successful CO,-EOR projects. The present
project was designed to evaluate the potential of CO,-EOR for tertiary recovery from highly
heterogeneous sandstone reservoirs of the type found at Citronelle, and the capacity of the oil
reservoirs and adjacent saline formations at Citronelle for sequestration of carbon dioxide.

Impact

The Citronelle Field is Alabama's largest oil producer, and a significant contributor to the
economy of the State and employment in the region. Estimates of the EOR potential at Citronelle
range from 26 to 64 million bbl. Assuming a conservative 10% of OOIP to be economically
recoverable (38 million bbl) using CO,-EOR and a production rate increased to 1.1 million bbl/year
(twice present production), the life of the field would be extended by 35 years.

The capacity of Citronelle Dome for CO, storage is estimated to be 530 to 2100 million
short tons (Esposito et al., 2008), sufficient to store the CO, produced from coal-fired generation at
nearby Alabama Power Plant Barry (12 million tons/year) for at least 40 years. Plant Barry is the
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host site for a major demonstration of carbon capture and sequestration technology, including
pipeline transport and geologic storage of CO; in a saline formation in Citronelle Dome (Esposito et
al., 2011; Koperna et al., 2012). Plant Barry is anticipated, by Southern Company, Alabama Power
Company, and Denbury Resources, to be a source of CO, for EOR in the Citronelle Field, if the
present project indicates that CO,-EOR will be profitable and provides the desired guidance for
management of the reservoir under CO; flooding.

Accomplishments

Phase I. An inverted five-spot well pattern and two target sands were chosen for testing. A
detailed study of the geology of the sands established their permeability and connectivity.
Reservoir simulations showed that 7500 tons of CO, were sufficient to demonstrate CO,-EOR and
produce significant incremental oil. Background conditions of CO; in air, CO, flux from soil, and
the species distribution and growth rate of vegetation were established, for comparison with
conditions during and after CO, injection. A rolling ball viscometer was designed, assembled, and
calibrated, for measurement of CO,-oil miscibility behavior.

Highlights of the work done in preparation for the injection of CO, were: (1) the
stratigraphy, sedimentology, and petrology of the Donovan Sand in the vicinity of the test site were
analyzed and documented at an unprecedented level of detail; (2) realistic and informative reservoir
simulations were performed; (3) the minimum miscibility pressure and absence of precipitation
from oil in the presence of CO, were established; (4) a geomechanical stability analysis showed that
only small deformations from overburden pressure and no rupture of the target formation were
likely; (5) the baseline environmental and ecological conditions surrounding the site were
documented; (6) seismic surveys to the depth of the target formation were recorded during the
baseline water flood; (7) a favorable economic analysis was conducted that identified the optimum
CO; slug size for water-alternating-gas oil recovery under specified CO, cost and oil price
constraints; and (8) the wells in the inverted five-spot were prepared for testing and the equipment
and infrastructure for CO, storage, pumping, and injection were put in place.

Phase 1. After initially encountering difficulty in pumping liquid CO,, the CO; injection,
of 8036 tons, began in December 2009 and was completed on September 25, 2010. Water injection
resumed 4% hours later. Three problems having significant bearing on the design of a commercial
CO; flood at Citronelle occurred during or shortly after the CO; injection: (1) excessive produced
gas, primarily CO,, appeared in May 2010, after 4 months of continuous CO; injection, at Well B-
19-11 in the southwest corner of the inverted five-spot, (2) on returning to water injection following
the CO, injection, the water injection rate, which had been an average of 160 bbl water/day before
injection of CO,, decreased to 67 bbl water/day, and (3) on returning to water injection, following
the injection of CO,, excessive wear of the down-hole power oil pumps occurred, due to erosion-
corrosion by particulate matter mobilized by the CO, and water.

Oil production at Tank Battery B-19-8, which receives oil from producers B-19-7, B-19-8,
and B-19-9 in the test pattern, had experienced an average decline of 20 bbl/day/year during the
period from March to December 2009, when there was no injection of water or CO,, due to the
problems pumping liquid CO,. Beginning in January 2010, coinciding with the start of continuous
CO; injection, the decline in production was reversed, and, from January to September 2010, during
injection of the 8036 tons of CO,, oil production increased at the average rate of 18 bbl/day/year.
Then, after switching from CO, back to water injection, and in response to the low water injection
rate and erosion of the power oil pumps, oil production at Tank Battery B-19-8 decreased from its
peak of 59 bbl/day in September 2010 to only 21 bbl/day in March 2011. Change of materials and
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increase in the length of stroke in the power oil pumps restored the frequency of pump pulls to
normal and oil production at Tank Battery B-19-8 recovered some of its loss, averaging 38 bbl/day
from June 2011 to April 2014, though lower than the oil production before injection of CO,.

The response to CO; injection at Tank Battery B-19-11, where oil from the fourth producer
in the inverted five-spot is collected, was quite different from that observed at Tank Battery B-19-8.
In contrast to the immediate increase in oil production observed at Tank Battery B-19-8 at the onset
of CO; injection, production at Tank Battery B-19-11 continued for four months on the declining
trajectory that it had been following for the previous 10 months. Then, coinciding with
breakthrough of CO, at Well B-19-11 in May 2010, production at the battery abruptly decreased, by
approximately the typical production from Well B-19-11 (8 to 9 bbl/day), then continued its steady
decline over the next two years to production in the range from 21 to 30 bbl oil/day. Produced gas
at Well B-19-11 was so excessive that the well was killed on September 2, 2010, three weeks before
the end of the CO; injection, and remained shut in until May 5, 2011. Because Well B-19-11 was
shut in during the transition from CO, back to water injection, the power-oil pumps in wells on
Tank Battery B-19-11 were not subject to the erosion-corrosion experienced in the wells on Tank
Battery B-19-8.

Documentation of the presence or absence of environmental consequences of CO, flooding
had a high priority. Measurements of soil gas composition versus depth, CO, flux from soil, soil
temperature, soil moisture, and soil elements (carbon, nitrogen, and phosphorus), were made before,
during, and following CO, injection, at three locations surrounding the injector, each of three
producers, and a plugged and abandoned well within the test pattern. No correlation of the CO,
fluxes from soil with the location or timing of the CO, injection was detected. Measurements of
CO; in ambient air were recorded at least once each quarter from September 2007 to June 2012, at
104 points on a grid covering the City of Citronelle and the oil field. The CO, measurements were
consistent with the seasonal variations and long-term trends of the local NASA satellite-based
Atmospheric Infrared Sounder data and worldwide average atmospheric CO; levels. The growth of
trees and shrubs and their species distribution were monitored in test plots near the injector,
producers, and tank batteries. Of the eight vegetation test plots established at the wells and tank
batteries, an increase in the rate of growth of vegetation was observed only in the plot near the
injector, Well B-19-10 #2, though this observation is at odds with the measurements of CO, in
ambient air and measurements of CO, fluxes from soil near the well.

Advancement of diagnostic techniques for monitoring interaction between the CO; injection
and geologic formation was another priority. Shear-wave velocities were measured using the
Refraction Microtremor (ReMi) technique to depths of 12,500 feet using wireless geophones placed
along two paths spanning 30,100 and 25,600 feet, to the south and southwest, respectively, from the
injection well. Shear-wave velocities recorded before and during CO, injection suggested a 10%
increase in stress associated with CO; injection, in layers above the injection zone. The record of
normalized well-head pressure at the injector was consistent with the normalized equivalent stresses
from the seismic sensor array at the depth of the target sands during CO injection.

Phase I11. The key questions to be answered during Phase 111 were: (1) What property of
the formation (e.g. fracture or high permeability zone) is responsible for the early CO; breakthrough
and excessive gas production at Well B-19-11, to the southwest of the injector? (2) What are the
causes of the marked loss in injectivity experienced on switching from CO, injection back to water,
and can it be reversed? (3) Are significant environmental and ecological effects present after a
longer period of time? (4) Did the reservoir simulations capture important features of the
performance of the pilot test and can their accuracy and predictive power be improved by large-
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scale, fine-grid simulations? and (5) Is continuous CO; injection or water-alternating-gas (WAG)
the better strategy for commercial EOR at Citronelle?

A 15-day-long pressure-transient test on the injection well, consisting of two cycles of shut-
in and water injection, was conducted from November 28 to December 12, 2011. The data,
analyzed by Eric Carlson, strongly suggest that there is a hydraulic fracture intersecting the injector
having a total length of 600 to 1000 ft, in a zone having a permeability of only approximately
0.4 mdarcy. The pressure-transient test does not provide any information about the direction of the
fracture, but the most likely direction is that of maximum horizontal compressive stress in the
Southeastern U.S., typically N70E to N8OE. Two of the wells at which early breakthrough of CO,
was detected lie on the line at N69E relative to the injector.

An injection profile test was conducted in January 2012 to determine if either of the target
sands was primarily responsible for the loss in injectivity to water, following the CO, injection.
The test established that 35% of the water flow was to Sand 14-1 and 65% was to Sand 16-2, so
neither injection zone was completely blocked, but comparison with the results of an injection
profile run before CO, injection showed that loss of flow into the finer-grained Sand 14-1 was
primarily responsible for the low injectivity to water.

Injected water was treated with surfactant to reduce capillary pressure, if that were blocking
the water flow. The surfactant treatment was conducted during the three months from July 25 to
November 7, 2012. Though the surfactant was associated with a transient increase in injectivity,
both during and following the treatment, after about six months the water injection rate returned to
the low level typical of the period immediately following CO, injection. The conclusion from the
surfactant treatment was that capillary blocking was not the principal effect responsible for the loss
in injectivity experienced on returning to water injection following the CO, slug.

Following the surfactant treatment, during repair of a tubing leak, flakes of the internal
plastic coating of the tubing and particles of iron oxide scale were discovered in the injector.
Plugging of the finer-grained Sand 14-1 by fine particles of scale is considered the most likely cause
of the injection well's low injectivity to water following the CO; injection. Problems with internal
plastic coating were experienced by Denbury Resources throughout its oilfield operations at around
the same time.

Treatment of the injector with hydrocarbon solvent and asphaltene dispersant had only a
transient effect on its injectivity to water. Paraffins and asphaltenes left behind when supercritical
CO, mobilized lighter components are not thought to have made a significant contribution to the
loss in injectivity to water following the CO, injection.

A flow-back of the injector was conducted in an attempt to flush out particles, but the flow-
back had no lasting effect. If particles were, in fact, responsible for the loss in injectivity, they were
not easily dislodged.

Each of the attempts to restore injectivity to water: treatment with surfactant, treatment with
hydrocarbon solvent and asphaltene dispersant, and flow-back, resulted in transient improvement in
the water injection rate, but none of them had a permanent effect on injectivity. The recent average
injection rate, in March and April 2014, was 72 + 26 bbl water/day, not significantly higher than the
average rate of 67 + 21 bbl/day observed from the end of the CO, injection on September 28, 2010
(not including in the average the high water injection rates recorded on the first two full days of
water injection, September 26 and 27), to the beginning of surfactant treatment on July 25, 2012.



Uncertainty introduced into the baseline oil production at both tank batteries, during the
troubleshooting of liquid CO- injection, undermined the ability to make a reliable estimate of the
incremental gain or loss in oil production associated with the CO, injection.

The difficulties experienced on switching from CO, to water injection suggest that
continuous CO; injection would be preferable to WAG recovery.

Shen-En Chen and his coworkers at the University of North Carolina at Charlotte
demonstrated the ability of the passive refraction microtremor seismic monitoring technique,
utilizing only existing ambient excitation sources, to detect changes in the subsurface static stress
distribution during CO; injection. They also showed that a lumped mass model was useful for the
interpretation of the measurements, to detect changes in subsurface wave propagation associated
with CO; injection.

Environmental and ecological monitoring throughout the project demonstrated that the
impact of CO, handling and injection on the CO, in ambient air, CO, flux from soil, and growth of
vegetation was minimal. Measurements of CO, in ambient air by Xiongwen Chen and Kathleen
Roberts at Alabama A&M University were consistent with measurements by the NASA
Atmospheric Infrared Sounder over a large region including Citronelle (NASA, 2012). Roberts
(2013) did report an increase of 2.3 ppmv CO; in the averages over all sets of data taken before and
after breakthrough of CO, at Well B-19-11 in May 2010, after correcting for the worldwide increase
in atmospheric CO, during the period, but the scatter of the CO, measurements used to construct the
averages is almost an order of magnitude larger. An increase in the rate of growth of vegetation was
observed during the study period in the test plot established near the injector, but Roberts and Chen
(2012) concluded that it was not significant and most likely could be explained by other factors.
Ermson Nyakatawa and his coworkers at Alabama A&M University continued their monitoring of
the condition of soils and CO; fluxes from soil at three locations surrounding the injector, each of
three producers, and the plugged and abandoned well within the test pattern. They concluded that
there were no indications that post-CO,-injection CO, fluxes followed a different pattern compared
to pre-injection CO, fluxes and that changes in the observed CO, fluxes were due to the natural
variability associated with soil gas fluxes, attributable to natural processes such as soil biochemical
activity and physical properties such as temperature and moisture content.

Jack Pashin, of Oklahoma State University, and David Kopaska-Merkel and Denise Hills at
the Geological Survey of Alabama considered the geological implications for field management of
their thorough analysis of the stratigraphy, sedimentology, and petrology of the Donovan Sandstone
in Citronelle Field. Although Citronelle Field is structurally simple, analysis of depositional
architecture reveals extreme facies heterogeneity. With so many productive sandstone units to
consider, one of the greatest challenges in designing waterflood and CO,-EOR programs for the
field is expected to be management of that heterogeneity. Stratigraphic cross sections indicate that
reservoir sandstone bodies tend to occur in clusters, thus initial planning should perhaps focus on
assessment of those clusters in specific focus areas.

Experience from the CO, flood area employed in the present study indicates that, although
several productive sandstone units may be present in a given area, most production comes from
only a few of those units. Consequently, identifying the most productive sandstone units and
assessing heterogeneity and oil-in-place appears to be an important element of long-term planning.
Another factor for consideration when designing injection programs is stratigraphic isolation and
hydraulic confinement of the target sandstone bodies. Keeping injectate in zone may be a
significant problem where numerous sandstone bodies are stacked and amalgamated into multi-

-5-



storey successions, and this may limit the predictability of reservoir sweep, as well as predictability
of the location and timing of CO, breakthrough.

Interwell heterogeneity is another key consideration in Citronelle Field. Although some
sandstone units have great lateral continuity, each well may have a substantially different
geophysical log signature, reflecting major variation of reservoir properties among wells. Original
well spacing in the field was 40 acres, and downspacing when injection wells were drilled for the
Tertiary Oil Recovery (TEOR) Project (Gilchrist, 1981, 1982) indicates that the original well
pattern undersampled reservoir heterogeneity. Correlations based on the original well pattern have
limited value for predicting the thickness and continuity of productive sandstone units in infill
wells.

The most important sources of heterogeneity appear to be primary facies heterogeneity and
diagenetic processes associated with pedogenesis. Primary facies heterogeneity is expressed as
isolated channel fills in discontinuous sandstone units and nesting of multiple channel fills within
the more widespread sandstone units. Fining upward and plugging of upper-tier channels with mud
is a source of significant relief at the tops of the sandstone bodies that may exceed relief at the bases
of the sandstone units. Because of this, high potential exists for oil and injected CO; to be stranded
in the sandstone between mud-plugged channels.

Two conditions must be met for pay development in the Donovan sandstone. The first is
porosity enhancement by dissolution of feldspar during pedogenesis. The second is flushing of the
dissolution products out of the sandstone. Where those products have accumulated, moreover, the
sandstone is plugged with clay matrix and has the petrophysical properties of mudstone. As a
result, the distribution of pay is as much the result of diagenesis as it is of sedimentation. Thus, the
mapped patterns of reservoir sandstone thickness do not necessarily define the original channel
networks. Maps made assuming traditional channel geometry may overestimate sandstone
continuity. Nonetheless, Citronelle Field is an attractive target for CO,-EOR. A careful program
that identifies priority areas and includes a detailed assessment of reservoir architecture and internal
heterogeneity will be an important key to unlocking its potential.

A component of the effort to interpret and understand the behavior of CO, during and
following injection was the development of nSpyres, the open-source reservoir simulator and
productivity environment developed by Eric Carlson at the University of Alabama. With
enhancements and improvements implemented during Phase 111, large-scale, fine-grid simulations
of 50 years of water flooding at the test site were accomplished using a regular grid of 8.2 million
cells, each measuring 52.8 x 52.8 x 1 ft. Geostatistical methods were applied to generate
permeability distributions leading to high flow capacity zones, consistent with the early
breakthrough of CO, observed in the field. The simulator demonstrated outstanding performance
on the benchmark Problem 2 of the SPE Tenth Comparative Solution (Christie and Blunt, 2001).

Technology Transfer

Staff members at the Geological Survey of Alabama developed a Core Workshop, for
education of interested groups at all levels of expertise, about the geology and resource potential of
the Donovan Sand in the Citronelle Field. The workshop focuses on the geologic history of the
Donovan and its depositional, diagenetic, and reservoir complexity, as an illustration of how
sedimentology can control critical characteristics of that type of hydrocarbon reservoir.

As a result of research performed at the Geological Survey of Alabama in connection with
the present project, hundreds of thin sections from the Citronelle Field were added to the Survey's
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thin section archive. The archive records are being modernized and standardized to make this
resource more accessible to potential users.

The nSpyres open-source framework for simulation of large-scale porous media systems,
developed by Eric Carlson at the University of Alabama, is based on the Python programming
language, and makes substantial use of numerical and visualization packages that are freely
available and are easy to install on multiple platforms. A productivity environment makes it
convenient for users to interact with source data and simulation results. The simulator will soon be
providing its capabilities on large-scale, fine-grid porous media problems to the entire reservoir
engineering community.

Fourteen peer-reviewed papers describing work directly related to the project were
published, including comprehensive reviews of the geology of Citronelle Dome and its prospects
for CO,-enhanced oil recovery and capacity for CO, storage (Esposito et al., 2008, 2010). Results
of work under the project were presented by members of the project team at seventeen national and
international conferences and at twelve regional and local meetings.

Acronyms, Abbreviations, and Symbols in the Executive Summary

A&M Agricultural and Mechanical (Alabama A&M University)
EOR enhanced oil recovery

LLC limited liability company

NASA National Aeronautics and Space Administration

NETL National Energy Technology Laboratory

NXE compass direction, x degrees east of north

OO0lIP original oil in place

ReMi refraction microtremor

TEOR Tertiary Oil Recovery Project (Gilchrist, 1981, 1982)
WAG water alternating gas recovery technique
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1. Introduction

1.1. Background

The team of Alabama A&M University, Denbury Resources, Inc., Geological Survey of
Alabama, Southern Company, University of Alabama, University of Alabama at Birmingham, and
University of North Carolina at Charlotte were partners in a Cooperative Agreement with the NETL
Strategic Center for Natural Gas and QOil, to evaluate the potential for carbon-dioxide-enhanced oil
recovery to increase oil yield and extend the productive life of the Citronelle Qil Field in Mobile
County, Alabama. The Citronelle Unit, largest oil producer in the State of Alabama, is operated by
Denbury Onshore, LLC, a subsidiary of Denbury Resources, Inc., of Plano, TX.

The geology and history of the Citronelle Oil Field, discovered in 1955, have been described
by Eaves (1976), Fowler et al. (1998), and Kuuskraa, Lynch, and Fokin (2004). Oil is produced
from the Donovan Sands in the Rodessa Formation (Lower Cretaceous). An estimate of the original
oil in place (OOIP) is 378.6 million bbl (Fowler et al., 1998). Production peaked in 1963 at
8,220,364 bbl/year (Alabama State Oil and Gas Board, 2014). Production in 2013 was
538,991 bbl/year, or 6.6% of the peak. Most of the field has undergone water flooding since 1961
(Eaves, 1976; Fowler et al., 1998). Cumulative production, at the end of February 2014, was
173,292,422 bbl, or 46% of OOIP, approaching the ultimate oil recovery expected to be achievable
using conventional secondary recovery techniques.

According to the criteria enumerated by Kovscek (2002), the Citronelle Field is a good
candidate for both CO,-EOR and CO, sequestration. From the reservoir engineering prospective,
the site is mature and water-flooded, with existing infrastructure, including deep wells, and from the
geological prospective, the field consists of fluvial-deltaic sandstone reservoirs in a simple
structural dome and, because of the presence of a regionally extensive anhydrite seal, four-way
structural closure, and lack of faulting, is naturally stable with respect to CO, storage (Jack C.
Pashin, personal communication, 2006). However, the geology of the heterogeneous siliciclastic
rocks in Citronelle Field is quite different from that of the carbonate strata of the Permian Basin in
Texas and New Mexico and the Williston Basin in North Dakota and Montana, well-known sites of
commercially successful CO,-EOR projects.

Kuuskraa et al., (2004) estimated the oil recoverable from Citronelle Field using CO,-EOR
to be 64 million bbl, or 17% of the original oil in place. Denbury Resources' estimate of the Field's
EOR potential is 26 million bbl. Assuming 10% of OOIP to be economically recoverable
(38 million bbl) using CO,-EOR and a production rate increased to 1.1 million bbl/year (twice
present production), the productive life of the field would be extended by 35 years.

A component of the present investigation was an assessment of the capacity of the oil
reservoir and adjacent saline formations for sequestration of carbon dioxide, in parallel with CO,-
EOR and when tertiary oil recovery operations are complete. Esposito et al. (2008) estimated the
capacity of Citronelle Dome for CO, storage to be 530 to 2100 million short tons, sufficient to store
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the CO, produced from coal-fired generation at nearby Alabama Power Company Plant Barry
(12 million tons/year) for at least 40 years.

The objectives of the project were to provide a detailed analysis of Citronelle geology,
reservoir simulations, diagnostic and monitoring techniques, and water-alternating-gas injection
experience that will assist the operator in designing and implementing a commercial CO, flood at
Citronelle to realize the expected EOR potential of the field and provide a secure sequestration site
for CO, produced from electric power generation for decades to come, should the Country decide
that carbon capture and storage is needed to minimize the accumulation of CO, in the atmosphere
and its effect on Earth's climate.

1.2.  Scope of Work

The technical work to be done under the project was divided into three phases,
corresponding to the phases of the CO, injection in the field: preparation, CO, injection, and
interpretation of the response.

Phase | (January 1, 2007 to August 31, 2008). Work in the field during Phase | was
focused on preparation for the injection of CO,, including the following activities:
Selection and preparation of the test site
Interference test
Pre-injection simulation study
Determination of 0il-CO, minimum miscibility pressure
Begin water flood

The estimate of CO, storage capacity in Citronelle Dome (Esposito et al., 2008) was also
performed during Phase I.

Phase Il (September 1, 2008 to December 31, 2010). Work in the field during Phase Il was
focused on the injection of CO,. The original plan was to inject 7500 tons; the actual amount
injected was 8036 tons.

The use of the carbon-13 to carbon-12 isotope ratio in the CO, in produced gas was shown
to be an excellent method for distinguishing injected CO, from CO; native to the reservoir during
Phase II.

Phase 111 (January 1, 2011 to January 31, 2014). Work in the field during Phase 111 was
focused on monitoring and testing to interpret the response to CO, injection.

Phases I, I1, and I1l. Other components of the work were the subjects of high levels of

activity throughout the project:

Stratigraphy, sedimentology, and petrology of Donovan Sands

Models for reservoir architecture and connectivity

Reservoir simulation and visualization

Seismic surveys and interpretation

Air, soil, and vegetation monitoring

Development of the open-source reservoir simulator
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Acronyms in Section 1

EOR enhanced oil recovery
NETL National Energy Technology Laboratory
OO0lIP original oil in place
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2. Reservoir Geology of the Donovan Sandstone
in Citronelle Field

Jack C. Pashin,* David C. Kopaska-Merkel, and Denise J. Hills
Geological Survey of Alabama, Tuscaloosa, Alabama

2.1  Citronelle Geology: Introduction

Citronelle Field is Alabama’s largest oil field, having produced more than 173 million
barrels of oil and nearly 16 billion cubic feet of gas since discovery in 1955. According to the State
Oil and Gas Board of Alabama (OGB), 414 wells in the field are active, and annual oil production is
on the order of 1 million barrels of light, sweet crude with API gravity of about 42°. The field
produces from Lower Cretaceous strata of the Donovan sandstone, which has long been known for
a high degree of depositional heterogeneity and low reservoir energy (Wilson and Warne, 1964;
Eaves, 1976; Fowler et al., 1988, 1995). Because of this, secondary waterflood operations began
early in the life of the field in 1961 to improve oil recovery.

The field had matured and production had declined substantially by the early 1980s. Hence,
the Citronelle Unit Manager, with the support of the U.S. Department of Energy, performed a series
of tertiary oil recovery experiments (i.e., the TEOR project) to test the viability of CO,-enhanced oil
recovery (Gilchrist, 1981, 1982). The records of these experiments are incomplete, but cores of
sandstone from the pilot wells were preserved and were donated to the Geological Survey of
Alabama (GSA) by Denbury Resources to support the new pilot program. The new pilot program,
which is located in the northeastern corner of the Citronelle oil unit (Figure 2.1), began in 2007 and
has provided a wealth of new information that provides a fresh perspective on the reservoir geology
of Citronelle Field. Additional information from a variety of CO, sequestration studies, including
the SECARB Anthropogenic Test, has provided new geological data from Citronelle Field (Pashin
et al., 2008; Esposito et al., 2008, 2010; Petrusak et al., 2009, 2010).

As part of these initiatives, geologists at GSA have developed a new evaluation of Citronelle
reservoir geology, and this report summarizes the results of this evaluation. Lower Cretaceous
sandstone units similar to the Donovan sandstone are widespread in the Gulf Coast region, yet
remarkably little research has been published on these deposits. Accordingly, this research may
help optimize operations in fields with similar reservoirs and provide crucial insight on other
heterogeneous reservoirs where CO, flooding may be effective.

This study employed a broad range of analytical methods emphasizing core description,
stratigraphy, sedimentology, and petrology. Details of the analytical methods used are given in the
section on approach and methodology. Next is a summary of the geologic setting of Citronelle
Field that includes delineation of the basic stratigraphic and structural framework of the field. The
bulk of the report focuses on the delineation of lithofacies composing the Donovan sandstone

*Current address:  Boone Pickens School of Geology, 105 Noble Research Center,
Oklahoma State University, Stillwater, OK 74078
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Figure 2.1. Map of northeastern Citronelle Field showing locations of injection and production
wells, the inverted five-spot test pattern employed during this study, and a line of stratigraphic cross
section.

and interpretation of depositional processes and environments. The petrologic characterization
centers on the framework composition of the sandstone, the nature and distribution of porosity and
permeability, and the diagenetic factors that influence reservoir quality. The results of stratigraphic,
sedimentologic, and petrologic analysis are then synthesized into a sequence stratigraphic model
that provides a predictive framework linking basic geologic processes with reservoir architecture
and reservoir properties. With this predictive framework in hand, the report turns toward
identifying the implications of reservoir geology for field management, and particularly a transition
to commercial-scale CO,-enhanced oil recovery (EOR) operations.
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2.2.  Citronelle Geology: Approach and Methodology

Numerous geologic techniques were applied during this study, and this work emphasized
sedimentary geology and petrology. Data resources available for study are geophysical well logs,
cores, and core analyses. Most geophysical well logs from Citronelle Field are available to the
public in the files of the OGB. Where gaps were identified in the OGB holdings, additional well
logs were provided by Denbury Resources. Most wells were drilled between 1955 and 1965, and so
vintage well logs constitute the vast majority of the available subsurface data. Spontaneous
potential (SP), conductivity, resistivity, and microresistivity logs are available for most wells, and
many bulk density and neutron logs also are available. Wells drilled as part of the TEOR project
have a more modern log suite that includes density porosity and neutron porosity curves. In
addition, a new well drilled in the Southeast Citronelle Unit (Well SECU D-9-8 #2) includes
advanced petrophysical logs displaying rock composition and fluid saturation.

Electric logs in the northeastern part of the Citronelle Oil Unit, where the recent test was
performed, were digitized, and resistivity was plotted on a logarithmic scale, which helped
determine the basic relationships between lithofacies and log response. A dense network of
stratigraphic cross sections was constructed to enable identification, correlation, and the
development of 3-D models of pay zones. Special attention was paid to the 16-2 and 14-1
sandstone units, which were the target sandstone units for the EOR test in the northeastern part of
the field. Pay zones in the project area were identified using microresistivity logs (a.k.a.
micrologs), and structural contour and net pay isolith maps were made of the pay zones. Well logs
and derivative data were assembled, analyzed, and mapped using Petra software. Burial history
analysis of a deep well from Citronelle Field was performed as part of research performed by the
GSA for the U.S. Minerals Management Service (now the Bureau of Ocean Energy Management)
under various agreements.

Cores of the Donovan sandstone are available from several wells in Citronelle Field, and the
project team focused on 12 cores that cover a large part of the Donovan section, including a core
from the injection well used in this study (Well B-19-10 #2). The oldest core studied (Well C-1-6
#1) is from the center of the field. Ten of these cores were retrieved in the 1980s when the injection
wells were drilled for the TEOR project and are scattered throughout the field. A new core was
recovered as part of the SECARB Anthropogenic test (Well SECU D-9-8 #2). The TEOR cores had
been wrapped in saran, foil, and paraffin and were thus very well preserved; they were slabbed,
boxed, and analyzed as part of the current study. One shortcoming of these cores, however, is that
most of the mudstone zones in the Donovan were discarded during the TEOR project. Mudstone
sections in the C-1-6 #1 and SECU D-9-8 #2 cores, however, were preserved, and the slabs from
these cores provide the best windows into the facies and reservoir architecture of the Donovan
sandstone.

The cores were described and logged graphically using standard stratigraphic and
sedimentologic procedures to characterize rock types, bedding styles, physical sedimentary
structures, and fossil content. Grain size was determined with a graphical comparator, and color
was determined using a Munsell soil color chart. Cores were photographed digitally to document
characteristic lithologic and paleobiologic features. After the cores were logged and photographed,
lithofacies were defined, and interpretations of depositional process and depositional environment
were made on the bases of the modern and ancient analogs that have been documented in the
geological literature. Core analysis data, including porosity, permeability, and fluid saturation, are
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available from several of the cores and were used to correlate lithologic characteristics with
reservoir quality. After description, analysis, and interpretation was complete, the results were
synthesized into a sequence stratigraphic framework that was designed to facilitate prediction of
reservoir facies distribution and characteristics.

Petrographic analysis focused on characterization of framework composition and diagenetic
processes, and evaluation of porosity and permeability. A total of 323 petrographic thin sections
was made from core samples using standard methods. All thin sections were impregnated with blue
epoxy to show open pores. The thin sections were stained with Alizarin red S to identify calcite and
with cobalt nitrite to identify potassium feldspar (Dickson, 1965; Gabriel and Cox, 1929). The thin
sections were examined for framework grain composition, size, fabric, and diagenesis, pore
geometry, and pore fillings.

To determine sandstone composition, point counts were conducted on 77 thin sections.
Non-overlapping photographs were taken at a common scale, encompassing a representative sample
of each thin section. A rectangular grid was laid over each photograph, and the rock constituents at
every grid intersection were identified and recorded. At least 100 points were counted for 70 of the
77 thin sections. Comparison of thin sections represented by different numbers of points indicates
little difference in the result that can be ascribed to sample size. Proportions of various rock
constituents, including open pore space, were calculated for all point-counted thin sections.
Standard ternary diagrams of detrital composition were used to classify the sandstone and evaluate
provenance.

2.3.  Geologic Setting

Citronelle Field is located in the Mississippi Interior Salt Basin (Figure 2.2), which is a sub-
basin of the Gulf of Mexico sedimentary basin. In the Citronelle area, the Mississippi Interior Salt
Basin contains a succession of Mesozoic and Cenozoic strata that is commonly between 18,000 and
20,000 feet thick. These strata accumulated as part of the passive margin along the northern rim of
the Gulf of Mexico (e.g., Salvador, 1987, 1991). The sedimentary fill of the salt basin
unconformably overlies basement strata of the Paleozoic-age Appalachian-Ouachita orogenic belt.
The mid Jurassic Louann Salt unconformably overlies the basement. This unconformity apparently
marks the transition from active rifting during Triassic time to passive margin development
associated with the opening of the Atlantic and the Gulf of Mexico, which began during the Jurassic
(Withjack et al., 1998).

The Louann salt varies greatly in thickness throughout the region as a result of regional salt
tectonics. The salt is absent where the younger sedimentary cover is welded to basement, is locally
thicker than 1,000 feet in broad salt pillows, and is locally more than 10,000 feet thick where it has
flowed into diapiric structures (Hughes, 1968). Indeed, salt-related fold and fault systems occur
throughout the salt basin and have played a dominant role in the migration and trapping of oil and
gas in the region. Above the Louann is a thick Jurassic section that consists principally of
sandstone, carbonate, and evaporite. Early Cretaceous strata in the Citronelle area are thicker than
6,000 feet; they are dominated by siliciclastic redbeds containing thin carbonate and evaporite
intervals. Late Cretaceous and Tertiary strata in the Citronelle area are about 7,200 feet thick.
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2.3.1. Structural Framework

Citronelle Field is in the southern part of the Mississippi Interior Salt Basin about 15 miles
west of the Mobile graben, which is a peripheral fault system that marks the margin of the salt basin
(Figure 2.2). The field is developed within an anticlinal structure called Citronelle dome. The
dome is a subtle fold with limbs dipping less than 3° (Figure 2.3). The fold is underlain by a broad,
thin pillow of Louann Salt, and the origin of the dome has long been linked to regional salt
movement (Cottingham, 1988). Strata below the Ferry Lake Anhydrite, including the Donovan
sandstone, exhibit no tangible changes of thickness across the dome, indicating that folding post-
dates Ferry Lake deposition. All younger strata thin toward the crest of the dome, indicating a
prolonged interval of structural growth spanning the last 100 million years.

A structural contour map of the base of the Ferry Lake Anhydrite demonstrates the structural
simplicity of Citronelle dome (Figure 2.4). The dome is a simple four-way structural closure that is
slightly elongate toward the northwest. The northeast flank of the dome is significantly steeper than
the southwest flank (Figures 2.3 and 2.4). The structure has more than 500 feet of structural
closure, and a saddle between the dome and a footwall uplift along the western boundary of the
Mobile graben defines the spillpoint of the structure. The dense well spacing in the crestal region of
the dome follows the general footprint of the oil accumulation (Figure 2.4). The lowest known oil
in the dome is about 200 feet above the structural spillpoint, indicating that the Donovan reservoirs
are underfilled with hydrocarbons. No faults are known in Citronelle dome, and no macroscopic
natural fractures were observed in cores of the Donovan sandstone.

The CO; flood area employed in this study is in the northeastern corner of Citronelle Field,
where Donovan strata dip gently toward the northeast at about 80 feet per mile. A 3-D structural
model of the base of the 16-2 sandstone demonstrates the structural simplicity of the area (Figure
2.5). The base of the sandstone strikes approximately N. 47° W., and variability of the contours is
modest and probably reflects paleotopographic variation of this surface associated with channeling
and other depositional processes as much as structural deformation.
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Figure 2.3. Structural cross sections of Citronelle dome showing location of Citronelle Field in the Lower Cretaceous section.
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Figure 2.4. Structural contour map of the top of the Donovan sandstone (base of Ferry Lake
Anhydrite) showing the areal geometry of Citronelle dome and the footprint of the oil field in the
crestal region of the structure.
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Figure 2.5. Structural model showing uniform northeast dip of the base of the 16-2 sandstone in
northeastern Citronelle Field. Location of B-19-10 #2 injection well highlighted in magenta.

2.3.2. Burial History

A burial history curve based on a deep well in Citronelle Field provides some insight into
the Donovan petroleum system (Figure 2.6). Post-Louann strata record nearly continuous
sedimentation from Jurassic through Miocene time. The overall burial history establishes a
decelerating subsidence curve, which is typical of passive margins. Subsidence decelerated
markedly near the start of Tertiary time, indicating effective tectonic stability over the past 60
million years. Jurassic strata of the Norphlet Sandstone and Smackover Limestone entered the
hydrocarbon maturation window at about 120 million years and reached overmaturity around 30
million years. Today, Upper Cretaceous strata of the Tuscaloosa Group sit at the edge of thermal
maturity, and the Donovan sandstone is near the mid-late mature boundary, which is in the heart of
the oil generation window and corresponds with the onset of thermogenic gas generation.

The burial history curve suggests that the oil has had significant residence time in Citronelle
dome, and the preponderance of light oil in sandstone containing significant pyrobitumen indicates
that significant thermal cracking occurred after emplacement of the oil. Although the reservoir may
be entering the thermogenic gas window, production and core analysis data indicate that the gas-oil
ratio in Citronelle Field is extremely low. Indeed, what little gas is present is dissolved in the oil,
thus the reservoir is strongly undersaturated with natural gas.
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Figure 2.6. Burial history model and hydrocarbon maturation windows based on interpretation of a
deep well in the central part of Citronelle Field.

No organic-rich source strata have been identified in the lower Cretaceous section of the
eastern Mississippi Interior Salt Basin. Because of this, organic-rich carbonate in the middle part of
the Smackover Limestone is considered the principal petroleum source rock in the region (Claypool
and Mancini, 1989). Plotting the burial history to highlight source rocks, reservoir rocks, and seals
(Figure 2.7) reveals the complexity of the Donovan petroleum system. Smackover strata are very
thin in Citronelle dome and are overlain by an extremely thick evaporite seal in the Haynesville
Formation. Since no faulting is known in the Citronelle area, it is doubtful that Smackover strata in
the dome could have charged the Donovan reservoir. Claypool and Mancini (1989) suggested that
oil from Citronelle Field has geochemical affinity with the Smackover Formation. Therefore,
remote sourcing of the petroleum accumulation from areas outside the dome is the simplest
explanation.
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2.3.3. Stratigraphic Framework

The Donovan sandstone is near the middle of the Lower Cretaceous section in the
Mississippi Interior Salt Basin and constitutes the upper 1,000 feet of a major redbed interval that
spans nearly 3,500 feet of section. The Donovan has traditionally been assigned to the Rodessa
Formation (Eaves, 1976), although true Rodessa equivalents of early Albian age are probably
restricted only to the uppermost 100 feet of the Donovan interval. The Donovan appears to contain
strata equivalent to the James Limestone, which is of late Aptian age (Mancini and Puckett, 2005)
(Figure 2.8). The Donovan also may include strata equivalent to the latest Aptian Bexar Formation,
which intervene between James and Rodessa strata.

Jurassic

| Tertiary

Depth (ft)

10000 — A |
\\L
| o
Sl
4 =
|
s
] 3 : \
4 S N
2
I g,
15000 — : =) Main Gas Generation
Q
i LT 150°C e
P2 5|
1 ALPermit 1067 -3 S
East Citronelle Unit (B-31-7) #1 \ g
‘| Citronelle Field | | - .
| Sec.31,T.2N,R.2W., 2043FNL, 2171 FEL 2| N
Mobile County, Alabama I &1
20000 — T r— — .
150 100 50 0
Age (Ma)

- Seal (Ferry Lake- Mooringsport anhydrite and shale)
\:| Producing reservoir (Donovan sandstone)
I:l Seal (Haynesville evaporite, carbonate, and shale)

- Prospective source rock (Smackover carbonate)

Figure 2.7. Burial history model showing positions of source rocks, reservoir rocks, seals,
hydrocarbon maturation windows, and source-rock expulsion events in Citronelle Field. A local
petroleum source in the Smackover Limestone is unlikely because a thick evaporite section lacking
faults intervenes between potential Smackover source rocks and the Donovan oil accumulation.
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Figure 2.8. Stratigraphic chart showing position of Donovan reservoir strata in Citronelle Field
(yellow) relative to formal stratigraphic units in the Gulf of Mexico Basin (modified from Mancini
and Puckett, 2005).

Following the work of Mancini and Puckett (2005), the Donovan sandstone is interpreted to
overlie mid Aptian redbeds equivalent to the Pine Island Shale. The Donovan is overlain sharply by
the Ferry Lake Anhydrite (early Albian), which is composed of interbedded anhydrite and shale.
The Ferry Lake, in turn, is overlain by interbedded shale and limestone of the Mooringsport
Formation (early Albian).

Only a few exploratory wells penetrate the base of the Donovan sandstone in Citronelle
Field because reservoir strata are restricted to the upper 850 feet of the interval. In Well B-31-7 #1,
the basal Donovan sharply overlies a shaly section that may be a Pine Island equivalent
(Figure 2.9). Internally, the Donovan contains numerous stacked sandstone-mudstone packages that
contain some limestone. Individual sandstone and mudstone beds are typically thinner than 30 feet,
and limestone beds are generally thinner than 10 feet. The sandstone is very fine- to medium-
grained, includes intraclastic conglomeratic, and ranges in color from red to light gray. Oil and
pyrobitumen give the reservoir sandstone units a yellowish-brown to very dark gray color.
Mudrocks are rich in sand and silt and are of variegated color. Red mudstone predominates, and
intervals of dark greenish-gray to dark gray shale are common, especially at contacts with oil-
bearing sandstone units. Limestone units in the Donovan range from skeletal calcarenite to oyster
calcirudite and locally produce oil.
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Figure 2.9. Geophysical well log showing stratigraphy and rock types of the Donovan sandstone
and adjacent units in Citronelle Field.

The Donovan sandstone is subdivided into three intervals: the lower Donovan, the middle
Donovan, and the upper Donovan (Figure 2.9). The lower Donovan is about 400 feet thick and
contains sandstone units that tend to fine and thin upward. The lower half of this interval is
composed of low-resistivity sandstone exhibiting strong separation between the deep and shallow
resistivity curves. Low resistivity reflects iron-bearing minerals in the sandstone, and separation of
the resistivity curves indicates that the sandstone units are water-bearing. The upper half of the
lower Donovan contains sandstone units with resistivity comparable to shale, and weak separation
of the resistivity curves corresponds to oil-bearing sandstone. Lower Donovan sandstone units have
produced oil, but most of these reservoirs have been depleted and sit below drillable cement plugs
that were set in or above the middle Donovan interval.

The middle Donovan sandstone is less than 200 feet thick and constitutes a series of water-
bearing sandstone units that are interbedded with mudstone (Figure 2.9). The basal contact of the
middle Donovan is sharp, whereas the upper contact is gradational. Middle Donovan sandstone
units are distinguished by high resistivity in shallow induction curves, reflecting relatively low iron
mineral content, and very low resistivity in deep induction curves, which indicates saturation with
hypersaline formation water. Indeed, the middle Donovan sandstone lacks economically significant
oil resources.
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The upper Donovan sandstone constitutes the upper 500 feet of the Donovan interval and
contains sandstone units with high resistivity comparable to that in the shallow induction curves in
the middle Donovan (Figure 2.9). However, the upper Donovan sandstone units typically exhibit
minimal separation between the deep and shallow induction curves, which is characteristic of high
initial oil saturation that commonly exceeds 50 percent.

The Ferry Lake Anhydrite is about 50 feet thick in Citronelle Field and consists of two
anhydrite beds separated by shale that can be correlated throughout the field (Figure 2.9). The
anhydrite is generally considered the terminal topseal for the Donovan oil accumulation. Above the
Ferry Lake is the Mooringsport Formation, which is about 240 feet thick. The Mooringsport
sharply overlies the Ferry Lake Anhydrite and is sharply overlain by sandstone-dominated redbeds
of the Paluxy Formation. The basal 75 feet of the Mooringsport contains argillaceous limestone
beds that are up to 15 feet thick, and these shale and limestone beds contribute to the integrity of the
topseal of the oil reservoir.

Wilson and Warne (1964) and Eaves (1976) interpreted the Donovan sandstone as a fluvial
deposit. However, Wilson and Warne noted oysters in parts of the Donovan, indicating a coastal
origin for at least part of the section. Northeast of Citronelle Field, strata equivalent to the Donovan
sandstone are dominated by redbeds of apparent continental origin. Southwest of the field below
the modern continental shelf, the Donovan passes into a thick carbonate succession (Petty, 1999)
(Figure 2.10). The southwest margin of the carbonate shelf is fringed by a major barrier reef
complex, and so the bulk of the shelf can be characterized as a broad platform lagoon. Accordingly,
the Donovan sandstone can be interpreted as a coastal plain deposit that accumulated near the
landward fringe of the platform lagoon.

SW . NE
~100 mi (160 km) }
Continental margin Citronelle area
Lower Cretaceous Platform lagoon Shore zone Coastal plain
reef trend

U S RSP 0, P17 S A A P S A A A S

James, Bexar, and _
Rodessa carbonates Limestone

Aggradational sandstone
:I Variegated shale

Figure 2.10. Generalized facies diagram showing relationship of the Donovan sandstone to
equivalent carbonate deposits of the Gulf of Mexico Region. Regional relationships suggest that the
Donovan sandstone was deposited on a coastal plain along the landward fringe of a back-reef
platform lagoon.
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The Donovan sandstone in Citronelle Field contains more than 43 reservoir sandstone units
that have been mapped throughout the field (Eaves, 1976), and numerous other sandstone units are
present in the water-bearing intervals of the lower and middle Donovan sandstone (Figures 2.9 and
2.11). The sandstone units are generally organized into two major thinning- and fining-upward
intervals, the older of which corresponds with the lower Donovan sandstone, and the younger of
which corresponds to the middle and upper Donovan (Figure 2.9). Considering the dominant
fluvial origin of the sandstone units, each thinning- and fining-upward succession can be a sequence
set with a major depositional sequence boundary at the base. According to Mancini and Puckett
(2005), the section from the base of the Donovan sandstone to the base of the Ferry Lake Anhydrite
represents a time span of 6 million years (110 to 116 million years; Figure 2.8). Therefore, each
sequence set appears to represent 2 to 4 million years and is thus bound at the base by a third-order
sequence boundary. Presence of about 60 sandstone-mudstone packages in the Donovan interval
indicates high-frequency sequence development. Individual sandstone-mudstone packages
therefore have an average frequency of ~100,000 years, which is consistent with changes of base
level in the Milankovitch short eccentricity band (i.e., fifth-order depositional sequences).
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Figure 2.11. Cross section through central Citronelle Field showing the distribution of reservoir and
water-bearing sandstone units in Citronelle Field (modified from Eaves, 1976).
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2.4. Lithofacies and Depositional Environments

The sandstone-mudstone packages that constitute the Donovan sandstone were organized
into four lithofacies, each containing a distinctive suite of rock types, physical sedimentary
structures, biogenic structures, and diagenetic features. These lithofacies are the (1) conglomerate
facies, (2) sandstone facies, (3) heterolithic facies, and (4) mudstone facies. In the following
sections we describe the characteristics of each lithofacies and offer interpretations of depositional
process and depositional environment that are based on those characteristics.

2.4.1. Conglomerate Facies

Characteristics. A range of conglomeratic deposits occur in the Donovan sandstone that
vary in terms of clast type, color, internal sedimentary structures, and grain types. Rock types in the
conglomerate facies include conglomerate and conglomeratic sandstone (Figures 2.12 and 2.13).
Clasts range in size from granules to cobbles; pebbles are most common, whereas cobbles are few.
Clast types are varied and include dolomitic mudstone (Figure 2.13A), argillaceous mudstone
(Figure 2.13B), coalified plant debris (Figure 2.13D), oysters (Figure 2.13E), and anhydrite (Figure
2.13C). Conglomerate thickness is highly variable, ranging from pebble layers less than six inches
thick to zones of clast-supported conglomerate thicker than three feet.

Dolomitic mudstone pebbles are the most common type of lithoclasts; they are angular to
well-rounded and tend to be subspherical (Figure 2.13A). The clasts are commonly coated with
clay, and many have faded or bleached rims; calcite-filled septaria also are common within the
clasts (Figure 2.14). The pebbles are typically medium gray to brownish-gray in color, although
those in the middle Donovan commonly have red hues. The conglomerate is almost universally
clast-supported, and the matrix consists of calcite-cemented sandstone. The sandstone matrix is
typically fine- to medium-grained, and the cement gives the sandstone pale colors, most typically
light to very light gray. In parts of the middle Donovan, however, the sandstone has pink to reddish
hues, and calcite cementation is less pervasive.

Argillaceous mudstone clasts are typically platy and are angular to subround (Figure 2.13B).
The mudstone is silty and sandy. Color is most commonly dark gray, although clasts in some
intervals, including the middle Donovan sandstone, have reddish and greenish hues. Sandstone
matrix is commonly calcareous and resembles that described above, although many of the units
bearing abundant argillaceous lithoclasts are cross-stratified. Anhydrite pebbles also were observed
in some sandstone units and tend to be preserved as isolated clasts supported by sandstone matrix
(Figure 2.13C).

Bioclastic material also is common in the conglomerate facies and consists of plant debris
and shells (Figures 2.13D, 2.13E, 2.15, and 2.16). Coalified plant material is common and typically
occurs as coal clasts associated with pebbles and cobbles of mudstone or as zones of coal spars in
sandstone. The plant debris is dominated by woody material derived mainly from angiospermous
plants. Conglomeratic strata containing abundant oyster shells (Figure 2.13D) are common near the
top of the lower and upper Donovan intervals. The oysters are disarticulated and commonly form
shell hash. Some of the shell hash, moreover, lacks significant siliciclastic matrix and thus forms
limestone (Figure 2.15). Where large shell fragments are present, the limestone is calcirudite.
Where shells have been macerated the limestone is skeletal calcarenite and has a sparry calcite
matrix (biosparite; grainstone) containing miliolid foraminifera and algae (Figure 2.17). The fabric
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of the limestone layers is complex, with moldic and shelter pores visible in many hand samples.
Many of these large pores are filled with pyrobitumen (Figures 2.16 and 2.17).
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Figure 2.12. Core log and photographs of the 16-2 sandstone and adjacent mudstone units in the B-
19-10 #2 injection well showing major lithofacies, rock types, and sedimentary structures in the
Donovan sandstone.
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Figure 2.13. Photographs of slabbed core from the conglomerate facies. A. Clast supported
conglomerate containing dolomitic mudstone pebbles, Well C-1-6 #1, 10,920 ft. B. Cross-bedded
conglomeratic sandstone and conglomerate containing platy shale clasts, Well C-11-15 #2,
11,509 ft. C. Conglomeratic sandstone containing anhydrite clasts, Well C-11-15 #2, 10,935 ft.
D. Conglomeratic sandstone containing coalified plant material, Well C-1-6 #1, 10,948 ft.
E. Oyster hash in calcareous sandstone matrix, Well C-11-15 #2, 11,371 ft.
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Figure 2.14. Conglomerate containing dolomitic and argillaceous mudstone clasts. Note abundant
clay coatings on lithoclasts.

Conglomerate beds have sharp to distinct lower contacts and are commonly present at or
near the base of the reservoir sandstone units (Figures 2.12 and 2.18). The upper contacts of the
conglomerate intervals, by contrast, are sharp to gradational. The internal bedding structure of the
conglomerate beds is complex, and some beds are composites of multiple conglomerate layers
separated by sandstone or mudstone (Figure 2.19). In electric logs the conglomerate layers have
moderate resistivity and a positive deflection in SP curves (Figure 2.18). Correlation of well logs
suggests that some conglomerate beds are traceable among multiple wells and are thus widespread,
whereas others cannot be correlated from well to well and thus appear to be localized.
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Figure 2.15. Limestone containing oyster hash in the conglomerate facies. Note abundant voids
filled with pyrobitumen (black), clasts of oyster-bearing mudstone, and general fining upward.

Interpretation. Lithoclasts in the conglomerate facies are all of sedimentary or biological
origin (Figure 2.13), suggesting that they were derived by reworking of nearby sediment. Indeed,
most of the clasts can be traced back to the other lithofacies, which are described in the sections
below. The sharp bases of the conglomerate layers and the association with the basal contacts of
the reservoir sandstone bodies (Figures 2.12 and 2.18) indicates an origin by erosion. Cross-
bedding in some of the conglomeratic rocks (Figure 2.13B), moreover, confirms transport by
vigorous currents. The variable lateral extent of the conglomerate layers (Figure 2.18) indicates
deposition in channel bottoms, and some of the widespread layers may have been deposited on tidal
ravinements.
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Figure 2.16. Conglomerate layer containing coalified plant material.
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Figure 2.17. Thin section photomicrograph of oyster biosparite containing miliolid foraminifera.
Moldic pores formed by dissolution of oyster shells; note pyrobitumen linings on pores.
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Figure 2.18. Stratigraphic cross section showing facies variation in the Donovan sandstone in the
injection project area of northeastern Citronelle Field. See Figure 2.1 for location.

Platy mudstone clasts (Figure 2.13B) were probably derived by simple erosion of the
mudstone units that underlie the conglomerate and sandstone layers. Similarly, anhydrite pebbles
(Figure 2.13C) appear to be derived from anhydrite nodules that occur in other facies. Abundant
coalified plant material in some conglomerate beds (Figures 2.13D and 2.16), alternatively,
indicates significant input of plant material derived from vegetated landscapes. Calcite-filled
septaria and bleached rims in the dolomitic mudstone clasts, by contrast, suggest a complex origin
involving desiccation and weathering of sediment, which was subsequently eroded, transported, and
deposited in the conglomerate facies. Clay coatings on the lithoclasts (Figure 2.14) may have
multiple origins. Some may be relict clay coatings that formed as argillans in ancient soil profiles
(e.g., Retallack, 1990; Pittman et al., 1992), whereas others may have formed by rolling and
armoring in mud. Mud-armored clasts form where pebbles roll down muddy slopes or are rolled
through mud by currents, such as river currents and tidal currents (e.g., Hall and Fritz, 1984,
Knight, 2005). Indeed, presence of shell hash with miliolid foraminifera (Figure 2.16) in parts of
the conglomerate facies indicates that marine processes were involved in parts of the Donovan
sandstone; some of the shells in mudstone clasts may have been reworked from adjacent marine
strata, whereas many of the shells may have been derived from oysters living on channel and
ravinement bottoms. Indeed, examination and interpretation of the other lithofacies of the Donovan
sandstone demonstrates that these strata were deposited in a broad range of environments in which a
spectrum of continental and marine processes were effective.
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Figure 2.19. Photograph of core containing two discrete conglomerate beds separated by a thick
lamina of mudstone. Intervening mudstone lamina contains internal ripple cross-laminae. This type
of bedding demonstrates the extreme variability of paleoflow conditions during deposition of the
conglomerate facies.

2.4.2. Sandstone Facies

Characteristics. The sandstone facies constitutes all thick-bedded sandstone units in the
Donovan sandstone and thus includes all of the major reservoir sandstone units, as well as the water
bearing sandstone units of the lower and middle Donovan intervals. The sandstone is very fine to
medium grained and contains a diverse suite of physical and biological sedimentary structures
(Figures 2.12, 2.20, and 2.21). As mentioned previously, Donovan sandstone ranges in color from
red to light gray, and oil and pyrobitumen give the reservoir sandstone units a yellowish-brown to
very dark gray color (Figures 2.12, 2.20A, and 2.20C).

Physical sedimentary structures in the sandstone include cross-beds, subhorizontal laminae,
and ripple cross-strata (Figure 2.20). Cross-bedding includes a range of planar and tangential
forms, although it is often difficult to conclusively identify cross-bed types in core. Some of the
cross-beds have clay- and mica-draped foresets (Figure 2.20B), and normally graded laminae were
observed locally (Figure 2.22). Sandstone with horizontal to subhorizontal laminae is present in
many Donovan sandstone bodies and constitutes most of the sandstone at the top of the upper
Donovan (Figure 2.20C). Micaceous partings are common in the sandstone, as are local layers of
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Figure 2.20. Photographs of slabbed core from the sandstone facies. A. cross-bedded sandstone
blackened with pyrobitumen, Well C-11-15 #2, 11,057 ft. B. Cross-bedded sandstone with
abundant tiny clay chips and clay-draped foresets (Well B-19-10 #2, 10,953 ft. C. Horizontally
laminated sandstone stained with oil and containing micaceous laminae, Well C-1-6 #1, 10,873 ft.
D. Sandstone containing trough-shaped current-ripple cross-laminae, Well C-11-15 #2, 11,031 ft.
Note vertical burrow in upper part of core slab.
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Figure 2.21. Photographs of slabbed core showing bioturbation in the sandstone facies.
A. Sandstone mottled with abundant adhesive meniscate burrows, Well D-9-8 #2, 10,986 ft.
B. Reddish sandstone contining meniscate burrows outlined by illuvial clay, Well C-11-15 #2,
11,358 ft. C. Abundant meniscate burrows defining margin of nest structure adjacent to laminaed
sandstone, Well A-26-8 #2, 11,436 ft. D. Sandstone containing branching carbonized root
structure, Well A-26-8 #2, 11,466.5 ft.
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Well A-26-8 #2
Permit 3086
10,907 t010,908 ft

Figure 2.22. Photographs of slabbed core containing cross-strata with normally graded laminae,
indicating possible local influence of sedimentation by eolian grainfall. A. Steep cross-strata with
faint burrows. B. Cross-strata with normally graded laminae, coalified plant debris, burrows, and
rootlet structures.

mudstone chips. Current-ripple cross-strata are common in very fine- to fine-grained sandstone.
Several ripple forms are present, including trough-shaped forms (Figure 2.20D) characteristic of
linguoid, lunate, and cuspate ripples and simple dipping foresets indicative of straight- to sinuous-
crested ripples (Figure 2.23). Climbing ripples were observed in some intervals (Figure 2.23), and
most ripples in the sandstone facies indicate dominant unidirectional flow, at least at the scale of
hand samples.

Biogenic structures are abundant in many parts of the sandstone facies and include burrows
and plants (Figure 2.21). Burrow mottling is especially abundant in the upper parts of the Donovan
sandstone bodies (Figures 2.12 and 2.21A). Meniscate burrows up to 0.5 inch in diameter are the
most common forms (Figure 2.21B). In some layers intense burrowing passes laterally into weakly
bioturbated strata, which is suggestive of nest structures (Figure 2.21C). In addition to plant debris,
moreover, branching carbonized root networks are preserved in some sandstone intervals (Figure
2.21D).

Diagenetic structures in the sandstone units include concretionary calcite and anhydrite
cement (Figures 2.12 and 2.20A). Calcite cement is pervasive where sandstone forms the basal
contacts of sandstone bodies and where the sandstone facies is in contact with the conglomerate
facies. These pervasively cemented zones are typically less than one foot thick. Calcite cement
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Well A-35-10 #2
Permit 3198
11,079 ft
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Figure 2.23. Photograph of very fine-grained sandstone with climbing current ripples. Ripple
foresets draped with mica and organic matter. Note consistent foreset dip orientation.

also occurs as dispersed granule- to pebble-size concretionary bodies that typically have diffuse
boundaries. Similarly, anhydrite cement occurs as granule- to pebble-size concretionary bodies
with diffuse boundaries. Stylolites also are common in the sandstone.

Donovan sandstone units tend to fine upward, have gradational to sharp upper contacts, and
are vertically and laterally heterogeneous. In core, fine- to medium-grained cross-bedded sandstone
IS most common near the bases of sandstone bodies above the conglomeratic intervals (Figure 2.12).
By contrast, fine- to very-fined grained sandstone containing subhorizontal laminae, ripple cross-
strata and bioturbation predominates in the upper parts of the sandstone intervals. In terms of lateral
heterogeneity, many sandstone units can be correlated with ease across large parts of the field,
whereas others are difficult to correlate from well to well (Eaves, 1976) (Figures 2.11 and 2.18).
Where sandstone units are easily correlated, however, variable log signatures demonstrate that each
sandstone body exhibits significant interwell heterogeneity (Figure 2.18). SP and resistivity curves
typically have blocky signatures reflecting little variation of grain size and porosity or Christmas-
tree-type signatures that reflect fining upward and vertically decreasing porosity. The magnitude of
the negative deflection in SP and shallow resistivity curves is roughly proportional to reservoir
quality. Indeed, the cross section A-A' demonstrates the strong SP response of the 14-1 and 16-2
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sandstone units, which account for the vast majority of Donovan production in the northeastern part
of Citronelle Field and were the targets of the CO,-EOR test.

Examination of core analysis data and micrologs indicates that, with the exception of some
limestone in the conglomerate facies, pay zones are restricted to the sandstone facies. Pay zones are
readily identified in micrologs as intervals where micro-inverse resistivity is substantially lower
than micro-normal resistivity. In the case of the 14-1 and 16-2 pay zones, the micro-inverse curve
sits around 2.5 to 3.0 ohm m%m and the micro-normal curve sits around 4.0 to 5.0 ohm m%m
(Figure 2.24). Models of the CO, flood area indicate that net pay thickness ranges from 0 to 14 feet
in the 14-1 sandstone and from 0 to 20 feet in the 16-2 sandstone (Figure 2.25). The map patterns
indicate irregular patterns of pay thickness and that pay thickness in both target sandstone units
increases away from the injection point within the inverted five-spot well pattern. In the B-19-10
#2 injection well, net pay is less than three feet thick in the 14-1 sandstone and is 10 feet thick in the
16-2 sandstone. Pay-quality sandstone is absent in the 14-1 sandstone northwest of the inverted
five-spot used in this study. Within the inverted five-spot well pattern, pay is thickest in the
southeastern and southwestern wells. Prominent maxima of pay thickness in the 16-2 sandstone are
northeast and west of the injection well.

Electric log Well B-19-8 #1
M CONDUCTIVI (OGB permit 1235)

Microlog

RESISTIVITY
ohms. m*'m

I:’ Sandstone interpreted from electric log, verified in core
I:I Pay interpreted from microlog

Figure 2.24. Geophysical well logs showing relationships between SP-resistivity logs and

micrologs. Pay zones were interpreted from micrologs, and models of net pay thickness were
constructed in the northeastern part of Citronelle Field.
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A. 14-1 Sand

Wells on 40-acre (16-ha) spacing
Vertical exaggeration = 5x

B.16-2 Sand

20 ftr6m

Wells on 40-acre (16-ha) spacing
Vertical exaggeration = 5x

Figure 2.25. Three-dimensional models of net pay thickness in the northeastern part of Citronelle
Field. Color contoured pay thickness is draped on structural models of the base of each sandstone.
EOR experiment area shaded gray, and B-19-10 #2 injection well is highlighted in magenta.

-4] -



Interpretation. The sandstone facies has many characteristics of fluvial, estuarine, and
beach deposits. The general vertical progression from medium- to fine- grained sandstone with
cross-beds to fine- to very fine-grained sandstone with subhorizontal laminae and ripple cross-strata
(Figure 2.12) is suggestive of waning flow, and the variable lateral extent of the sandstone bodies is
suggestive of channel systems (Figures 2.12, 2.18, and 2.26). Most of the cross-bedded sand
(Figures 2.12 and 2.20A) was transported as bedload, whereas much of the ripple cross-laminated
sandstone (Figures 2.20D and 2.23) was deposited from suspended load. The consistent ripple
orientation in the cores suggests that unidirectional flows predominated, suggesting a dominant
fluvial origin. However, mud draping of some cross-strata (Figure 2.20B) indicates periodic
waxing and waning of flow, which is typical of tidal systems (e.g., Terwindt, 1981). At the other
end of the spectrum, the association of normally graded laminae with roots and plant fragments
(Figure 2.22) is possibly the product of eolian grainfall sedimentation (e.g., Hunter, 1977), which
has been observed in dryland river systems (Shepherd, 1987; Tooth, 2000).

Trace and plant fossils in the sandstone (Figure 2.21) appear to be dominantly terrestrial.
Meniscate burrows are abundant in many continental deposits and are commonly the product of
insect and other animal activity in abandoned stream beds and alluvial plains (e.g., Hasiotis, 2002).
The occurrence of fossil root systems indicates that some sandy landscapes were vegetated.
Clearly, the sandstone facies represented a very wide spectrum of depositional processes and
environments, but some generalizations can be made. Grain size indicates a dominance of bedload
fluvial sedimentation, and so the fluvial deposits may represent sandy braided streams of Platte type
following the classification of Miall (1977). Cross-bedded sandstone thus probably accumulated
mainly in transverse bars, whereas the gravel beds represented by the conglomerate facies
accumulated in longitudinal bars. Climbing ripples indicate that suspended load sedimentation was
locally effective, but these types of deposits are scarce and probably were deposited in minor
sinuous channel segments amidst the longitudinal and transverse bars that predominate in braided
systems. Indeed, a lack of evidence for significant levee, flood-basin, and crevasse-splay deposits
in the Donovan sandstone suggests that the fluvial systems had low sinuosity and were confined
largely to valleys.

Local evidence for tidal processes, such as mud-draped cross-strata (Figure 2.20B) indicates
episodic incursion of marine water at the landward fringe of the platform lagoon and thus formation
of estuaries. However, these types of deposits are rare in most of the Donovan sandstone, indicating
that most sedimentation occurred in a continental dryland setting. The most prominent examples of
coastal sedimentation occur in the uppermost sandstone units of the lower Donovan and upper
Donovan intervals (Figure 2.26). In these parts of the section, sandstone beds are very widespread,
and the associated strata of the conglomerate facies include oyster hash. The sandstone in these
intervals is dominated by subhorizontal laminae (Figure 2.20C), which are suggestive of the low-
angle, wedge planar cross-strata that are diagnostic of beach deposits and shoreface. Similar
deposits are widespread in the Cretaceous strata of North America (e.g., McCubbin, 1982).
Channel fills associated with the beach-shoreface deposits, which contain most of the oyster hash
(Figures 2.15 and 2.17), are interpreted as inlet deposits. Hence, the distribution of fluvial and
marine deposits is consistent with overall rising sea level and a long-term transition from fluvial to
shoreline environments during deposition of each Donovan sequence set.
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Figure 2.26. Cross section traversing central Citronelle Field showing generalized interpretations of
sandstone depositional environments (modified from Eaves, 1976).

2.4.3. Heterolithic Facies

Characteristics. The heterolithic facies is the least common lithofacies of the Donovan
sandstone (Figure 2.27) and occurs primarily in the upper portions of the lower Donovan and upper
Donovan intervals. The heterolithic facies constitutes parts of the Donovan sandstone that contain
thinly interbedded shale, siltstone, and sandstone. These strata are variegated, with most of the
shale being dark gray and most of the siltstone and sandstone being medium gray to light gray.
These strata commonly have red hues, and the arenaceous layers have brownish to dark gray shades
where they are stained with oil and pyrobitumen.

Bedding styles in the heterolithic facies include flaser, wavy, lenticular, and pinstripe
bedding (Figure 2.27). Thin layers containing dolomitic mudstone, mudstone, and anhydrite clasts
resembling those in the conglomerate facies occur locally (Figure 2.28). Physical sedimentary
structures include load casts, current-ripple cross strata, and horizontal laminae (Figure 2.27).
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2cm P - pyrite nodules

Figure 2.27. Photographs of slabbed core from the heterolithic facies. A. Interbedded shale,
siltstone, and sandstone with load casts, current ripples, and burrows, Well C-2-16 #2, 11,263 ft.
B. Variegated shale, siltstone, and sandstone with wavy and lenticular bedding and abundant
burrows, including inclined burrows of Rhizocorallium, Well C-1-6 #1, 10,935 ft. C. Pinstripe-
laminated shale, siltstone, and sandstone with pyrite nodules and burrow fills, Well C-1-6 #1,
11,339 ft. D. Bioturbated mudstone and sandstone containing abundant oyster shells, many of
which are articulated and uncompacted, Well C-1-6 #1, 11,339 ft.
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Well C-1-6 #1
Permit713
10,720 ft

. Dolomitic
_ mudstone clasts

Laminated mudstone

+ Anhydrite clast (A)

Dolomitic
mudstone clasts

S Mudstone lamina

Mudstone lamina

Current-ripple cross-

Figure 2.28. Core photograph showing wavy bedded conglomerate, sandstone, and mudstone in the
heterolithic facies, Well C-1-6 #1, 10,720 ft.

Ripple foreset orientation is less uniform than in the sandstone facies (Figure 2.27B). Desiccation
cracks were observed locally, particularly where the shale and sandstone bear red hues (Figure
2.29A), and trace fossils are common throughout the lithofacies. Parts of the lithofacies are
calcareous, and some beds contain abundant oyster shells. Some of these intervals constitute hashes
of disarticulated shells that are flattened, whereas others contain articulated shells that are filled
with sediment (Figure 2.27D).

Biogenic structures in the heterolithic facies are quite varied. Meniscate burrows are
common, particularly where the facies has red hues and where desiccation cracks are present
(Figure 2.29A). Overall, the trace fossil assemblage is much more diverse than in the sandstone
facies and includes specimens of Rhizocorallium (Figure 2.28B) and Teichichnus (Figure 2.29B), as
well as conical burrows resembling Conostichus (Figure 2.29C). Pyrite nodules are common in
these strata and in places appear to fill horizontal burrows (Figure 2.27C).

-45 -



Teichichnus burrow

Tidal bundles?

Conical Teichichnus burrow
burrow

2cam

Figure 2.29. Photographs of biogenic structures in slabbed core of the heterolithic facies.
A. Meniscate burrows and desiccation cracks in interbedded sandstone and red mudstone, Well C-
1-6 #1, 10,979 ft. Note well-defined meniscae in horizontal burrow. B. Specimen of Teichichnus
in interbedded sandstone, siltstone, and shale of the heterolithic facies, Well C-6-1, #1, 11,335 ft.
C. Conical burrows and possible tidal bundles in interbedded shale, siltstone, and sandstone, Well
C-2-16 #2, 11,346 ft.
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Strata of the heterolithic facies tend to be associated with the upper parts of the Donovan
sandstone bodies, particularly in the transition zone where sandstone grades into mudstone. The
precise thickness and distribution of the heterolithic facies is uncertain because of spotty core
coverage in mudstone-bearing intervals. Based on the available evidence, heterolithic strata tend to
be less than two feet thick in most of the lower Donovan and upper Donovan. Reddish hues are
common in these strata, and typical sedimentary structures include mud cracks and a meniscate
burrow assemblage similar to that in the sandstone facies. In the upper 100 feet of each interval, by
contrast, heterolithic strata are commonly thicker than two feet, and strata with red hues are
relatively scarce. It is here that the trace fossil assemblage is more diverse than that in the
sandstone facies, and this is the part of the section where oyster shells are abundant.

Interpretation. Most strata assigned to the heterolithic facies have the classic characteristics
of tidal deposits. These characteristics include wavy, flaser, lenticular, and pinstripe bedding
(Figure 2.27), which have long been associated with tidal flat settings (e.g., van Straaten, 1954;
Klein, 1977). Oyster assemblages (Figure 2.27D) and burrows like Teichichnus (Figure 2.29B) are
the clearest indicators of marine to brackish water (e.g., Seilacher, 2007). The disarticulated oysters
forming hashes have been transported, but zones with articulated shells (Figure 2.27D) may
represent in situ assemblages. Desiccation cracks (Figure 2.29A) indicate episodic exposure, and
the meniscate burrows in this facies (Figure 2.29A) arguably represent the same terrestrial insect
communities that are interpreted to have dominated bioturbation in the sandstone facies. Thus, it is
possible, if not likely, that trace fossil assemblages of continental affinity have been superimposed
on marine and marginal marine fossil assemblages in the heterolithic facies.

This is especially apparent where thin intervals of the heterolithic facies are in the parts of
the Donovan sandstone that contain principally fluvial deposits. Some of these zones may represent
minor marine incursions into the river valleys and the formation of estuaries. Alternatively,
deposits containing only mud cracks and meniscate burrows could be interpreted as continental
sheet flood deposits. Therefore, the simplest interpretation is that the heterolithic facies tends to
have a continental signature in the lower part of each sequence set. The frequency and extent of
estuarine tidal flat deposits increases upward in section, culminating in widespread shoreline
sedimentation along the landward fringe of the platform lagoon at the top of the sequence sets
(Figure 2.26).

2.4.4. Mudstone Facies

Characteristics. The mudstone facies constitutes all thick-bedded mudstone intervals in the
Donovan sandstone (Figures 2.12, 2.30, and 2.31). In general, the mudstone facies has thickness
and continuity that is similar to the sandstone facies (Figures 2.18 and 2.26). The signature rock
type of the mudstone facies is reddish, non-fissile mudstone. Variegated mudstone is common and
rock colors include a range of gray and greenish hues. The mudstone tends to be rich in silt and
sand and can in places be classified as muddy sandstone.

Although the mudstone appears massive at first glance, close examination reveals several
types of physical and biogenic sedimentary structures. Much of the mudstone has a blocky
appearance and contains slickensides with variable orientation (Figure 2.30A). This type of
mudstone is quite friable, breaking readily into blocky pieces smaller than two inches. Dolomitic
mudstone nodules are abundant in the mudstone facies and weather to pale colors (Figure 2.30B).
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Figure 2.30. Photographs of slabbed core of the mudstone lithofacies in Well C-1-6. A. Mudstone
containing pedogenic slickensides and blocky peds, 10,972 ft. B. Mudstone containing dolomitic
mudstone nodules with cracks, 10,816 ft. C. Variegated sandy mudstone with desiccation crack
and meniscate burrows, 10,965 ft. D. Gray mudstone with intense burrow mottling, 10,717 ft.
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LC - Laminar clay crust
R - Root tubule

Figure 2.31. Photographs of slabbed core from the mudstone facies, Well D-9-8 #2. A. Sandy
mudstone with abundant meniscate burrows, 10,970 ft. B. Fossil root tube with gray halo
suggesting reduction of mud by decay of organic matter, 11,034 ft. C. Conglomeratic layer within
mudstone facies composed of dolomitic and argillaceous mudstone clasts, 11,153 ft. D. Layer of
mudstone pebbles overlain by crust of thinly laminated claystone, 11,154 ft.
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Anhydrite nodules also were identified in some samples. The nodules range in size from granules
to cobbles. Internally the nodules are extremely fine-grained and can be indistinct from the host
mudstone matrix where fresh. The nodules are commonly cracked, and the cracks are commonly
filled with clay or form calcite-filled septaria. Larger desiccation cracks also have been observed in
the mudstone (Figure 2.30C). Some of the nodules have clay coatings that resemble the coatings on
the dolomitic mudstone clasts in the conglomerate facies. Conglomeratic layers are preserved
locally in the mudstone and include accumulations of mudstone and dolomitic mudstone clasts
(Figures 2.31C and 2.31D). Conglomeratic layers in the mudstone facies have mudstone matrix and
are thus readily distinguished from those in the conglomerate facies, which have sandstone matrix.
Thin, laminated clay layers that appear as laminar crusts also are present in the mudstone facies and
are commonly associated with conglomeratic intervals (Figure 2.31D).

Most of the mudstone has a mottled texture, which is mainly the product of intense
burrowing (Figures 2.30D and 2.31A). The trace assemblage is dominated by meniscate burrows
like those in the sandstone facies. Some traces of plant life are preserved in the mudstone facies.
Large tubular structures with gray rims are suggestive of mud-filled root cavities (Figure 2.31B).
Coalified root systems are preserved locally and are characterized by irregular vitrain linings
surrounded by halos of gray mudstone.

Laminar clay crust
Surface sediment Lfﬂ:;m Intraclastic lag
Ped i
Zone of desiccation and sﬁckoe?'.'es?c;“és,
leaching (A horizon) Blocky peds
@A pY'4 Structures
N bparallel |
=== Subparallel laminae
x4
. © 99,4 Rhizoids >é< Slickensides
S Zone of accumulation T Mud cracks
N (B horizon) o
s AR © %] Dolomitic glaebules “« ®™ Mudstone pebbles
A R
_mm% OQ& Dolomitic nodules
Tw 4 Root structures (Rhizoids)
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Figure 2.32. ldealized vertical succession and paleoenvironmental interpretation of rock types and
sedimentary structures in the mudstone lithofacies.
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Strata in the mudstone facies display a distinctive vertical succession of rock texture,
sedimentary structures, and biogenic structures (Figure 2.32). This succession, moreover, can be
repeated multiple times within a single mudstone unit. The base of the succession is gradational
with either the sandstone facies or the heterolithic facies, and the zone of gradation can approach
three feet in thickness. The lower part of the mudstone facies is intensely burrow-mottled and is
very sandy (Figure 2.31A). Sand content decreases upward, and dolomitic mudstone nodules
(Figure 2.30B) increase upward in frequency and size. Higher in the succession, the frequency and
size of the nodules decreases, sand content continues to decrease, and burrowing becomes less
distinct. It is in this part of the succession that root traces are most common (Figure 2.31B).
Slickensides and desiccation cracks (Figure 2.30A, C) become increasingly common in the upper
few feet of the vertical succession, and friability of the mudstone increases. Slickensided and
cracked mudstone typically forms the top of the succession. Alternatively, some successions are
capped by conglomeratic mudstone (Figure 2.31C) or laminar clay crusts (Figure 2.31D).

Interpretation. The mudstone facies is interpreted as the product of intense oxidation and
soil formation. Intensely oxidized and desiccated soil profiles with abundant pedogenic
slickensides are characteristic of vertic soil profiles, or vertisols, which form today in arid to semi-
humid regions (e.g., Retallack, 1990). The idealized vertical succession (Figure 2.32) shows the
architecture of a typical soil profile in the mudstone facies. The abundant meniscate burrows
(Figure 2.31A) in the lower part of the profile indicate that the landscape supported animal life, and
the intensity of burrowing reflects the cumulative effect of biotic activity during formation of the
soil profile.

The dolomitic mudstone nodules (Figure 2.30B) represent precipitation of carbonate leached
from higher in the soil profiles. Carbonate nodules in soil profiles are called glaebules by soil
scientists. Dolomitic glaebules are uncommon in modern soil profiles (Retallack, 1990) and may
thus be a product of exchange of magnesium with clay during burial diagenesis. The abundance of
cracks and septaria in the nodules indicate desiccation and hence alternating episodes of wetting and
drying, and the presence of anhydrite suggests that the climate was semi-arid to arid. Clay coatings
on some of the nodules indicates illuviation of clay from higher in the soil profiles and
accumulation around nodules as argillans (argillaceous cutans).

Root traces (Figure 2.31B) provide evidence for a vegetated landscape, although the
abundance of pedogenic slickensides (Figure 2.30A) indicates that desiccation, swelling, and
compaction dominated the fabric of the upper part of the soil profile. The slickensides are
interpreted as stress cutans, which are coatings of aligned clay that form where drying and wetting
shrink and swell soil, causing slippage among soil particles. Soil particles are called peds, which
are the fundamental units of soil structure. The shape and size of the desiccated and slickensided
bodies in the mudstone facies indicate that the upper parts of the soil profiles were dominated by
blocky peds (Figure 2.32).

The conglomeratic layers and the thinly laminated clay layers (Figures 2.31C and 2.31D)
indicate that some surface features are preserved in the mudstone facies (Figure 2.32). The
conglomeratic layers constitute thin accumulations of pebbles formed from mudstone and glaebules
atop the soil profiles. The abundance of similar clasts in the conglomerate facies, moreover,
indicates that the vast majority of the intraclastic material was derived locally from the vertic soil.
The thinly laminated clay layers that locally overlie the conglomeratic layers in the mudstone facies,
moreover, are interpreted as laminar clay crusts that probably accumulated in shallow puddles that
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remained after storms and floods. Examination of the mudstone facies indicates that soil formation
was a major process during Donovan sedimentation. Indeed, the section that follows on petrology
and diagenesis demonstrates that soil-forming processes exerted significant control on Donovan
reservoir characteristics.

2.5.  Petrology and Diagenesis

Petrologic analysis is used to analyze the composition and fabric of sedimentary rocks and is
valuable for determining the effects of geologic and geochemical processes, from the time of
deposition to deep burial and reservoir formation, on rock composition and reservoir quality. This
section begins with a discussion of framework sandstone composition, which provides vital
information on the provenance, or source, of sediment. A discussion follows on diagenetic factors,
which are low-temperature alteration processes, that influence the characteristics and quality of
Donovan sandstone reservoirs. The discussion concludes with porosity and permeability, which are
the principal rock properties affecting the storage and mobility of reservoir fluid.

2.5.1. Framework Sandstone Composition

Examination of thin sections reveals that the Donovan sandstone is of variable
compositional and textural maturity. A quartz-feldspar-lithic fragment (QFL) diagram indicates
that point-counted samples cluster near the quartz-feldspar axis, with feldspar content ranging from
5 to 50% by volume (Figure 2.33). According to the widely used sandstone classification of Folk
(1980), framework composition ranges from arkose to subarkose, although some lithic arkose and
sublitharenite are present. The feldspar fraction includes substantial amounts of plagioclase and
potassium feldspar, and total feldspar content averages 16% of the rock volume. Mica, including
muscovite and biotite (Figure 2.34) constitutes about 4% of the rock volume, which is unusually
high for sandstone. Mica is present chiefly in the form of large, platy flakes (Figure 2.34A) and is
in places concentrated in laminae up to a few millimeters thick (Figure 2.34B). Minor framework
constituents include chert, sedimentary rock fragments, polycrystalline quartz, and fossil debris.

The sedimentary rock fragments are of local origin, having been derived mainly from the
mudstone facies. These grain types, however, yield little information on the ultimate provenance of
the sandstone. Plotting the non-sedimentary material on the provenance diagram of Dickinson and
Suczek (1979) and Dickinson et al. (1983) reveals that the provenance indicators are dominated by
quartz and feldspar and that igneous-metamorphic rock fragments form an insignificant part of the
sandstone (Figure 2.33). Accordingly, the sandstone plots mainly in the transitional continental
field, suggesting an origin from denudation of feldspar-rich basement provinces. This indicates that
the sediment is far-traveled, since these types of sediment sources form only a minor fraction of the
nearby Appalachian highlands, which plunge underneath the Gulf of Mexico coastal plain in eastern
and central Alabama. However, the unusually high abundance of mica in the sandstone (Figure
2.34B) suggests significant input from metamorphic rocks, which are abundant and widespread in
the Appalachian Piedmont Province.
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Figure 2.33. Ternary diagrams showing classification and provenance of the Donovan sandstone in
Citronelle Field.
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Figure 2.34. Photomicrographs of Donovan sandstone, Well A-25-15. A. Micaceous siltstone.
Platy grains with high birefringence are mica; most equant grains with low birefringence are quartz

and feldspar, 11,424 ft. B. Micaceous lamina showing major concentration of platy muscovite,
biotite, and phlogopite grains, 11,439 ft.
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2.5.2. Diagenesis

A number of diagenetic features were observed in the Donovan sandstone that provide
crucial insight into the geochemical processes that operated from early burial to the emplacement of
oil in the reservoir. Key processes that have affected the fabric and quality of the sandstone include
dissolution, fluid transport, and mineral precipitation. The effects of dissolution are readily
apparent in many samples of reservoir sandstone in Citronelle Field. Many feldspar grains have
been vacuolized, leaving skeletons of mineral inclusions and grain-size pores where the feldspar has
been dissolved (Figure 2.35). Examination of thin sections, moreover, indicates that feldspar
dissolution is an important source of porosity in the Donovan sandstone.

Weathering and dissolution of feldspar yields clay, which has clearly evacuated some pores
(Figure 2.35) while accumulating in others (Figure 2.36). Some of the products of feldspar
dissolution include pore-filling kaolinite (Figure 2.36A), and it is not clear whether the pore-filling
kaolinite formed in situ or was transported. The paleosols of the mudstone facies provide evidence
for deep weathering in the Donovan sandstone, and many thin sections reveal that much of the
sandy mudstone is the product of infiltration of clay into weathered sandstone (Figure 2.36B).
Hence, while weathering and meteoric flushing of clay increased the porosity of some sand layers,
illuviation and accumulation of clay by vertical percolation of water through the soil profile
occluded porosity in many sand layers.

Figure 2.35. Photomicrograph of Donovan sandstone showing grain-size pores (G), vacuolized
feldspar grains (F), interparticle calcite cement (C), and interparticle dolomite cement (D), Well A-
25-15, 11,420 ft.
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Carbonate minerals constitute the major burial cements in the Donovan sandstone. Calcite
is the most common cement and is present as large, poikilotopic bodies that occlude porosity
(Figure 2.37). As mentioned in the discussion of the sandstone and conglomerate facies, calcite
cement is pervasive near the contacts of the sandstone bodies and in many conglomerate beds and
forms pebble-size concretionary masses in the interior of the reservoir sandstone units. Some
dolomite cement also occurs in the reservoir (Figure 2.35), and cement-stratigraphic relationships
indicate that it is a late-stage cement that formed during deep burial. Quartz overgrowths are not
obvious in thin sections of the sandstone, although faceted and interlocking grain boundaries of
quartz grains (Figure 2.35), including stylolites, indicate that pressure solution and quartz
overgrowth were significant processes during burial.

St o

Figure 2.36. Thin section photomicrographs showing petrographic expression of clay and
pyrobitumen in Donovan sandstone. A. Pore-filling kaolinite (K) and pyrobitumen (P), Well A-25-
15, 11,421 ft. B. Pervasive intergranular clay in muddy sandstone of the mudstone facies,
interpreted to be of illuvial origin, Well C-11-15 #2, 11,356 ft. Q = quartz, | = illuvial clay matrix.

Donovan sandstone records a transition from the diagenetic processes associated with burial
to catagenetic processes associated with the generation, migration, trapping, and alteration of oil.
Reduction fingers in red sandstone are preserved in the SECU D-9-8 #2 core (Figure 2.38), which
provides crucial information on the evolution of the sandstone bodies and the emplacement of
hydrocarbons. The core preserves fingers of yellowish-gray sandstone in red sandstone, and the
sandstone in the lower part of the photograph is darkened with pore-filling pyrobitumen. This
indicates that the sandstone was originally red but was intruded by reducing pore fluids containing
oil. The pattern of reduction provides evidence for viscous fingering between the oil-bearing fluid
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and the brine in the red sandstone near the contact. Considering the intense oxidation represented
by the red hues of most non-reservoir strata in the Donovan interval, it is probable that the Donovan
interval was by and large a redbed succession and that the gray to yellowish colors of the reservoir
sandstone units formed by secondary reduction during emplacement of the oil. The gray mudstone
intervals by the contacts of sandstone bodies, furthermore, is thus interpreted as the product of
reduction halos formed by intrusion of reducing fluid into the sandstone intervals.

200 pm

N v
R

. A

Figure 2.37. Photomicrograph showing calcite cement in the Donovan sandstone, Well A-25-15,
11,465 ft. Q = quartz grain, Ch = chert grain, F = feldspar grain, and C = poikilotopic calcite
cement.

Pore-filling pyrobitumen is extremely common in the sandstone (Figures 2.12 and 2.36A)
and indicates alteration of the Citronelle oil accumulation. Pyrobitumen is a residual product that
can be formed by in situ thermal cracking of oil or by late-stage microbial activity (e.g., Hunt, 1979;
Tissot and Welte, 1984). The temperature limit for major subsurface microbial activity in a
sedimentary basin is typically between 80 and 100 °C, and thus the Donovan sandstone has been
beyond this temperature range since the end of the Cretaceous (Figures 2.6 and 2.7). Burial history
analysis suggests that the Citronelle oil accumulation had been trapped by that time and that the oil
accumulation has been maturing thermally ever since. Indeed, the reservoir is just now reaching the
edge of the thermogenic gas window. Hence, the preferred interpretation is that the pyrobitumen is
a residue from in situ thermal cracking, which is in part responsible for the high quality of the oil
produced from Citronelle Field today.
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Figure 2.38. Pyrobitumen and fluid reduction fingers in Donovan sandstone showing evidence of
intrusion of reducing oil-bearing fluids into red sandstone, Well D-9-8 #2, 11,139 ft.

2.5.3. Porosity and Permeability

Porosity and permeability of sandstone can be controlled by depositional factors, diagenetic
factors, or a combination of the two. In the Donovan reservoir sandstone, porosity is typically
lower than 20 percent and averages 10 percent. Reservoir permeability is generally lower than 100
mdarcy and is typically on the order of 10 mdarcy, and some generalizations can be made about the
permeability of strata in the various Donovan lithofacies. Strata in the conglomerate facies have
permeability values lower than 0.1 mdarcy, indicating no significant reservoir potential.
Comparison of core analysis data with samples of the sandstone facies indicates that permeability is
typically higher than 10 mdarcy in cross-bedded sandstone and is on the order of 1 mdarcy in strata
containing current ripples and intense bioturbation. Permeability was determined in two samples
from the mudstone facies and is on the order of 0.0002 mdarcy, indicating that the mudstone
intervals form significant seals, baffles, and barriers.

Within the sandstone facies, grain size has a significant impact on permeability. Finer rocks

are, on average, less permeable than coarser ones (Figure 2.39). However, permeability ranges
greatly in each grain size class, indicating that other factors are effective. Diagenesis is certainly an
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important factor, considering that porosity is enhanced in some samples by feldspar dissolution
(Figure 2.35) and is occluded by accumulation of clay (Figure 2.36).

Donovan pore systems at Citronelle are mixtures of primary interparticle pores and
secondary dissolution pores (Figure 2.35). We make the conservative assumption that interparticle
pores are primary if they contain no trace of cement, but dissolution pores can mimic primary pores
where calcite has been dissolved (Kugler and McHugh, 1990; Kugler and Mink, 1999). That being
said, the observable dissolution porosity in the Donovan sandstone is exclusively related to feldspar
dissolution and typically accounts for 50 to 60 percent of total porosity. Considering that mean
porosity is only 10 percent, it is clear that dissolution porosity is among the most important
determinants of reservoir quality in Citronelle Field.

Grain size

medium sand fine sand very fine sand silt

Aupgeawsad uj

Figure 2.39. Frequency histograms showing relationship between grain size and permeability in the
Donovan sandstone in Citronelle Field. Permeability generally decreases with decreasing grain
size, although a high degree of variability suggests strong diagenetic influence on reservoir
properties.

2.6.  Sequence Stratigraphic Model

The results of sedimentologic and petrologic analysis can be synthesized into a sequence
stratigraphic model (e.g. Vail, 1987; Wilgus et al., 1988; Catuneau, 2006) that provides a predictive
framework for reservoir distribution and reservoir quality. As mentioned in the section on
stratigraphic framework, the Donovan sandstone constitutes two distinct retrogradational sequence
sets that record long-term landward shifts of coastal onlap (Figure 2.9). Facies analysis indicates
that these shifts are expressed as transitions from bedload-dominated fluvial deposition to estuarine
and beach sedimentation (Figure 2.26). Stacking of about 60 conglomerate-sandstone-mudstone
packages in the Donovan sandstone suggests that sedimentation was cyclic, with each package
representing about 100,000 years. This time span is on the order of the Milankovitch short
eccentricity cycle, and so cyclicity within the Donovan sandstone is interpreted to have been driven
by climatic changes associated with ellipticity of the earth’s orbit around the sun. These changes
include not only variation of rainfall during each cycle, but eustatic changes of sea level and
associated changes of base level on the alluvial plain. These are the primary factors that would
have regulated the frequency of marine flooding along the fringe of the Donovan platform lagoon
(Figure 2.10), as well as the frequency of soil formation, valley incision, deposition of fluvial-
estuarine sediment, and beach formation (Figure 2.40).

-58 -



The proposed model is a basic valley filling model (Figure 2.40) that is similar to other
sequence stratigraphic models designed for strata dominated by nonmarine sediment (e.g., Plint et
al., 2001; Martino, 2004; Currie, 2007). The abundant paleosols of the mudstone facies represent
widespread exposure, weathering, and erosion, which led to the incision of river valleys during
lowstands of sea level (Figure 2.40A). Following basic sequence stratigraphic procedure, the
contacts between the mudstone units and the overlying conglomerate-sandstone-mudstone
successions can be characterized as lowstand surfaces of erosion, or sequence boundaries.

E. Lowstand Exposure, erosion, and soil formation
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Figure 2.40. Idealized sequence stratigraphic model for the Donovan sandstone. This model
depicts the range of depositional events thought to have influenced Donovan sedimentation and
diagenesis during a single 100,000-year depositional sequence. About 60 such depositional
sequences are preserved in the Donovan interval in Citronelle Field.
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The initial stages of valley filling are recorded by the strata of the conglomerate facies,
which form channel lags at the base of the conglomerate-sandstone-mudstone successions. Some
conglomerate may have accumulated in topographic lows during lowstand (Figure 2.40A). The
major sandstone units are interpreted to record aggradational infilling of the valley systems as base
level rose (Figures 2.12, 2.18, and 2.40B). Sea-level rise may have been an important factor
contributing to aggradational infilling, although subsidence of the coastal plain may have been
equally important. Correlation of well logs indicates that many Donovan sandstone bodies are
composed of nested channels that decrease upward in size (Figure 2.18). Many of the channels atop
the sandstone units are plugged with mud, which results in a high degree of facies heterogeneity at
the top of the sandstone bodies.

Most of the muddy channel fills have been altered by weathering, whereas some preserve
estuarine deposits, signaling episodic marine flooding (Figure 2.40B). Widespread marine flooding,
however, is only apparent in the upper parts of each sequence set, where the tidal deposits and
oyster hashes of the heterolithic facies predominate (Figure 2.40C). At the top of the lower
Donovan sandstone, widespread deposition of muddy strata formed reservoir seals, helping explain
the occurrence of water-bearing middle Donovan sandstone above oil-bearing lower Donovan
sandstone (Figures 2.11 and 2.26). Highstand deposits are preserved only in the uppermost
sandstone units of each sequence set, which are interpreted to contain beach deposits (Figures 2.26
and 2.40D). Throughout most of Donovan time, however, whatever sediment may have been
deposited during marine flooding and highstand had very low preservation potential, and regional
exposure, soil formation, and valley incision marked the start of the next 100,000 year depositional
sequence (Figure 2.40D).

Soil formation, moreover, had a major impact on reservoir quality. Indeed, nearly all pay
zones in the Donovan sandstone are in sandstone where at least half of the porosity is the result of
feldspar dissolution and meteoric flushing of the dissolution products. Where the dissolution
products accumulated, such as in sandy parts of the soil profile containing illuvial clay (Figure
2.36B), reservoir quality was destroyed. Hence, the final geometry of many Donovan reservoir
sandstone bodies may be more a reflection of soil forming processes than a reflection of sandstone
geometry at the time of deposition.

2.7.  Geological Implications for Field Management

Although Citronelle Field is structurally simple (Figures 2.3 and 2.4), analysis of
depositional architecture reveals extreme facies heterogeneity (Figures 2.18 and 2.26). With so
many productive sandstone units to consider in Citronelle Field, perhaps the greatest challenge for
designing waterflood and CO,-EOR programs is managing this heterogeneity. Stratigraphic cross
sections indicate that reservoir sandstone bodies tend to occur in clusters (Figures 2.11, 2.18, and
2.26), thus initial planning should perhaps focus on assessment of these clusters in specific focus
areas.

Experience from the CO, flood area employed in this study indicates that, although several
productive sandstone units may be present in a given area, most production comes from only a few
of those units (i.e., the 14-1 and 16-2 sandstone units; Figure 2.18). Consequently, identifying the
most productive sandstone units and asse