Disclaimer

This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agency thereof, nor
any of their employees, makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness or usefulness of an information,
apparatus, product or process disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specific commercial product, process or
service by trade name, trademark, manufacturer or otherwise does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States Government or any agency
thereof.



Abstract

This Class Il field project has demonstrated that economic quantities of hydrocarbons can
be produced from abandoned or nearly abandoned fields in the Dundee Formation of
Central Michigan using horizontal drilling technology. The site selected for the
demonstration horizontal well was Crystal Field, a nearly abandoned Dundee oil field in
Montcalm County, Michigan. This field had produced over 8 million barrels of oil, mostly in
the 1930's and 1940's. At the height of development, Crystal Field produced from 193
wells, but by 1995, only seven producing wells remained, each producing less than 10
bbls/day. A horizontal well, the TOW 1-3, drilled as a field demonstration pilot was
successful, producing at rate of 100 bbls of oil per day with a zero water cut. Although the
well is capable of producing at a of 500+ bbls/day, the production rate is being kept low
deliberately to try to prevent premature water coning.

Cumulative production exceeded 50,000 bbls of oil by the end of April, 1997 and lead to
the permitting and licensing of several dozen Dundee wells by project end. Twelve of
these permits were for continued development of Crystal Field. Two long horizontal wells
were drilled successfully in Crystal after the TOW 1-3, but were disappointing
economically. Core and logs from the Dundee interval were recovered from a vertical
borehole at the same surface location. The addition of several horizontal wells will likely
add another 2 million bbls (or more) to the cumulative production of the field over the next
few years. If other abandoned Dundee fields are re-developed in a similar manner, the
additional oil produced could exceed 80 million barrels.

Additional project work involved the characterization of 28 other Dundee fields in Michigan
to aid in determining appropriate additional candidates for development through horizontal
drilling. Further quantification of reservoir parameters such as importance of fracturing,
fracture density, and irregularity of the dolomitized surface at the top of the reservoir will
help in designing the optimal strategy for horizontal drilling.

The project was a cooperative venture involving the U. S. Department of Energy, Michigan
Technological University (MTU), Western Michigan University (WMU), and Terra Energy
(now Cronus Development Co.) in Traverse City, MI.
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RECOVERY OF BYPASSED OIL IN THE
DUNDEE FORMATION USING HORIZONTAL
DRAINS

EXECUTIVE SUMMARY

The principal objective of this project was to demonstrate that economic quantities of
hydrocarbons could be produced from abandoned or nearly abandoned fields in the
Dundee Formation of Central Michigan using horizontal drilling technology. The project
was a cooperative venture involving the U. S. Department of Energy, Michigan
Technological University (MTU), Western Michigan University (WMU), and Terra Energy
(now Cronus Development Co.) in Traverse City, MI.

The site selected for the demonstration horizontal well was Crystal Field, a nearly
abandoned Dundee oil field in Montcalm County, Michigan. This field had produced over
8 million barrels of oil, mostly in the 1930’s and 1940's. At the height of development,
Crystal Field produced from 193 wells, but by 1995, only seven producing wells remained,
each producing less than 10 bbls/day. A horizontal well, the TOW 1-3, drilled as a field
demonstration pilot was successful, producing at rate of 100 bbls of oil per day with a zero
water cut. Although the well is capable of producing at a of 500+ bbls/day, the production
rate is being kept low deliberately to try to prevent premature water coning.

Cumulative production exceeded 50,000 bbls of oil by the end of the project (April, 1997)
and lead to the permitting and licensing of several dozen Dundee wells by project end.
Twelve of these permits were for continued development of Crystal Field. Two long (1800
ft.) horizontal wells were drilled successfully in Crystal after the TOW 1-3, but were
disappointing economically. Core and logs from the Dundee interval were recovered from
a vertical borehole at the same surface location. The addition of several horizontal wells
will likely add another 2 million bbls (or more) to the cumulative production of the field over
the next few years. If other abandoned Dundee fields are re-developed in a similar
manner, the additional oil produced could exceed 80 million barrels.

Additional project work involved the characterization of 28 other Dundee fields in Michigan
to aid in determining appropriate additional candidates for development through horizontal
drilling. Further quantification of reservoir parameters such as importance of fracturing,
fracture density, and irregularity of the dolomitized surface at the top of the reservoir will
help in designing the optimal strategy for horizontal drilling.

Technology transfer takes place through the Michigan Oil Field Research Consortium
(MOFRC) a project Newsletter, reviews and workshops.
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INTRODUCTION

The Dundee Formation (Middle Devonian) has yielded more oil than any other producing
interval in Michigan. The Dundee trend, which forms a broad east-west band across the
lower Michigan peninsula, consists of 137 fields which together have yielded more than
350 MMBO. This study investigated 30 of these fields located in the central Michigan
Basin (Fig.1). The first commercial Dundee production was established at Mt. Pleasant
Field in 1928 and most Dundee fields were subsequently discovered and brought on
production during the 1930’s and 1940’s (Champion, 1969). Wells in many of the fields
had very high initial production (IP) rates. IP’s in excess of 2000 BOPD were common,
with values as high as 9000 BOPD reported. Modern reservoir management techniques
were unknown at the time. Many fields were produced at excessive rates. Consequently,
wells watered out early, leaving behind significant volumes of unrecovered oil. One such
field, Crystal Field in Montcalm County, is the focus of an U. S. Department of Energy
(DOE) Class 2 Reservoir Demonstration Project, designed to demonstrate that horizontal
drilling can recover significant volumes of this bypassed oil.

Joint DOE-MOFRC Project

In 1993, the Michigan Oil Field Research Consortium (MOFRC) was formed to investigate
applications of enhanced recovery technigques to reservoirs in the Michigan Basin.
MOFRC is a consortium consisting of Michigan Technological University, Western
Michigan University, and Cronus Development Corp., (formerly Terra Energy, Ltd.) in
Traverse City, MI. In April, 1994, MOFRC, with a research contract from the DOE Class 2
Reservoir Program, and matching funds from the two universities and Terra Energy,
began a three-year project aimed at evaluating and demonstrating the application of
horizontal drilling technology to the recovery of bypassed ail in the Dundee. The project
had two goals:

1. to test the viability of using horizontal wells to recover bypassed oil from the
Dundee reservoir in Crystal Field, and

2. to characterize the Dundee reservoirs at Crystal Field and at 29 additional
Dundee fields in the central Michigan Basin that have reservoir lithologies
similar to those in Crystal Field.

The rational was that if the demonstration well were successful, other operators could
easily apply the findings to “look alike” fields in the region. It has been estimated that as
much a 2 MMBO additional oil might be recovered from Crystal Field through horizontal
drilling. With 137 Dundee fields in the trend, it is apparent that the amount of incremental
oil recoverable through horizontal drilling could be very significant.

RESULTS AND DISCUSSION

Regional Setting

The Dundee Formation is composed of open shelf, biohermal, and, locally, sabkha
carbonate deposits (Catacosinos, et. al., 1991; Harrison, 1992a). Stratigraphic
nomenclature for the Dundee has been inconsistently applied over the years. Some of the
confusion arose because of regional facies changes associated with the west-to-east
shelf-to-basin transition. Because fewer than 50 cores survive from the 137 Dundee
fields, and nearly half of these are from a handful of fields that have recently begun



enhanced oil recovery operations, regional variations in reservoir lithology are poorly
known. However, the following generalities can be made:

In the western Michigan Basin, the Dundee Formation is divided into two members, the
Reed City Member, which consists of a dolomite unit overlain by an anhydrite unit and the
Rogers City Member, which is usually limestone (Gardner, 1974). In western Michigan,
Dundee reservoirs occur in the Reed City Member as porous sucrosic dolomite intervals
that underlie the Reed City anhydrite, a sabkha to shallow lagoonal evaporite deposit.
The Dundee reservoirs were formed when brines refluxed downward from the Reed City
anhydrite and dolomitized underlying carbonates. Reed City Field is the best example of
this type of Dundee reservoir (Upp, 1969).

In the eastern Michigan Basin, the Reed City Member is called the Dundee Limestone.
Together, the Dundee Limestone and the Rogers City Limestone are known as the
Dundee Formation and are largely undolomitized. Since without core it is impossible to
differentiate the Dundee and Rogers City Limestones in the subsurface, the entire section
is commonly referred to as the “Dundee reservoir”. Throughout much of eastern
Michigan, which is near the basin depocenter, the Dundee Limestone exceeds 150 ft in
thickness and is composed of thin (2 to 20 ft) coarsening-upward parasequences that
grade upward from muddy wackestones to cycle-top skeletal-peloidal grainstones. The
grainstone units, which vary from 1 to 8 ft in thickness, are the productive reservoir
lithology. West Branch Field provides a good example of this type of reservoir (Curran
and Hurley, 1992).

At West Branch Field, the top of the Dundee Limestone is a pyritized, bored hardground,
which is underlain by 10 to 15 ft of dolomitized muddy carbonate that is also productive.
The overlying, deeper water Rogers City Limestone, which is composed of undolomitized
dark nodular wackestone, is unproductive. The Dundee - Rogers City contact has been
interpreted as a sequence boundary by Curran and Hurley and undoubtedly correlates
with the regressive Reed City anhydrite in western Michigan and possibly with a karst
event at the top of the Dundee Limestone in central Michigan. Stromatoporoid - rugose
coral patch reefs are widespread in the Dundee Limestone in eastern Michigan, and in
some areas production comes from reef core boundstones and reef flank skeletal sands.
South Buckeye Field provides an excellent example of Dundee reef production (Harrison,
1992b).

In the central Michigan Basin, where our seven-county study area is located, core
coverage is rather limited, but those cores available for examination suggest depositional
environments similar to eastern Michigan. However, in central Michigan, the Dundee
Formation has been almost entirely converted to dolomite. Only a thin (<15 ft), tight
interval at the top of the Rogers City Limestone, identified in drillers’ logs as the “cap
limestone”, remains undolomitized. IP values in several central Michigan fields group into
two categories. Most wells have IP’s of several hundred BOPD, while wells concentrated
in “sweet spots” have IP’s of several thousand BOPD. Lower production rates appear to
be associated with the dolomitized equivalents of lithofacies identified in eastern Michigan.
Presence of fractures and vugs in cores suggest that higher production rates are
associated with zones which contain fracture and solution-enhanced porosity. The
productive zone in central Michigan normally occurs immediately beneath the cap
limestone in the upper part of the dolomitized Dundee Formation, and is known in this
region as the Dundee porosity zone. It is underlain by a thick water leg with an active
water drive. Winterfield Field (Chittick, 1995) and Crystal Field provide good examples of
central Michigan Dundee production from dolomite reservoirs enhanced by fracturing and
solution. ltis in this central Michigan productive belt that Crystal Field, and the other 29
Dundee fields being characterized in this project, are located.



Crystal Field History

Crystal Field (Fig. 2) was discovered on May 29, 1935 with the drilling of the Daily Crude,
J. Tow No. 1 well. Crystal Field itself lies on the southern edge of the Michigan Basin as
defined by the Dundee Formation structural contours (Fig. 3). The discovery well was
drilled on a local anticlinal structure. This structure is well defined by subsurface mapping
using data from nearby wells (Fig. 4). However, detailed mapping on the filed scale shows
that the Dundee top surface is actually very irregular (Fig. 5), consistent with an irregular
karstic surface,

Development of Crystal Field was rapid; 193 producing wells were drilled, most before
1939. Decline was also rapid, 90% of the production occurring in less than 5 years. Most
wells had a productive life of less than five years. The oil leg in the Dundee reservoir is
thin (typically <30 ft) and is underlain by a thick water leg with an active hydrodynamic
drive. By 1940, 95% of Crystal Field’s present cumulative production of nearly 8 MMBO
had been recovered. By 1995, when this project’'s demonstration well was drilled, only 7
conventional wells remained on production in the field, the best one producing 5 BOPD
with a water cut of 600 BWPD.

Two productive lithologies can be inferred from the IP. Most wells had IP’s of several
hundred BOPD. However, in several “sweet spots” in the field, IP’s of >2000 BOPD were
common. Nine wells had IP’s > 5000 BOPD, and the maximum IP for the field exceeded
9000 BOPD. Although no core is available for Crystal Field, Dundee core from a wildcat
well located 8 miles to the northwest contains fractures and vugs. This suggests that
fracture and solution-enhanced porosity may be responsible for the high-IP “sweet spots”
in Crystal Field.

During the initial development phase, wells were produced at excessive rates and
conventional wisdom is that they coned water and rapidly watered out. However, after
considering the evidence obtained during this study, it is not clear that this is what actually
happened. There is evidence that the water came from aquifers higher in the section,
flowed down the well casing and essentially destroyed the wells by seepage from above
rather than coning from below. This is a new hypothesis in terms of being expressed in
print, but it has been passed around anecdotally in the Michigan Basin for decades. What
might have happened to the Crystal Field and by analogy several of these old fields bears
further investigation.

Crystal Field Demonstration Well

The Class Il demonstration well, the TOW 1-3, was spudded on September 20, 1995 at
Crystal Field in Montcalm County, Michigan. This well was a joint effort between DOE and
a consortium of Michigan Universities and companies: Terra Energy Inc (now Rock
Energy) of Traverse City, MI, Michigan Technological University and Western Michigan
University. The objective was to test the use of horizontal wells to recover bypassed oil
from old Devonian fields past their prime and on the verge of abandonment.

The TOW 1-3 well encountered hydrocarbons at 3185 feet at near virgin reservoir
pressure and began to flow at over 100 bbls/day. It has since produced over 10,000
barrels of oil with no water cut. This well has sparked a mini-boom in the Dundee
Formation, with 10-12 new horizontal wells permitted for drilling this year. Six of these
wells are in the Crystal Field.

Well Siting and Drilling Program

The TOW 1-3 was sited near the crest of a structure in an area where most wells had high
IP’s and targeted the Dundee Formation (Middle Devonian) in the Crystal Field. The well
was located near the eastern edge of an 80-acre drilling unit containing 8 original wells
that had been plugged and abandoned for 20 years or longer (Fig. 6). As originally
planned, the horizontal leg was to follow a trajectory between 4 well pairs. Because the



field has a strong water drive and flow rates for these 8 wells were so high (ave. IP = 2000
BOPD), the working hypothesis was that the wells had coned water, leaving a large
volume of bypassed oil between wells. The plan was to drill a horizontal well along the top
of the Dundee porosity zone between these abandoned wells to recover this bypassed
reserve. Because existing wells are less than 400 ft away from the trajectory of the
horizontal well, geologic control was good, but not good enough to accurately predict the
Dundee top. It turns out that the top of the Dundee varies by 20 feet vertically (and
perhaps more) over 400 feet horizontally. Drilling programs need to consider this for
optimal positioning of future wells.

The TOW 1-3 drilling program was as follows. A vertical well was drilled to the base of the
Bell Shale, then a conventional core was taken through the cap limestone, the oil leg, and
upper part of the water leg in the Dundee reservoir (Fig. 7). 59.3 ft of core was recovered
from the top of the Dundee and the well was then drilled 150 ft below the base of the core
to TD at the base of the Dundee Formation (top of the Detroit River anhydrite). The
vertical well was then logged from TD (3334 ft) to the base of casing (683 ft). Three log
suites were run: 1) a gamma ray and dual laterolog with microresistivity, 2) a lithodensity
log (compensated formation density plus photoelectric factor), and 3) a compensated
neutron log. The top portion of the Dundee displayed good oil staining in the core,
confirming that the log suite has good coverage of both the oil leg and the water leg in the
reservoir. Later fluid saturation analyses of core samples showed 29 ft of higher residual
oil saturations at the top of the Dundee (3190-3219 ft), indicating significant unrecovered
oil, seven feet of lower residual oil saturations beneath the oil leg (3219-3226 ft), indicating
either a transition zone or a swept zone where the oil-water contact moved up as a result
of primary oil production, and a water leg (below 3226 ft) where residual oil saturations are
0%.

After the vertical well was cored and logged, the borehole was plugged back above the
Dundee and a medium-radius lateral was drilled. The lateral leg approached 90° at about
450 ft west of the vertical well, at which point the well was cased. An 1800 ft horizontal leg
was planned, but when drilling reached 95 ft beyond casing, the well lost circulation and
began flowing oil to the surface. A decision was made to discontinue drilling and the well
was brought on stream as a producer, initially flowing 50 BOPD with no water cut. In
January, 1996, new surface facilities were completed and production was increased to
nominally 100 BOPD and now has cumulative production over 50,000 BO (Fig. 8). The
water cut remained at 0% and pressure was maintained at 1445 psi by an active water
drive. (Higher production rates are feasible but production is being maintained at about
100 BOPD to prevent water coning.) Estimated reserves for the well are 200,000 BO. If
expectations are met, the well will pay out in less than 1 year and continue on production
for at least 5 years. Cronus Development Corp. has drilled 2 more horizontal wells in the
Dundee in Crystal Field in 1996 and other plans to drill a 4" horizontal well in Spring 1997.
In all, 6-10 new horizontal wells are scheduled to be drilled in Crystal Field in 1966
following the success of the TOW 1-3.

Dundee Reservoir Characterization

Preliminary examination of the core from the TOW No. 1-3 HD-1 well indicates that
depositional facies control the location of productive zones, as in Dundee limestone fields
in eastern Michigan. Several parasequences are observed in the core. Two of them are
topped by thin (1 to 2 ft) grainstone beds with good porosities and permeabilities.
However, the most important porosity types in the Crystal Field Dundee reservoir appear
to be fractures and vugs. The upper 15 ft of the Dundee is heavily fractured in core and
contains centimeter-sized vugs. Most fractures are sub-vertical with highly variable
azimuths, but some fractures are developed at lower angles. Most fractures and vugs are
lined with white, sparry dolomite. In the demonstration well, the top of the Dundee was
encountered 8 ft lower than projected and the cap limestone was missing. Together,
these observations suggest that a top-down solution process (karst?) may have led to



fracturing and collapse of the uppermost Dundee, which enhanced porosity. This concept
is still considered a working hypothesis and is currently under active investigation.

A larger goal of the reservoir characterization effort is to develop a Dundee reservoir
model for the central Michigan area that includes the results of geological, geophysical,
and reservoir engineering investigations. Twenty-nine additional central Michigan Dundee
fields with similar reservoir lithologies are being characterized so that operators can easily
apply the results of our Crystal Field demonstration project to other “look alike” field. Well
data, including drillers’ logs and wireline logs for the 8526 wells in a seven-county study
area, which includes 4785 wells that penetrate the Dundee, are in our oil and gas well-
data set. About 50 cores of the Dundee Formation from throughout the state of Michigan
have been identified and are currently available in public repositories. Cores from the
central Michigan area are being examined and compared to the Crystal Field core.
Several have been sampled for petrographic and geochemical analysis.

CONCLUSIONS

The play concept in this DOE Class 2 Reservoir Demonstration Project has been tested
and proven. Bypassed attic oil remains in the Dundee reservoir between wells and can be
recovered using horizontal wells as drains, particularly those that had been produced at
excessively high flow rates and had coned water during primary production. The TOW
No. 1-3 HD-1 well in Crystal Field has been both a scientific and economic success.
Additional horizontal wells planned for this field and other Dundee “look-alikes” have the
potential to significantly increase Michigan oil production over the next decade.

A regional characterization of the Dundee reservoir in 30 central Michigan Dundee fields is
underway. When completed, the regional characterization well be published as an “Atlas
of Michigan Dundee Reservoirs”. This Atlas should enhance the capability of the small
operators in the state to independently explore and develop this neglected resource.
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PART II

SUMMARY OF TECHNICAL PROGRESS BY TASK
PROJECT MANAGEMENT
PROJECT END SUMMARY

In general, management of this project went smoothly. Considering that entities ranging
from universities and companies to individual consultants were involved and were spread
over wide distances, project management required flexibility and some novel approaches.
In addition some valuable lessons were learned, which will be summarized below. Also,
technological advances that occurred during the course of the project, notably the arrival
of the Internet, required adjustments to the original task matrix.

Management Approaches

Probably the most novel management approach was the use of the Internet to coordinate
tasks, reports and passing of data. E-mail was helpful, but the development of WEB pages
for the project, late in the project cycle, was a major plus. This activity gave the project a
focus and allowed all team members to view progress at any time. It also provided a
“template” for new members to see what was done and what was expected of them. In
addition, the WEB site allowed the public and DOE personnel access to the project in
progress. It served as the major technology transfer tool and it is recommended that a
WEB page be an integral part of any future projects of this nature.

A second somewhat novel approach was to use senior personnel who resided in different
states as team members in key positions. The distances involved precluded weekly or
even monthly meetings, but quarterly meetings were generally possible. Telephone and e-
mail were useful tools, but the major lesson learned was that this is not a particularly
advisable way to go. As many key people as possible should be in close proximity and
monthly meetings, face-to-face, are highly desirable.

A core project group evolved at Michigan Tech that included the 3 senior personnel, senior
staff, graduate students and post-doctoral students. This group met twice weekly and
turned out to be the nerve center for the entire project. It is recommended that all projects
form core groups that can meet face-to-face on a weekly basis.

In general, project management has gone smoothly. A routine was established the first
year, particularly with regard to the quarterly and annual reports. A few of the more
pertinent lessons that were learned in this project can be summarized as follows:

It is important to take time to hire good people at the beginning of the project,
particularly those in key positions. Key positions include the budget administrator
and the person responsible for maintaining the technology transfer functions.
Surprisingly, we learned that technical personnel can be replaced more easily.
Continuity in budget administration and technology transfer is important.

Get rid of non-performers earlier rather than later. One way to tell if someone is
unlikely to work out is to watch the performance during the first few quarters. If
they miss meetings, submit late reports, or no reports, and show up to meetings
unprepared, it is likely that the project is better off without them.
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Keep the budget under scrutiny. Top-to-bottom annual reviews are a good idea
and the DOE continuation task set at 18 months out is a good time for a through
review.

Along those lines, it might be a good idea to consider limiting all subcontracts and
consulting agreements to 18 months. A requirement to resubmit after 18 months
gives the Pl an opportunity to revamp the project personnel.

Graduate students and postdoctorals are good at keeping subtasks moving
forward. The downside is the annual turnover. Undergraduate students are very
useful for tasks involving data entry, routine drafting, etc. They welcome the
opportunity to work on a non-academic project and are usually very enthusiastic.

Targeting an annual meeting, such as the AAPG, and making an annual
appearance with papers and a booth serves to provide continuity in the
technology transfer as well a an excellent forum for feedback. It is also a good
opportunity to meet the DOE managers.

Weekly staff meetings are an excellent tool for keeping people up to date on the
project and permit the project manager an opportunity to apply course
corrections. They also serve to keep people on notice that they need to have
something to talk about or report on every week.

Budget and Reports

As noted above, the budget and reports subtasks are key elements of the project and
continuity is important here. The quarterly report is a task that can be delegate to
competent personnel off-site. E-mail, telephone and increasingly internet communications
make this possible and provide the Pl with an independent report on the project progress.
Careful review of the report before submittal is required and should be done by at least
two additional senior staff.

RESERVOIR CHARACTERIZATION

Summary of the TOW 1-3 Demonstration Well

During the fall of 1995, the demonstration well for this project, the TOW No. 1-3 well in
Crystal Field, was completed in the Dundee Formation and for the first three months of
operation produced 50 bbl/day oil with no water cut. Because surface facilities were
inadequate to handle full production, the well was produced for 12 hrs/day and shut in for
12 hrs/day. In January, 1996, new surface facilities were completed and production was
raised to 100 bbl/day. Daily production has varied from about 75 to 100 BOPD since that
time. To date, the well has produced over 10,000 bbls. The water cut remains at 0% and
pressure has been maintained at 1445 psi by an active water drive. If expectations are
met, the well will pay out in less than 1 year and continue on production for at least 5
years. Cronus Development Co. is tentatively planning to drill three more horizontal wells
in the Dundee in Crystal Field. Thus, the play concept we chose to test, that bypassed
attic oil remained in the Dundee reservoir between wells that had been produced at
excessively high flow rates and had coned water during primary production, appears to be
correct, and the TOW No. 1-3 HD-1 well is a scientific and economic, success.

Detailed Chronology of the TOW 1-3 Demonstration Well

The TOW No. 1-3 HD-1 well was spudded on September 20, 1995 and cored and logged
through the Dundee. One and one half weeks later, 59.3 ft of core was recovered from
the top of the Dundee and the well was then drilled 150 ft below the base of the core to TD
at the top of the Detroit River anhydrite. The vertical well was then logged from TD at the
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base of the Dundee (3334 ft) to the base of casing (683 ft), which corresponds
approximately to the base of the glacial till. Haliburton ran 3 consecutive log suites, which
included: 1) a gamma ray and dual laterolog with microresistivity, 2) a lithodensity log
(compensated formation density plus photoelectric factor), and 3) a compensated neutron
log. The logs were then correlated with a high degree of confidence and combined. The
top portion of the Dundee displayed good oil staining in the core. Therefore, the log suite
has good coverage of both the oil leg and the water leg in the Dundee Formation. This
was later confirmed by residual fluid saturation analyses of core samples.

As described above, the TOW No. 1-3 well was cored through the upper 60 ft of the
Dundee Formation and drilled to the base of the Dundee. During drilling through the
Dundee, several lost-circulation events were experienced. After completion of the logging
run, the well was cemented and plugged back to the top of the Traverse Lime and a 10 in.
directional wellbore was drilled on the curve to convert the vertical well to a horizontal one.
It took three days and 600 vertical feet to drill the curve and when the horizontal leg
entered the Dundee, it was 400 ft laterally distant from the original intercept of the vertical
well with the top of the Dundee. The curve was then lined with 8 5/8 in. casing and drilling
of the 7 7/8 in. horizontal leg commenced. A Measurement While Drilling (MWD) gamma
ray log was run to monitor orientation of the horizontal well bore.

A horizontal leg of 1800 ft was originally planned, but 90 ft into the horizontal leg, the well
encountered a pocket of high porosity (probably vugs and fractures) and a major lost-
circulation event ensued. The well blew out, but was immediately brought under control
by blowout preventers. At the time that circulation was lost, the well was being drilled with
a mud capable of holding 1500 psi. Because of the high reservoir porosity, permeability,
and pressure and the propensity to lost circulation in the area penetrated by the horizontal
wellbore, it was decided to suspend horizontal drilling and to complete the well in the
Dundee.

Dolomite extends almost to the top of the Dundee, and the nonporous cap limestone,
which is normally 10-15 ft thick in much of Crystal Field, is only 2 ft thick in the TOW No. 1-
3 well. The upper 15 ft of the Dundee is heavily fractured in core and contains centimeter
sized vugs. Most fractures are sub-vertical with highly variable azimuths, but some
fractures are developed at lower angles. Most fractures and vugs are lined with white,
sparry dolomite. The top of the Dundee in the demonstration well was encountered 8 ft
lower than projected. Together, these observations suggest that a top-down solution
process (karst?) may have led to fracturing and collapse of the uppermost Dundee, which
resulted in development of enhanced porosity.

Twenty- nine feet of higher residual oil saturations at the top of the Dundee (3190-3219 ft)
in the core indicate significant unrecovered oil. Beneath that, seven feet of lower residual
oil saturations (3219-3226 ft) indicate either a transition zone or a swept zone where the
oil-water contact moved up as a result of primary oil production. In the water leg below
3226 ft, residual oil saturations are 0.0%.

As part of this project, the Dundee reservoir is being characterized in 29 additional fields in
central Michigan to encourage operators to consider horizontal drilling in other old Dundee
fields. W. Harrison and his graduate students at WMU are carrying out well-log analysis
and regional geological studies. Well data, including drillers’ logs and wireline logs for the
8526 wells in our seven-county study area, which includes 4785 wells that penetrate the
Dundee, were acquired from Maness Petroleum Co. and are now in our oil and gas well
data set. Formation tops have been picked for all formations in all wells. Maps and cross
sections have been completed for Crystal Field and for the 30 other Dundee oil fields in
the study area. All these maps have been plotted on 8 %2 x 11 pages and have been
assembled by field into single “folio” sized poster sheets. These maps and cross sections
are currently being compiled into notebooks for each field, along with field and reservoir
data, field production histories and decline curves, type logs, and core data. These
notebooks will be combined with an overview and summary evaluation volume to form an
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“Atlas of Michigan Dundee Reservoirs”. To date, our evaluation of the data indicates that
initial production (IP) maps and production decline curves are the most useful tools for
identifying prospective areas for horizontal drilling.

Microsoft Access is our relational database management platform. All of the log data are
stored in Access in LAS format. All other data are stored on the Internet and are
accessible via pulldown menus and a Table of Contents with hot links. Instructions for
retrieving logs from the Access database are included on the website. Users can search
the database by query and retrieve the logs from the main database table by well or by log
type. Logs are then placed in smaller temporary Access tables from which they can be
exported to applications programs. When the project is completed, Internet site will be
written to CD ROM and made available to the public.

The GeoGraphix Exploration System software package was acquired in fall 1995 and
installed on a PC in the Subsurface Laboratory at MTU. Since that time, MTU has
acquired an academic license and three additional seats on GeoGraphix. Well-location
data were loaded from the 51,359-well database that we acquired from Angstrom
Precision. Formation-tops of all formations penetrated by all 51,359 wells and Dundee
initial production (IP) values for all wells in several fields were input to GeoGraphix and
selected maps and cross sections were constructed.

We plan to create an “Atlas of Michigan Dundee Reservoirs”, using the maps and cross
sections of our 30 project fields as a cornerstone of the publication. As envisioned, this
Atlas will include a regional overview of Dundee stratigraphy and reservoir variability;
development history of the trend, including comparisons between different fields;
production history, including a discussion of engineering and completion techniques; and a
table of important reservoir parameters for use in characterizing the Dundee reservoir in
other old fields for which little data is available. The main body of the Atlas will consist of
individual discussions of reservoir geology, engineering practices, and tables of reservoir
parameters for each Dundee field. Discussion of the importance of fracturing, fracture
density, and irregularity of the dolomitized surface will aid in the design of the optimal
strategy for horizontal drilling The Michigan Basin Geological Society has expressed
interest in publishing the Atlas.

We will soon acquire several existing seismic lines in the Crystal Field area and have been
offered free processing of the lines by a commercial vendor. This data will add a
significant dimension to our study.

CORE AND LOG ANALYSIS

W. Harrison and his graduate students at WMU are carrying out well-log analysis and
regional geological studies. Well data, including drillers’ logs and wireline logs for the 8526
wells in our seven-county study area, which includes 4785 wells that penetrate the
Dundee, were acquired from Maness Petroleum Co. and are now in our oil and gas well
data set. Formation tops have been picked for all formations in all wells. Maps and cross
sections have been completed for Crystal Field and for the 30 other Dundee oil fields in
the study area. All these maps have been plotted on 8 %2 x 11 pages and have been
assembled by field into single “folio” sized poster sheets. These maps and cross sections
are currently being compiled into notebooks for each field, along with field and reservoir
data, field production histories and decline curves, type logs, and core data. These
notebooks will be combined with an overview and summary evaluation volume to form an
“Atlas of Michigan Dundee Reservoirs” (see discussion under “Dundee Atlas”). Basin-
scale maps and cross sections are being prepared in the GeoGraphix Exploration System
at MTU.

Well-log analysis using TerraSciences TerraStation software is continuing. Lithologies
and water saturations continue to be calculated for selected wells in the 30 fields in our
seven-county study area using density/porosity and Pickett crossplots. Digitized logs were
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loaded into the GeoGraphix Exploration System well-log package QLA2 and a few trial log
Cross sections were constructed.

Well-status and production-decline curves were prepared for all 30 study fields. Decline
curves are proving to be a very useful tool for identifying fields that have significant
remaining unrecovered oil and are good candidates for enhanced oil recovery programs.

Winterfield Field

S. Chittick has completed his M. S. thesis on Winterfield Field. Winterfield has more
modern log data than most other Dundee Fields. In Winterfield Field, several wells
penetrate the entire Dundee porosity zone, allowing a more thorough evaluation of the
reservoir than could be done elsewhere. The purpose of the Winterfield study was to
delineate possible economic zones of by-passed oil in the Dundee by characterizing the
structural, stratigraphic, and lithological components of the Dundee utilizing well data
(drillers’ logs and scout tickets), petrophysical log data, and production data.

Cross sections of Winterfield Field illustrate the extreme variability in production that is so
characteristic of these Dundee fields and show how the Dundee porosity zone varies in
thickness across the field. The top of dolomite porosity drops below the oil/water contact
in places, leading to discontinuities in the reservoir, which may result in bypassed oil.
Thus, understanding Dundee dolomitization is important to enhanced oil recovery
operations.

CORE ACQUISITION AND ANALYSIS

The TOW No. 1-3 HD-1 well in Crystal Field (our DOE project well) was spudded on
September 20, 1995 and cored and logged through the Dundee. One and one half weeks
later, 59.3 ft of core was recovered from the top of the Dundee and the well was then
drilled 150 ft below the base of the core to TD at the top of the Detroit River anhydrite.

The vertical well was then logged from TD at the base of the Dundee (3334 ft) to the base
of casing (683 ft), which corresponds approximately to the base of the glacial till.
Haliburton ran 3 consecutive log suites, which included: 1) a gamma ray and dual
laterolog with microresistivity, 2) a lithodensity log (compensated formation density plus
photoelectric factor), and 3) a compensated neutron log. The logs were then correlated
with a high degree of confidence and combined. The top portion of the Dundee displayed
good oil staining in the core. Therefore, the log suite has good coverage of both the oil leg
and the water leg in the Dundee Formation. This was later confirmed by residual fluid
saturation analyses of core samples.

The uppermost Dundee reservoir was cored in the TOW No. 1-3 HD-1 well. The coring
point was in the lowermost Bell Shale, immediately above the Dundee. 59.3 ft of core was
recovered out of a possible 60 ft. The core was shipped to OMNI Laboratories in Houston
where a core gamma ray log was run and the core was photographed under plane and
ultraviolet light to reveal sedimentary structures and heterogeneities in oil saturation.
Porosity, permeability, and residual fluid saturation analyses were performed on whole-
core samples taken at 1-ft intervals.

Dolomite extends almost to the top of the Dundee, and the nonporous cap limestone,
which is normally 10-15 ft thick in much of Crystal Field, is only 2 ft thick in the TOW No. 1-
3 well. The upper 15-ft of the Dundee is heavily fractured in core and contains centimeter-
sized vugs. Most fractures are sub-vertical with highly variable azimuths, but some
fractures are developed at lower angles. Most fractures and vugs are lined with white,
sparry dolomite. The top of the Dundee in the demonstration well was encountered 8 ft
lower than projected. Together, these observations suggest that a top-down solution
process (karst?) led to fracturing and collapse of the uppermost Dundee, which resulted in
development of enhanced porosity.

Twenty-nine feet of higher residual oil saturations at the top of the Dundee (3190-3219 ft)
in the core indicate significant unrecovered oil. Beneath that, seven feet of lower residual
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oil saturations (3219-3226 ft) indicate either a transition zone or a swept zone where the
oil-water contact moved up as a result of primary oil production. In the water leg below
3226 ft, residual oil saturations are 0.0% (Table 2).

In February, 1996, W. Harrison and J. Allan examined the TOW No. 1-3 core and
identified several mudstone-to-grainstone hemicycles, which range in thickness from 5 to
15 ft. The grainstones appear to be leached and have high porosities and permeabilities.
They may account for a large proportion of the reservoir volume. More importantly, most
open fractures are sub-vertical and are confined to the top of the reservoir, while
grainstone beds may form sheet-like fluid-flow conduits that extend down to the oil/water
contact. These high permeability grainstones, rather than fractures, may be responsible
for the early watering out of many wells. Core samples were collected for thin section,
stable isotope, and fluid inclusion analysis. Allan and Harrison will undertake a detailed
core study this summer.

About 50 cores of the Dundee Formation from throughout the state of Michigan have been
identified and are currently available in public repositories (i.e., the Western Michigan
University Core Research Lab, the University of Michigan Subsurface Lab, the Wayne
State University core facility, the Central Michigan University core facility, and the Michigan
Geological Survey core repository in Lansing). Selected cores will be described and
samples will be taken for thin section, X-ray diffraction, and SEM analyses to determine
mineralogy and porosity characteristics. Cuttings samples from 60 to 100 Michigan wells
are also available.

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectral analyses and Inductively Coupled Plasma Spectroscopy (ICP) chemical
analyses were collected on a suite of mineral standards. Data reduction was recently
completed. Spectral data from standards were input to MatLab, a numerical computation
and visualization software package, which was then used to generate non-negative least-
squares (NNLS) fits to the data. ICP elemental analyses were converted to oxides, and
mineralogy was calculated and used to crosscheck the FTIR results.

DATABASE MANAGEMENT

Microsoft Access was selected for a relational database management platform. All of the
log data are stored in Access in LAS format. All other data are stored on the Internet and
are accessible via pulldown menus and a Table of Contents with hot links. Instructions for
retrieving logs from the Access database are included in the archive. Users can search
the database by query and retrieve the logs from the main database table by well or by log
type. Logs are then placed in smaller temporary Access tables from which they can be
exported to applications programs. Currently, project personnel at WMU are using
TerraSciences’ TerraStation software to analyze and archive project data, while the MTU
group is using the GeoGraphix Exploration System to analyze project data.

The GeoGraphix Exploration System software package was acquired in fall 1995 and
installed on a PC in the Subsurface Laboratory at MTU. Since that time, we have
acquired an academic license and three additional seats on GeoGraphix. Well location
data was input from the 51,359-well database that we acquired from Angstrom Precision
this summer. Dundee tops and initial production (IP) data for Winterfield Field were input
and 3D surface visualizations of structure and production data were constructed for the
Dundee reservoir. Tops for the other 30 fields in the study were also loaded into
GeoGraphix.

A new database composed of the deepest well in each section in the state of Michigan
has been constructed. This reduced the number of working wells from over 50,000 to
about 10,000, while still providing sufficient information to produce the necessary
stratigraphic and structural framework for our modeling effort.
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Database Management System

As part of this project, a system based on CD-ROM technology was developed to track
and report progress and to serve as a data repository. It was also decided that the project
data would be available on the Internet as well as on a CD-ROM. After evaluating the
pros and cons of using Asymetrix Toolbook and the HTML Internet Language, it was
decided to use HTML coding and discontinue use of Asymetrix Toolbook. We found that
Asymetrix Toolbook had a plug-in for viewing Toolbook applications online, but too many
of the features would not work correctly. Instead of duplicating our efforts by bringing data
into Toolbook and also constructing a Web page with the same data, we made the
decision to drop Toolbook and put everything on the Web page using HTML coding.

DRILLING

The TOW No. 1-3

The TOW No. 1-3 well was cored through the upper 60 ft of the Dundee Formation, drilled
to the base of the Dundee, and logged from the base of the Dundee to the base of the
glacial till. During drilling through the Dundee, several lost-circulation events were
experienced. The well was then cemented and plugged back to the top of the Traverse
Lime and a 10 in. directional wellbore was drilled on the curve to convert the vertical well
to a horizontal one. It took three days and 600 vertical feet to drill the curve. When the
horizontal leg entered the Dundee, it was 400 ft laterally from the original intercept of the
vertical well. The curve was then lined with 8 5/8 in. casing and drilling of the 7 7/8-in.
horizontal leg commenced. A Measurement While Drilling (MWD) gamma ray log was run
to monitor orientation of the horizontal leg.

A horizontal leg of 1800 ft was planned, but 90 ft into the horizontal leg, the well
encountered a pocket of high porosity (probably vugs and fractures) and a major lost-
circulation event ensued. The well blew out, but was quickly brought under control by
blowout preventers. At the time circulation was lost, the well was being drilled with mud
capable of holding 1500 psi. Because of the high reservoir porosity, permeability, and
pressure and the propensity to lost circulation in the area penetrated by the horizontal
wellbore, it was decided to suspend horizontal drilling and to complete the well in the
Dundee

TOPICAL REPORTS

W. Harrison has collected reservoir data for the 30 fields in our study area. It is being is
organized and reformatted into tables of reservoir parameters for the Topical Reports
required by DOE and for inclusion in our “Atlas of Michigan Dundee Reservoirs” (see
below). As he completes each field, he is forwarding the data to C. Asiala who is enters it
in our Microsoft Access database. It has been placed on the Internet.

DUNDEE ATLAS

An “Atlas of Michigan Dundee Reservoirs”, using our maps and cross sections has been
created in electronic format. It includes a regional overview of Dundee stratigraphy and
reservoir variability; structure contour maps, production history, and a table of production
data and formation tops. These data can be used in characterizing the Dundee reservoir in
other old fields for which little data is available. Most of this Atlas is available on the
Internet and it is hoped that it will enhance the capability of small operators in the state to
independently explore and develop this neglected resource. The Michigan Basin
Geological Society has expressed interest in publishing a paper version of the Atlas.

PSEUDO-SEISMIC VISUALIZATION

3-D visualizations of the Michigan Basin have been constructed in MatLab. This
commercially available statistics and visualization package is flexible and powerful and
can easily perform both 3-D surface and 3-D volume visualizations. M. Luo loaded the
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Angstrom database into MatLab and produced a 3-D volume visualization of the basin that
shows the thickness and distribution of the Dundee and other key formations. Cross
sections can be made through the basin at any desired angle.

B. Wei is using MatLab to produce “pseudo-seismic” sections from spontaneous potential
(SP) and gamma ray logs. Using Wei's program, individual pseudo-seismic logs (log
traces whose amplitudes have been color-coded to resemble seismic amplitude traces)
can easily be selected from a map-view window and displayed as well-log or pseudo-
seismic cross sections. This program adds another useful dimension to our visualization
capabilities. Current efforts concentrate on using geostatistical methods to perform
interwell correlations.

MODELING
GEOCHEMICAL MODELING

The geochemical modeling program CHILLER is being used to model fluid-rock
interaction. The feasibility of porosity prediction using CHILLER is being investigated.
Geochemical mass transfer work using CHILLER is being carried out. Two databases are
currently being used. The thermodynamic database SOLTHERM contains
thermodynamic information on fluid species, gases, and minerals. Over 400 species are
contained in the database. The data are valid over a temperature range of 0oC to 3000C.
The database OXYBASE is being used for oxygen isotope calculations.

BASIN MODELING

We have obtained a commercial data set that contains information on 51,359 Michigan
wells. These data will be used extensively in both in GeoGraphix and in our basin
modeling programs. The data set includes well locations, formation tops, lithologies, etc.,
in a form that can be read directly into our GeoGraphix Exploration System software. After
solving numerous formatting problems, work has shifted to correcting and updating data
errors and nomenclature problems. Well-location maps are being prepared in
GeoGraphix, which will display all wells that intersect each of the deeper formations in the
Michigan Basin. This has produced a more manageable data set (of 10,000 wells) by
selecting the deepest well in each section in the state of Michigan. Work is how
concentrated on constructing a grid of regional structural cross sections through the basin.

The cross sections serve two purposes. First, they make it easy to spot and correct bad
picks and bad data. Second, once the errors are corrected and the structural cross
section grid is completed, stratigraphic cross sections, hung on key marker horizons, can
be constructed. These stratigraphic cross sections will enable our project staff to visualize
the evolution of 3-D basin geometry through time and focus in on the times and areas of
greatest interest for geologic modeling. For example, these are generally areas of rapid
and maximum subsidence, where sourcerock maturation and oil generation are favored,
should be readily apparent.

This work is being done to prepare the Angstrom data for use in the modeling programs
BasinMod and Akcess.basin. BasinMod will be used for 1-D and 2-D thermal maturation
modeling. Access.basin uses a finite-element formulation to examine the effects of
thermal processes (conduction, convection, and advection), fluid flow processes
(compaction-driven, hydraulic-head driven), sealing mechanisms, and sedimentation/
erosion during the development of a sedimentary basin.

Students are organizing the Michigan Department of Natural Resources’ bottom-hole
temperature database for use in the modeling programs. Negotiations are proceeding to
acquire a major organic geochemistry study of the Michigan Basin, completed by Brown
and Ruth Co., through donation to the project.

The Angstrom database contains lithologic information on each formation in each well.
The lithologic information is now in text format, but a project to numerically encode it will
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soon begin. Once the lithologic data is in numerical format, it can be used in facies
mapping and sequence stratigraphic modeling programs.

Michigan Basin Stratigraphy

A GeoGraphix Exploration System project produced maps showing the locations of all the
wells in the Michigan Basin having a top subsea (TSS) pick for a particular formation.
These maps were generated for all 105 formations in the basin. A complete set of TSS
structure contour maps covering almost all the formations in the basin was also produced
using this project. Structure contour maps were produced using the GeoGraphix’ Isomap
module.

An arbitrary lower limit of 100 wells was used to create the structure contour maps. That
is, if there were less than 100 wells with a TSS pick for that formation a structure map was
not made. The exception to this being several of the lower Cambrian formations and the
Precambrian or basement. For example, the Mt. Simon sandstone (MNSM) structure map
was produced from 60 wells. Of the 105 formations, 27 had less than 100 wells with TSS
picks. Of these 27, five had sufficient coverage throughout the basin to produce structure
maps. Of the remaining 78 formations only ten structure maps were produced using less
than 500 wells. The majority of the other structure maps were produced using well over
1000 wells and some were made using 10’s of thousands of wells.

Also produced, was a complete series of isopach maps. As with the structure maps these
isopach maps were produced using the GeoGraphix’ Isomap module. All the isopach
maps were produced using over 100 wells, except the lowest Trempealeau (TMPL) to
basement isopach which used 29 wells. Of the 50 formation by formation isopach maps
produced, only eight used less than 500 wells. As with the structure contour maps, the
majority of the isopach maps were produced using well over 1000 wells each. Another
series of isopach maps was produced using the different formation ages as the criteria.
For example, an isopach map was made of the upper Silurian, i.e. the Bass Island
formation to the top of the Niagara Group (Fig. 9). All together, 78 isopach maps have
been produced.

As well as the above structure contour maps and isopach maps, several basin wide and
regional cross-sections were produced. These cross-sections were made using the
GeoGraphix’ Cross Section module. Many of the cross-sections were made using the
LithLog LAS file output described below.

The Aangstrom Precision Corp. database also contains lithologic sample descriptions
(LSD) for the deepest well with the most log information in each section. These LSD data
are available for 11,474 wells in the Lower Peninsula. Using GeoGraphix Exploration
Systems software, a map was produced showing the location and a color-coded total
depth of these LSD wells. These LSD data are listed in the Aangstrom database by depth
interval followed by the dominant lithology for that interval. The lithologies are designated
by two letter codes, e.g. LS = limestone, AN = anhydrite. A FORTRAN program (LithLog)
was written to extract these lithology data directly from the database and output a Log
ASCII Standard (LAS) file. The program creates a lithologic well log which is virtually the
same as any “standard” well log, e.g. gamma ray or neutron density, but with the dominant
lithology per depth step as output. The following is an abbreviated description of the
program operation.

The program prompts the user to input a county file name (the Angstrom database well
information is separated into counties) and a permit number. The program opens the
selected county file and proceeds to read the well data. When the input permit number is
found, the program first extracts the LAS file header information, which includes the well
operator, name, number, unique well id (UWI), location, and completion date. These data
are included in the header information when the program writes the output file in the
standard LAS file format. The program continues to read the well file until the first line
containing LSD data is reached. The lines containing LSD data are designated by a three-
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digit code. At this point the depth range and dominant lithology is read as a character
string. This character string is then read until the “-* separating the depth range and the
dominant lithology code is found. The beginning and ending depths are inputted into a
subroutine, which converts them to integer form. The dominant lithology for this depth
interval is assigned a value of one while the other possible lithologies are assigned a value
of zero. (The program, currently, allows for the ten most common, of the possible 24,
lithologies used in the database. The ten most common are: limestone, dolostone,
gypsum, anhydrite, halite, sandstone, shale, mudstone, siltstone, and chert.) The program
continues to read the well file, storing the beginning and ending depths of each interval in
an array as well as assigning a value of one to the dominant lithology and values of zero to
the other nine. The depth intervals that are missing the lithology data (designated by an
“MI” as the dominant lithology) are saved and written to the output file in the “Parameters
Information” section of the LAS file header. When the program reaches the end of the
LSD data it begins to write the output file. The LAS header information is written first. Then
the depth range array is accessed, and the depth and lithology values are written in one-
foot intervals. The following is an example of the output LAS file:

~PARAMETERS INFORMATION # Missing lithologic data from:
# 750 to 800

# 813 to 830

# 16050 to 16100

T
fras
T+

~A Depth LS SS DL HA SH AN MU GY SI CH
2780 0 0001 000O00O0
2790 0 0001 000O00O0
2800 0 0001 00O0O0O0
2810 0 0001 00O0O0O0

The LAS files output from the LithLog program described above can be converted to a
Log Binary Standard (LBS) format using GeoGraphix/Schlumberger’s Log Interpretation
software package QLA 2. QLA 2 was, also, used to create a well log template, which in
conjunction with GeoGraphix’ WellBase and CrossSection modules was used to create
several basin wide and regional lithologic cross-sections covering much of the basin.

A poster titled “Subsurface Databases: Graphical Display and Error Detection for
Stratigraphic Interpretation in the Michigan Basin” was presented at the 1996 GSA Annual
meeting in Denver, CO October 28th (abstract below). The poster focused on the
graphical display of information derived from the FORTRAN lithology extraction program
(LithLog) described above. The poster included sections on the utility of this type of
lithology display for detecting errors in the database as well as its usefulness in correlating
sequences in the basin. Further, the lithology log display was combined with conventional
logs, e.g. gamma ray and neutron density. This has resulted in a graphical display that
would prove quite useful as a tool to facilitate the recognition of conventional log
responses to different lithologies. At this time a paper is being prepared for publication in
the Journal of Geological Education. This paper will include a copy of the LithLog program.
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THERMAL MODELING

The thermal modeling study has focused to date on the use of one-dimensional models to
determine the thermal history of the Michigan Basin. The Michigan Basin’s thermal history
is extremely complex and although extensively investigated, no previous study has
resulted in a model that satisfies the observed thermal maturity data for the basin.
Previous studies have produced two main hypotheses about the basin’s thermal history.
The two hypotheses are that:

1) elevated basal heat flow affected the basin during its early history, and

2) significant amounts of Pennsylvanian and Permian strata must have at one time
been present in the basin.

Results of our study demonstrate that both of the previously proposed hypotheses must
be accounted for in any model that produces results consistent with the observed data.
Our results also demonstrate that a successful model must incorporate a significant
erosional event at approximately the Silurian/Devonian Systems boundary. The
Silurian/Devonian boundary corresponds to the transition from the Tippecanoe Il to
Kaskaskia Sequence, and an erosional unconformity at that stratigraphic level has been
recognized and used for correlation for over thirty years.

Methodology

The first step in the thermal modeling study was to assemble available data that could be
used to constrain the thermal history of the basin. These data include tectonic modeling
studies that interpret the basin’s thermal history based on observed subsidence patterns
(e.g., Haxby et al., 1976; Nunn et al., 1984; Nunn, 1994). Organic thermal maturity
indicators such as vitrinite reflectance (e.g., Cercone, 1984; Cercone and Pollack, 1991),
and conodont and thermal alteration indices (e.g., Hogarth and Sibley, 1985; Bowers,
1989; Cercone and Pollack, 1991) are highly desirable because they can be directly
measured and are also readily correlated to stages of hydrocarbon generation. Fission-
track data are also available, and these data provide good estimates of the time of
maximum burial and subsequent unroofing for the Michigan Basin and surrounding area
(e.g., Crowley, 1991; Wang et al., 1994).

The second step was to construct a burial history for a specific site within the basin.
The specific site (the Mobil-Jelinek well) was chosen because of an abundance of high-
quality organic thermal maturity data for the well. The burial history uses geologic data
from the Michigan basin and surrounding areas to determine the time and duration of
deposition and erosion events. A heat flow history was also constructed based on the
results of previous tectonic models of the basin’s evolution.

The final step in the modeling method was to input the burial history to a numerical
model that calculates the temperature of specified stratigraphic levels through time.
Calculated temperatures are then used to calculate vitrinite reflectance and TTI (Time
Temperature Index) values for the specified stratigraphic levels. This model output can be
directly compared to organic thermal maturity data to determine whether the burial history
model is effective at predicting the thermal history of the basin.
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The Numerical Model

Thermal histories are calculated using a finite-difference solution to the one-
dimensional heat conduction equation:

1°T 197 _ A

2 a Tt k
In this equation, T = temperature (°C), z = depth (km), a = thermal diffusivity (m2/s), t =
time (m.y.), A = heat production (mW/m3), and k = thermal conductivity (W/mK). The
numerical model calculates the temperature distribution in a 30 km thick section
lithosphere as a function of time, and is described elsewhere (Furlong and Edman, 1989;
Huntoon, 1990; Huntoon and Furlong, 1992; Price et. al., 1996).

The model uses surface temperature and basal heat flow as boundary conditions.
Surface temperature is explicitly specified by the user at the start of each model run. The
user also specifies a function describing a desired change in surface heat flow through
time. Surface heat flow is specified because that value (as opposed to basal heat flow) is
commonly measured in sedimentary basins. Heat flow is varied through time in the
modeling because all tectonic studies of the Michigan Basin suggest that heat flow was
higher in the past than it is now.

Because heat generated by decay of radioactive elements in crustal rocks contributes to
surface heat flow, the basal heat flow boundary condition is calculated to account for
cumulative heat production in the upper 30 km of the crust.

z

-(;0)
A(z) = Ao (e ° )

In the above equation, A = heat production as a function of depth (mW/m3), Ao = heat
production at the surface (mW/m3), z = depth (km), and zo = depth at which heat
production is equal to 1/e of the surface heat production (km), and e is the natural
logarithm base.

The model requires that the user specify the timing, duration, and magnitude of
depositional and erosional events, as well as the thermal conductivities of deposited
sediments and basement materials. Initial, depositional thicknesses of stratigraphic units
which are now present in the basin were estimated from measured present-day
thicknesses using the lithology-dependent decompaction algorithms of Baldwin and Butler
(1985) for sandstone, shale and carbonate lithologies. Units composed dominantly of salt
are not decompacted. For decompaction purposes, each stratigraphic unit was classified
as a single lithology; mixtures of lithologies were classifed as the dominant lithology.

Estimates of thermal conductivity for stratigraphic units are based on lithology using the
extensive data set compiled by (Cermak and Rybach, 1984). Where a single stratigraphic
unit is composed of several different lithologies, the conductivity of the entire unit is a
weighted mean of the contributing conductivities.

After the surface temperature, heat flow through time, burial history, and thermal
conductivity information are input, the numerical model calculates the time-dependent
temperature history of a one-dimensional (vertical) profile. Finite difference techniques are
used to solve the heat equation at each time step. The results for each simulation include
the time-temperature history for every stratigraphic interval that is now present within the
basin. From this history, the thermal maturity of the horizons is estimated based on
calculated TTI (Waples, 1980) and vitrinite reflectance (% Ro) values. % Ro is calculated
using Sweeny and Burnham’s (1990) Arrhenius first-order parallel-reaction method. TTI
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and %Ro are calculated because they are commonly used and are readily correlated with
other organic thermal maturity indicators.

Heat Flow Type Models vs. Gradient-Type Models

This modeling method differs significantly from that used in previous studies of the
Michigan Basin’s thermal history. Previous studies have utilized a gradient method, rather
than numerical solution techniques to determine the temperature at specified depths as a
function of time. Gradient methods are used appropriately when the basin’s heat flow
history is simple (e.g., constant heat flow through time), when the deposition and erosion
history are straightforward and neither deposition nor erosion proceeds at a rapid rate, and
when the modeled sediments have constant thermal conductivities. None of these criteria
are satisfied in the Michigan Basin. For example, all previous studies have suggested that
the basin experienced elevated heat flow during its early evolution. The large variation in
lithology of basin sediments (e.g., shale, sandstone, limestone, dolomite, and salts) results
in large variations in thermal conductivities. In addition, several previous studies have
suggested that the basin has experienced episodes of significant and rapid burial and
erosion.

Transient thermal effects associated with rapid burial and erosion, or changes in heat flow
through time cannot be adequately addressed by gradient-type models. For example,
rapid burial has the effect, in reality, of moving the surface boundary condition downward
through time, because sediment is added faster than it can reach equilibrium
temperatures. A gradient-type model cannot accurately account for this situation.
Gradient models are also unable to accurately account for changes in heat flow through
time. In the steady-state case described by Fourier's Law,

q=-k dz
where g = heat flow (mMW/m2), k = thermal conductivity (W/mK), and dT/dz = the
geothermal gradient (K/km), as heat flow changes so does the geothermal gradient.
Gradient models emphasize this linear relation between heat flow and geothermal
gradient by suggesting that a change in basal heat flow can be modeled by simply
changing the geothermal gradient. In reality, however, the geothermal gradient does not
change immediately as the basal heat flow is changed. Instead, it takes some amount of
time, as controlled by the thermal diffusivity of the conducting material, for any change in
boundary conditions to propagate through the model. In addition, it is geologically
unreasonable to expect that basal heat flow might instantaneously change from a high
value to a low value. Instead the transition probably occurs over a few to several m.y.,
although this transition is commonly modeled as an instantaneous event when gradient-
type models are used.

While our results are broadly similar to those of previous studies when we use the same
initial conditions, boundary conditions and burial history models, our numerical model
allows us to effectively test additional hypotheses about the basin’s evolution. The
numerical model is a forward modeling simulation, meaning that time in the model
progresses forward from the past toward the present day. Thus the initial conditions for
the model are the user’s estimate of conditions at a particular time in the past. For this
study the forward simulation begins at a time corresponding to deposition of the top of the
Mount Simon Sandstone. This horizon was chosen for the start of the modeling because
the overlying units are the oldest to reflect nearly radially symmetric subsidence within the
Michigan Basin. Because forward models are non-unique, the results of this study
represent a best-fit solution to both the observed organic maturity data and previous
interpretations about the basin’s geologic history. An infinite number of successful models
can be constructed, however, only a limited number will satisfy both the observed data
and tectonic conceptual models.
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Mobil-Jelinek Well Thermal Study

In this section the data used to constrain the modeling are first discussed. The burial
history and heat flow history that produced the best fit to the observed data when modeled
are then described. A complete sensitivity analysis and testing phase was completed prior
to obtaining the results presented here, however the details of that portion of the study are
not included here. The results of our best-fit model are described at the end of this
section.

Data

Vitrinite reflectance data collected from the Mobil-Jelinek well are used to constrain the
results of the modeling. %Ro data have been available for this well since release by Mobil
and publication by Cercone and Pollack (1991). The Mobil-Jelinek well has been the
subject of several previous modeling studies because the %Ro data is abundant for this
well, and it covers all of the stratigraphic section. The data also appear to be consistent, in
that wide variations in reflectances at particular stratigraphic levels are not reported. This
is probably because all of the samples were analyzed at a single time by a single lab.

Fig.10 shows a semi-log plot of the %Ro data vs. depth for the Mobil-Jelinek well. A
series of least-squares best-fit lines have been drawn through the data. In the post-
Devonian section, a single best-fit line is shown. In the pre-Devonian section, two different
lines are shown. One line fits the data near the bottom of the well, while the second fits
the data near the top of the pre-Devonian section. In the modeling we attempted to obtain
calculated %Ro values that lie along the upper (post-Devonian) best fit line, and lie
somewhere between the two lines shown for the pre-Devonian section.

Two important features of the data need to emphasized as they are important in the
thermal modeling study. First, the post-Devonian data lies along a least-squares best-fit
line that is significantly offset from the best-fit lines through the pre-Devonian data. This
offset suggest that an erosional unconformity is present at the Devonian/Silurian boundary
(Waples, 1985). Secondly, the slopes of the pre-Devonian best-fit lines are steeper than
the slope of the post-Devonian best-fit line. This suggests that a different geothermal
gradient is recorded by the pre-Devonian section than by the post-Devonian section.
Because the thermal conductivities of the pre-Devonian section are generally higher than
those of the post-Devonian section, the change in geothermal gradient indicates that
higher heat flow effected the basin during pre-Devonian time. The heat flow has been
significantly lower since. These two aspects of the data were used in part to guide the
modeling effort.

Burial History

A burial history for the Mobil-Jelinek well was produced using information from a wide
variety of sources. The Correlation of Stratigraphic Units of North America (COSUNA),
Midwestern Basin and Arches Region chart (AAPG, 1985) provided information on the
formations in each burial unit as well as age data. This age data provided the times for
each burial unit's deposition, along with estimates of the timing of erosion events. The
group and/or formation thickness data was collected from three sources. The Aangstrom
Precision Corp. Michigan Oil and Gas Well Database provided Top Measured Depth
(TMD) values for all but one of the burial units. The depth to the Mt. Simon sandstone (the
lowest horizon monitored in this model) was determined from a structure contour map and
cross-section produced from Aangstrom Precision data using the GeoGraphix Exploration
System software. The thickness values for various formations within the burial units were
compiled from cross-sections in the Report of Investigation 19, Stratigraphic Cross-
sections of the Michigan Basin (Lilienthal, 1978) and the Aangstrom Precision database.

Initial thicknesses of units that are now partially removed by erosion were first calculated
based on the assumption that the sedimentation and erosion rates were constant and
equal to that calculated for the underlying stratigraphic unit. That is, deposition was
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assumed to have occurred during the first half of the duration of the lacuna, while erosion
occurred during the second half. When this first estimate of the amounts of burial and
erosion failed to produce reasonable results, other data were considered. For example,
the amount of eroded material in the final Triassic (250-200 Ma) erosion event was
previously estimated at 1.2-2.0 km (Cercone & Pollack, 1991) and 2.0-5.0 km (Crowley,
1991). A thickness of 2.2 km was used in our final best-fit model and this value is
consistent with the ranges suggested by previous studies. In addition, our modeling
demonstrated that it is necessary to add 2.2 km at the Silurian-Devonian Systems
boundary. This additional burial was necessary to account for the offset in the %Ro data
observed in data from the Mobil-Jelinek well. Without this extra burial, maturities in the pre-
Devonian section of the well could not be matched by our model results. This amount of
excess strata is much greater than previously proposed in the literature, although the
Silurian to Devonian transition does represent a major unconformity. It is the location of the
transition from the Tippecanoe to Kaskaskia Sequences (Sloss, 1963), and the
unconformity at that level is used for interregional correlation of strata.

The thermal conductivity value for each burial unit was calculated using a weighted
average based on the lithology and the data presented by Cermak & Rybach (1984). Each
unit’s lithology was determined from the Lithologic Sample Descriptions (LSD) in the
Aangstrom database or from formation descriptions (Lilienthal, 1978; Fisher et. al., 1988).
Thermal conductivity values for the eroded units were calculated based on the values
determined for the underlying units using compaction vs. depth curves (Baldwin & Butler,
1985) and the following equation (Robertson, 1988):

Ka = Ci (9K

where
K. is the corrected conductivity,
C; is the thermal impedance correction factor,
gis the solidity (the fractional grain volume), and
K. is the calculated conductivity.

The corrected conductivity is found by multiplying the calculated conductivity from the
underlying unit by the square of the solidity from Baldwin & Butler (1985) compaction
curves and the thermal impedance correction factor from tables in Robertson (1988).

The surface temperature is set at 20 C because the basin was near the equator through
most of the Paleozoic era.

Heat Flow History

Measured values of the present day terrestrial heat flow in the basin range from 33-58
mwW/m? (Combs & Simmons, 1973; Nunn, 1994). Numerous studies (e.g. Nunn et al.,
1984; Crowley, 1991) have shown that the present day heat flow values cannot explain
the thermal history of the basin. For example, the in situ generation of hydrocarbons in
Silurian and Devonian formations would require higher paleotemperatures (Crowley,
1991) than possible if present day heat flow values were assumed to have been effective
in the past. Even accounting for thermal effects of significant amounts of burial and
subsequent erosion, heat flow values must have been higher in the past (Cercone, 1984).

The heat flow history for this model is based on tectonic models of the basin formation
(e.g. Nunn, 1984; Howell & van der Pluijm, 1990). These models predict an elevated heat
flow through the Ordovician. Using this heat flow history in our model, the pre-Devonian
thermal maturities were underestimated. It was necessary to continue the higher heat flow
until the Silurian/Devonian boundary to produce the observed maturities in the pre-
Devonian strata.
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The initial heat flow used in this model was determined from a plot of the measured
vitrinite reflectance (%Ro0) values vs. depth for the Mobil-Jelinek well (Fig. 10). The graph
revealed two groups of %Ro values in the Pre-Devonian strata. A best-fit line was drawn
through each of these groups and the slopes were determined. These slopes correspond
to heat flows of 114 and 134 mW/m?, assuming a constant conductivity of 2.72 W/mK (the
average for the pre-Devonian strata). The average, 124 mW/m?, was chosen as the initial
heat flow for the model. This heat flow is used from the beginning of the model at 510 Ma
until the start of the Upper Devonian erosion event at 407 Ma. From this time the heat flow
drops until it reaches an equilibrium value of 56 mW/m? at 403 Ma.

Results

The results of the modeling are best displayed in graphical form. Fig. 11 is a graphical
representation of the burial history used in the preferred model and described above. The
tops of the labeled stratigraphic units lie directly above the labels. Other lines represent
tops of different depositional units. Fig. 12 shows the calculated temperatures for the
stratigraphic horizons. Figure 13 shows the calculated TTI for the stratigraphic horizons.
Figure 14 shows the calculated %Ro for the stratigraphic horizons. Figure 10, a semi-log
plot of %R0 vs. depth, shows the values obtained by modeling, compared directly to the
observed data. This Figure in particular demonstrates that the model produces an
excellent fit to the observed data.
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TECHNOLOGY TRANSFER
PROFESSIONAL MEETINGS AND PUBLICATIONS

SEG Development and Production Forum

J. Huntoon and W. Pennington presented posters at the SEG Development and
Production Forum on “Cooperative Projects to Improve Reservoir Management” in
Colorado in June, 1995. Pennington discussed the Michigan Dundee Project and another
MTU DOE project involving computer visualization of reservoirs in the San Joaquin Valley,
California, in which Michigan Tech is also participating. Huntoon presented a poster
display on Technology Transfer. The Technology Transfer talk, entitled “Facilitating
interaction between universities and industry: mechanisms for personnel and technology
transfer”, elicited much favorable comment. Huntoon was asked to re-present it as an
invited paper at the SEG Annual Meeting. Our representatives at this meeting found it to
be very successful in facilitating communication (and Technology Transfer) between
various groups carrying out DOE sponsored projects.

Professional Papers and Presentations
In October 1995, W. Harrison presented talks:

“Improved Oil Recovery from Old Fields in the Dundee Formation, Michigan Basin” to the
Geology Department at the University of lllinois-Chicago;

“Improved Oil Recovery Using Horizontal Drilling in Oil Fields, Michigan Basin” to the
Geology Department at Western Michigan University; and

“Improved Recovery Using Horizontal Drilling in the Dundee Formation, Michigan Basin”
to the Ontario Petroleum Institute in London, Ontario, Canada.

In October, 1995, S. Chittick presented a talk entitled “Characterization of the Dundee
Formation, Winterfield Field, Clare County, Michigan”, co-authored by S. Chittick, C.
Salotti, J. Wood, W. Pennington, S. McDowell, J. Huntoon, and W. Harrison, at the AAPG
Northeast Section Meeting in Schenectedy, NY.

In March 1996, two presentations featuring project accomplishments were made at the
Michigan Department of Natural Resources’ Annual Symposium on “Michigan, Its
Geology, Environment, and Resources”. W. Harrison was the keynote speaker at the
symposium luncheon and S. Chittick presented a poster session. Also in March, Harrison
presented a project overview at the Petroleum Technology Transfer Council (PTTC)
Regional Meeting in Grayville, IL. In April, Wood, Luo, Chittick, and Suchoski attended the
Michigan Oil and Gas Association meeting in Mt. Pleasant, MI, where they informally
discussed project results with members of the Michigan oil and gas community.

A paper describing the DOE Michigan Dundee project and the results of the Crystal Field
demonstration well is in the final stages of preparation. It is entitled “Recovery of
Bypassed Oil Through Horizontal Drilling, Dundee Reservoir, Crystal Field, Michigan” and
will be submitted the Oil and Gas Journal.

AAPG Computer Applications in Geology Volume

Wylie and J. Huntoon are editing a volume entitled “Practical Reservoir Characterization”,
which is to be published as a volume in the AAPG Computer Applications in Geology
series. Wylie is writing the first six chapters, which constitute a “how-to” guide to
computerized reservoir characterization (Attachment 1). Seven authors have committed
to contribute case studies in reservoir characterization. Each of these will be a separate
chapter. One of these case studies will be a paper on the Dundee reservoir in Winterfield
Field, co-authored by S. Chittick and others.
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INTERNET HOMEPAGE

The Dundee Project now has its own Homepage on the Internet, which is networked to
the Geology Department at WMU, can be reached at: http://www.geo.mtu.edu/svl/.

We are using Microsoft Internet Explorer as our browsing program. For our end users that
do not have Internet access, we can put all of our files and HTML code onto a CD-ROM
with Microsoft’s Internet Explorer as a browser. Microsoft Internet Explorer is available for
us to re-distribute royalty-free as long as we register the number of copies we distribute on
a quarterly basis and we must use the Microsoft Internet Explorer Logo on our Web page.

Some advantages of putting project data onto the Internet include downloading
capabilities, easy access for our viewers, and attractive visual displays. In addition,
although Microsoft Internet Explorer is our chosen Internet browser, other viewers can be
used as long as they can handle the Table feature of HTML. The direct address to the
Michigan Tech Subsurface Visualization Lab is http:/Amww.geo.mtu.edu/svl/

Click on Michigan Project to view data from this project. The following information is now
available on the MTU Web site:

Michigan Project

Michigan Basin

TOW 1-3 Well

Data Download

Geology Files
All Annual & Stratigraphic Cronus Oil Field
Quarterly reports Column for Development Production Data
Michigan Basin Letter
Project personnel; | Table of Michigan Core Analysis Well Data
biographies & vita | Basin Formations Charts: TOW 1-3
Well rig photos for | Isopach and TOW 1-3 Core Oil Field Statistics

TOW 1-3 structure contour Gamma Surface
maps Log
Large-scale 3-D isopach and TOW 1-3 Core TOW 1-3 HD Data

Dundee structure
contour map

structure contour
maps

Description & core
photos

Link to WMU DOE | Bouguer Anomaly | Location Map of
WWW site Map Horizontal Well in
Crystal Field
Regional geology Diagram of
of study area Proposed
Horizontal Leg
1996 & 1997 Horizontal Well
AAPG slides Cross Section

Project Oil field
location Maps

Sample drillers log

Horizontal Well
Diagram

Table of general

TOW 1-3 HD

information Production chart
Atlas of Dundee Static Pressure
reservoirs Gradient
AutoCAD maps, Pressure Build-up
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production graphs, Test
tables for 30
Dundee fields

The scrolling menu along the left side of the web page can be used to view any of the
above items. Many graphics are displayed small, and when clicked on, will show a larger
image. The large image may be clicked on to return to the previous page, or another
menu item may be selected.

MICHIGAN OIL FIELD RESEARCH CONSORTIUM (MOFRC)

The 3 issue of the MOFRC Newsletter was send to MOFRC members in March. This
newsletter was established to disseminate information on our project to interested parties
in the Michigan oil and gas community and has proven very successful. It is useful not
only to update the gas and oil community in Michigan on project activities but also to let
companies know where they can send their old files and other materials that have archival
value. Since the inception of this project Michigan Tech has received enough material to
become one of the leading data repositories for gas and oil related data in the state. The
following data is part of what has been donated to Michigan Tech in the past year:

15,000 scout tickets on Michigan well
10,000 well site reports

2000 acetate well log films

1000 mud logs

o > w DB

200,000+ pages of driller's reports (285 3-ring binders organized by Township-
Range-Section)

6. 45,000 drilling permit records

7. 18,000 — 20,000 paper well logs
8. 100+ digital well logs

9. 500+ scanned well logs

10. 16,000 digital well headers and formation top picks.

These items are currently being indexed and processed for electronic distributions. Some
is already on the WWW and more will follow. Michigan Tech hopes to become one of the
most complete data repositories for the Michigan gas and oil industry in the state.

Because of the MOFRC Newsletter and press releases, many people who are interested
in horizontal drilling and the development of shallow shelf carbonate reservoirs, both within
the Michigan Basin and in other areas, have contacted project personnel

WORKSHOPS

In January, 1996, project members from MTU and WMU held a two-day workshop at MTU
to examine the core from the demonstration well, to discuss project results, and to plan
next year's technical program and publication schedule.
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APPENDIX 1

William Everham and Jacqueline Huntoon; (1996) “Subsurface Databases: Graphical
Display and Error Detection for Stratigraphic Interpretation in the Michigan Basin”, Dept. of
Geological Engineering and Sciences, Michigan Technological University, Houghton, Ml,
GSA Abstracts with Programs, Vol. 28.  No. 7, p. 265.

Subsurface mapping and stratigraphic interpretation is greatly facilitated by the use of
digital data that can be used to generate graphic displays. Graphic displays of lithologic
sample descriptions (LSD) obtained from driller’s logs constitute a source of information
that can be used to rapidly identify potential inaccuracies in commercially available
subsurface databases, subsurface facies changes, and display sequence stratigraphic
interpretations.

Generation of pseudologs that contain depth vs. lithology information in Log ASCII
Standard (LAS) or Log Binary Standard (LBS) format allows use of log analysis software
to display information and correlate wells.

Prior to use, LSD data from driller's logs must be converted to digital form. This can be
accomplished in-house or through the purchase of a commercial database. For our study
a FORTRAN program was written to extract the LSD data from a commercial database
and output the data in LAS format. Commercial log interpretation software was utilized to
convert the LAS file to

LBS format. A log template was created to graphically display the lithology data. Cross-
sections that display lithology data and top subsea picks were then generated.

Examples from the Michigan Basin demonstrate that the display of data in a graphical
fashion provides the user with a visual method to compare top subsea picks with log and
lithology data. Potentially incorrect top picks can be easily identified using this method, and
the database information corrected. Regional cross-sections made using these data
define large-scale sediment patterns and permit identification of stratigraphic sequences
with a greater degree of confidence. The structure contour and isopach maps along with
the standard and lithologic cross-sections were used to create accurate burial histories
used in the thermal history modeling described in another section of this report.
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FIGURE CAPTIONS

Figure 1. Basemap showing locations of Crystal Field and the 29 other fields in which the
Dundee reservoir is being characterized in the project’'s seven-county study area.

Figure 2. Detailed basemap showing locations of Crystal Field and the 29 other fields in
which the Dundee.

Figure 3. Structure contour map on the top Dundee Formation over the entire 30 fields
characterized in this project.

Figure 4. Structure contour map, top Dundee Formation, Crystal Field, Montcalm County,
MI. This map shows the gentle anticlinal structure that defines Crystal Field. Note the
nearly closed —2400 foot contour.

Figure 5. Detailed structure contour map on the top of the Dundee formation at Crystal
Field, Montcalm County, MI. This map illustrates the irregular surface topography typical of
the Dundee in this field. This topography is consistent with an karstic erosional contact
between the Dundee Formation and the overlying Bell Shale.

Figure 6. Location map for the TOW 1-3 demonstration well in the Crystal Field,
Montcalm County, MI. The well trends E-W between two rows of vertical production wells
that were active in the early stages of development but are now abandoned.

Figure 7. Cross-section through Crystal Field along the trace of the TOW 1-3 horizontal
well. Formation top picks and the porosity zone were picked from the two rows of vertical
wells on either side of the TOW 1-3. The porosity zone is defined as the dolomitic zone
lying just below the top of the Dundee Formation. In this interpretation, the TOP 1-3 is
assumed to have encountered a “compartment” of previously untapped hydrocarbons,
either “attic” | or by-passed oil.

Figure 8. Production curve for TOW 1-3 horizontal well, Crystal Field, Montcalm County,
MI. Production was initially limited to 50 BOPD but was increased 100 BOPD. As of May
1997, the well is not producing any water and the pressure is holding steady.

Figure 9. Isopach map, Bass Island Formation through Niagaran Brown.

Figure 10. Graph of measured and calculated %Ro values versus depth for Mobil-Jelinek
well.

Figure 11. Plot of depth versus time for Mobil-Jelinek well.
Figure 12. Plot of temperature versus time for Mobil-Jelinek well.
Figure 13. Plot of TTI versus time for Mobil-Jelinek well.

Figure 14. Plot of %Ro versus time for Mobil-Jelinek well

33



uuuuu

uuuuuuuuuu

uuuuu

rrrrrr

aaaaa

84.00

Scale 1:5000000.

10. 0. 10. 20. 30. 40. 50.

O N e

miles

20. 0. 20. 40. 60. 80. 100. kilometers

I N . )

aaaaa

DOE CLASS Il MICHIGAN PROJECT

LOCATION MAP

Michigan Technological University

MICHIGAN ATLAS

5/5/97

jrw

Scale 1:1400000.

GLOBAL

uuuuu

» »
o &
o o
3 8

sssssssssssssss

BELLYACHERS

3
L
L pous T

N

CRYSTAL FIELD

4
!
+

» »
o &
o o
g 8

aaaaaaaaaaaaaaa

Scale 1:1400000.

2. 0. 2. 4. 6. 8.10. miles
10. 0. 10. 20. 30. 40. 50. kilometers
| B B | | ]

LOCATION MAP

PROJECT STUDY AREA



44.000

CEDAR AND CAT CREEK

%‘f

=

"HARDY DAM

-85.000

PROSPER & PROSPER S.

=

McBAIN & RIVERSIDE i‘%i

RS
T +

W
G I : ’
i Hr

CRANBERRY LAKE & CRANBERRY LAKE E.

+

SKEELS

+,
++%++ .

+

WINTERFIELD

FREEMAN-REDDING

+ i
Yt [LAKE GEORGE X
. e -
SYLVAN n
¥ T
-
EVART |
t 4
L
£
WISE .
.
COLDWATER _ GILMORE

ISABELLA

T
i%
+
kL
Y

BROOMFIELD
+++
5
REYNOLDS
CATO
BELLYACHERS
++ +
ﬁi* +
B
+
DOUGLAS | + ig:r . . N
' +
+
Pd*a%
CRYSTAL FIELD

-85.000

DOE CLASS Il MICHIGAN PROJECT

FIELD LOCATION MAP

Michigan Technological University

Scale 1:700000.

MICHIGAN ATLAS 5/5/97

2. 0. 2. 4 6 8 10. miles
Il T N
10. 0. 10. 20. 30. 40. 50. kilometers

I I I ' N 09090 O a0

jrw Scale 1:700000. GLOBAL

44.000




