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Rough Creek Graben Consortium
Final Report

John Hickman

Executive Summary

This research was completed by the Kentucky Geological Survey in Lexington, and
was funded by a research consortium composed of 12 oil and gas exploration companies,
as well as the Governor’s Office of Energy Policy and the Kentucky Energy and Environ-
ment Cabinet. The 12 industry partners of the Rough Creek Graben Consortium are listed
below.

Organization Address City State | Zip Phone
Chesapeake Energy 900 Pennsylvania Ave. Charleston wv 25302 | 304-353-5117
Forest Qil Corp. 707 17th St., Suite 3600 | Denver cO 80202 | 303-812-1798
Greensburg Oil LLC 375 Shreveport Dr. Campbellsville | KY 42718 | 270-789-2886
Highway Resources 2120 E. Timberlane Dr. Traverse City | Ml 49686 | 231-946-2661
Kentucky Energy and 500 Mero St. Frankfort KY |40601 |502-564-7192
Environment Cabinet
Marathon QOil Co. 5555 San Felipe Houston TX 77056 | 713-296-3039
MegaWest (Kentucky 12 W. Main St. Canfield OH | 44406 |330-533-1921
Resources)
MSD Energy Inc. P.O.Box 70 Eddyville KY 42038 | 270-853-7594
North Coast Energy P.O. Box 8 Ravenswood wv 26164 | 304-273-5371
Onyx International 200 S. Green St.,
Exploration/Clipper Energy | Suite 200 Glasgow KY 42141 | 270-629-5525
Sunshine Oil and Gas 12410 Hanson Rd. Slaughters KY 42456 | 270-871-0107
. 500 Virginia St.,
Triana Energy Suite 700 Charleston Wwv 25301 | 304-380-0100
Viking Energy LLC 425 Power St. Bowling Green | KY 42101 | 270-842-9030

Goals

The goal of the Rough Creek Graben Consortium project was to evaluate the oil and
gas potential of the Cambrian strata in the Rough Creek Graben and the surrounding
region. In addition, this project created a data compilation and geologic framework for
the more than 39,000 ft of sediment in the graben. The main purpose was not specifically
to delineate drilling locations, but to increase the knowledge base and data inventory of
the consortium’s industry partners in order to assist in future exploration projects in the
region. This intensive study of the structure, geology, and hydrocarbon system of this
area yields a comprehensive and well-rounded basin model that can be used by local
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independents and major petroleum companies alike to achieve more successful drilling
results in this region.

Data Confidentiality

As agreed in the original consortium contract, this report and all project data were
held confidential to the Rough Creek Graben Consortium members for a period of 2 yr fol-
lowing the delivery of this report. The public release date for these data was May 1, 2012.

Study Area

Although the intent of this study was to investigate the deep petroleum potential in
the Rough Creek Graben, the study area was expanded to include the surrounding region
to ensure adequate coverage of the transitional areas surrounding the graben, and provide
information about the coeval stratigraphy that was unaffected by this intracratonic rift
system. The project area extends westward from the Cincinnati Arch in central Kentucky
to the Ozark Dome in eastern Missouri, and northward from the Nashville Dome in west-
ern Tennessee to the northern end of the Mount Carmel Fault in south-central Indiana
(UTM zone 16N, coordinates 3,986,800-4,350,000 m northing, 240,000-720,000 m easting).

Project Data

The final data set contains information on 1,769 wells with stratigraphic tops (with
up to 60 possible tops per well), 356 wells with digitized geophysical well logs (179 with
calibrated raster [scanned TIFF] logs), interpretations of 106 seismic profiles, 10 new syn-
thetic seismograms, eight regionally mapped horizons, 20 large-scale map plates, 12 re-
gional well-based cross sections, well-cutting microscopy and well-sample lab analyses
(33 samples from 10 wells).

Summary and Major Conclusions

Extensive well-based and seismic mapping was completed, producing basinwide
structural and isopach maps. Twelve new regional well-based cross sections were pro-
duced for this project. The Early Cambrian Reelfoot Arkose of Houseknecht and Weaver-
ling (1983) was defined seismically in the Rough Creek Graben, and its depositional extent
mapped in the Rough Creek Graben and northern Mississippi Valley Graben areas. A
large collection of both raw and interpreted data has been compiled for the Rough Creek
Graben and southern Illinois Basin area.

One of the main purposes of this research was to investigate the possibility of deep oil
or gas deposits in the Cambrian strata in the Rough Creek Graben region. Unfortunately,
no definitive proof was found of the existence of a hydrocarbon source rock in the pre-
Knox section. All of the samples of Eau Claire Formation well cuttings that were tested
for organic content with Rock-Eval' (see Humble Geochemical Services Division, 2001)
returned very lean results (0.06 weight percent of total organic carbon). Because only a few
Eau Claire or deeper wells have been drilled in the graben, the available samples of well
cuttings are therefore biased toward the local geology of the northern edge of the graben.
It is possible that there are organic-rich intervals of the extremely thick Eau Claire Forma-
tion in the Rough Creek Graben, but they just have not been drilled to date.

In addition to apparent low organic content, another possible risk factor for Cambri-
an-sourced oil exploration is that maturation models suggest that the Eau Claire Forma-
tion and deeper horizons would have been expelling oil during the Acadian and Allegh-

'The use of manufacturer and trademark names does not constitute an endorsement of the product by the Kentucky
Geological Survey or the University of Kentucky.
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enian/Ouachita Orogenies. Many of the graben-bounding faults were reactivated during
these periods, increasing the risk of trap leakage along or near these fault zones.

Using all of the structural and stratigraphic interpretations for this project, four areas
of possible further deep oil and gas exploration are discussed. These areas are: (1) the low-
er Eau Claire Formation and Reelfoot Arkose in eastern Edmonson and Hart Counties, (2)
hypothesized ooid shoals along the southern boundary of the Rough Creek Graben, (3)
the eastern limb of the Tolu Arch/Fluorspar Uplift in Crittenden County, Ky., and Hardin
County, III., and (4) the Owensboro Graben of Daviess County.

Introduction

As indicated by deep drilling and geophysi-
cal data, the Mississippi Valley Graben and Rough
Creek Graben, together with the Rome Trough
of West Virginia and eastern Kentucky, are com-
plex graben structures that are filled with Early to
Middle Cambrian sediments (Ervin and McGinnis,
1975; Nelson and Zhang, 1991; Thomas, 1991, 1993;
Johnson and others, 1994, Marshak and Paulsen,
1996). These extensional features have been inter-
preted by many authors as continental rift-related
structures (Ervin and McGinnis, 1975; Nelson and
Zhang, 1991; Thomas, 1991; Johnson and others,
1994; Thomas and Baars, 1995). The similar ages
of infilling sediments suggest that the Mississippi
Valley Graben, Rough Creek Graben, and Rome
Trough formed at the same time. If they formed
contemporaneously, then proximity suggests that
they probably developed within the same tectonic
environment and regional stress field. This raises
the possibility that these three structures are fun-
damentally connected and formed part of a single
continent-scale rift system that underlies the east-
ern United States.

The Rough Creek Graben is a deep, east-west-
trending structure in western Kentucky and south-
ernmost Illinois. It is bounded on the north by the
Rough Creek and Shawneetown Fault Systems and
on the south by the Pennyrile Fault System. On the
west, the graben is bounded by the western edge of
the Mississippi Valley Graben, at or near the Lusk
Creek Fault System in southern Illinois. The exact
eastern extent has not been determined; however,
the graben extends eastward to at least Grayson
and Edmonson Counties, Ky. The exact timing of
fault initiation is unknown (the oldest strata drilled
in the Rough Creek Graben are Late Cambrian in
age); however, on the basis of proprietary seismic
data, more than 10,000 ft of sedimentary rocks evi-

dently lie below what has been drilled to date. On
the basis of this additional thickness of sediments,
Bertagne and Leising (1990) concluded that fault-
ing began during latest Precambrian or Early Cam-
brian time. From those same data, Bertagne and
Leising (1990) estimated a vertical basement off-
set of as much as 9,000 ft along the Rough Creek
Fault Zone on the northern edge of the graben and
around 2,000 ft of offset on the Pennyrile Fault Sys-
tem along the southern boundary.

The Mississippi Valley Graben (also referred
to as the Reelfoot Rift) is a northeast-trending gra-
ben that borders the Rough Creek Graben on the
southwest (Kolata and Nelson, 1997). The Missis-
sippi Valley Graben was initially interpreted from
gravity and magnetic surveys by Ervin and Mc-
Ginnis (1975). In their interpretation, it formed as
part of a failed radial-rift triple junction, with the
Mississippi Valley Graben, the Rough Creek Gra-
ben, and a northwest-trending “St. Louis Arm”
(inferred from gravity and magnetic surveys) as
the three rift arms (Fig. 1). The axis of this structure
extends from the Jackson Purchase Region of west-
ern Kentucky to east-central Arkansas, extending
southward beneath the leading edge of the Ouachi-
ta allochthon. Unlike the Rome Trough and Rough
Creek Graben, the Mississippi Valley Graben is
strongly linear in map view, with a nearly constant
width of about 40 mi (Nelson and Zhang, 1991; Ko-
lata and Nelson, 1997). Few wells have penetrated
the entire stratigraphic section in the graben, but
the sediments encountered are similar in lithology
and proportion to those found in the Rough Creek
Graben to the east, suggesting a similar age of rift-
ing (Early to Middle Cambrian).

Overview of Regional
Stratigraphy and Tectonics

The tectonic history that is relevant to this
project began at the end of the Neoproterozoic or
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Figure 1. Interpreted Precambrian rifts in the southern lllinois Basin. Modified from American Association of Petroleum Geolo-
gists Memoir 51, © AAPG 1990 (Nelson, 1990); reprinted by permission of the AAPG whose permission is required for further
use. Interpreted rift sources are Guiness and others (1982), Braile and others (1984), and Kisvarsanyi (1984).

earliest Cambrian. At that time, the supercontinent
of Rodinia began to break up as the Laurentian
plate started to rift from the Baltic plate (Bond and
others, 1984). The southeastern edge of Laurentia
developed into a passive margin as the new lapetus
Ocean was formed. Along this margin, contempo-
raneous with continental breakup during the Early
Cambrian, numerous graben systems were formed
at oblique angles to the continental margin. These
grabens include the Ottawa-Bonnechere Graben in
New York and southern Ontario; the Pennsylva-
nia Aulacogen in south-central Pennsylvania; the
Rome Trough in eastern Kentucky, West Virginia,
and western Pennsylvania; the Rough Creek Gra-
ben of western Kentucky and southern Illinois; the
Mississippi Valley Graben in eastern Arkansas,
western Tennessee, and western Kentucky; and

the Southern Oklahoma Aulacogen (Rankin, 1976;
Braile and others, 1986; Kolata and Nelson, 1990b).
As indicated by thickness changes across the
respective boundary fault systems, major subsid-
ence and horizontal extension within the rift gra-
ben systems began at least by the Early Cambrian
and had ended prior to the middle Late Cambrian
Period. To accommodate these sediments, initial
rifting of these linked basins began in the late Pro-
terozoic to Early Cambrian and persisted until the
early Late Cambrian (Ervin and McGinnis, 1975;
Nelson and Zhang, 1991; Thomas, 1991, 1993).
Two Precambrian crystalline basement prov-
inces and the clastic-filled East Continent Rift Basin
(Drahovzal and others, 1992; Stark, 1997) lie below
the Paleozoic strata in the project area. East of a
boundary front that roughly follows the Cincin-
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nati Arch through east-central Tennessee, central
Kentucky, and west-central Ohio is the Grenville
Province (Fig. 2).

Rocks from this province have been dated
(from well samples) as middle Proterozoic, with
radiometric dates (Rb/Sr, K/ Ar, and zircon U/Pb)
from samples of 1,060 to 890 Ma (Lidiak and oth-
ers, 1966; Van Schmus and Hinze, 1985; Lucius and
Von Frese, 1988). These rocks include a variety of
gneisses and schists (including both metasedimen-
tary rocks and metaigneous rocks), as well as gran-
ite, rhyolite, and anorthosite intrusions.

West of the Grenville Province lies the igne-
ous Eastern Granite-Rhyolite Province. Although
this early to middle Proterozoic province (1,500~
1,420 Ma) has not been penetrated by wells drilled
in the interior of the Rough Creek Graben, it has

been documented by drilling to the north, south,
and west of the graben (Sargent, 1990).

Over the next 350 to 450 million yr, erosion
was extensive, leading to a widespread unconfor-
mity at the base of the Paleozoic section (Figs. 2-3).
In the Early to Middle Cambrian, average sea lev-
el gradually rose, flooding these graben systems
with thick, arkosic synrift siliciclastic sequences.
The Reelfoot Arkose of the Mississippi Valley and
Rough Creek Grabens, and the Rome Formation
of the Rome Trough are the lithic detritus erod-
ed from the uplifted igneous and metamorphic
basement complex rocks of which these grabens
were initially filled (Ammerman and Keller, 1979;
Weaverling, 1987; Houseknecht, 1989).

Although few wells in the Rough Creek and
Mississippi Valley Grabens have been drilled deep

Precambrian Subcrop Map
A Wells penetrating Precambrian rocks
——— Mapped surface faults

=~ Interpreted basement fault zones

- Grenville Province

(1,060—890 Ma metamorphic rocks)

- Mafic intrusive bodies

(1,500-1,000 Ma (?) gabbros, basalts)
| Bast Continent Rift
(1,200-1,000 Ma Middle Run Sandstone)

|:| Eastern Granite-Rhyolite Province A
(1,520-1,450 Ma felsic igneous rocks)

Figure 2. Generalized Precambrian subcrop map for the project area. Extents of East Continent Rift Basin modified from Dra-
hovzal and others (1992).
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Figure 3. Time scale and stratigraphy used in the Rough Creek Graben Consortium project.
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enough to penetrate the Reelfoot Arkose, propri-
etary reflection-seismic data suggest that this unit
extends across most of the Rough Creek Graben
west of Green County, and throughout the north-
ern part of the Mississippi Valley Graben. This
is a clastic fluvial fan deposit and represents the
first synrift deposition in the Rough Creek Graben
(Weaverling, 1987). This unit underlies the Eau
Claire Formation in the graben and appears to be
roughly time-equivalent to the Rome Formation of
the Appalachian Basin to the east.

By the late Middle Cambrian (Shaver, 1985),
regional sea level had risen to the point that the en-
tire region was covered by a shallow sea. Sedimen-
tation of the Eau Claire Formation in the Rough
Creek and Mississippi Valley Grabens and the Co-
nasauga Group of the Rome Trough and the Elvins
and Bonneterre Formations of eastern Missouri
and Arkansas consisted of low-energy marine silt-
stones and shales, punctuated by episodic carbon-
ate deposition indicative of a slowly subsiding ba-
sin, with slightly elevated subsidence rates within
the rift graben boundaries.

By the Late Cambrian, tectonic subsidence of
the Rough Creek Graben, Mississippi Valley Gra-
ben, and Rome Trough had slowed dramatically.
Sedimentation filled these grabens to the point that
there was no topographic relief across these struc-
tures. Clastic deposition was replaced by a region-
al carbonate platform that covered much of eastern
Laurentia, which lasted for more than 25 million
yr (Knox Supergroup). A short but apparently in-
tense period of regression followed, which led to
the subaerial exposure and erosion of Lower Or-
dovician dolomites and limestones, producing a
widespread regional Knox unconformity.

The Upper Cambrian to Lower Ordovician
Knox Supergroup overlies the post-rift strata over
the entire region (Schwalb, 1982; Shaver, 1985;
Noger and Drahovzal, 2005). The Knox is a plat-
form to passive-margin succession composed pre-
dominantly of carbonate, with minor amounts of
mature, quartz-rich sandstones. Unlike the older
units, there is no evidence of syndepositional fault-
ing of the Knox strata in these grabens.

At the beginning of the Middle Ordovician,
sea level rose, and a transgressive sequence was
deposited consisting of near-shore, shallow-marine
sandstone (St. Peter Sandstone), followed by the

argillaceous limestones and dolomites of the An-
cell Group (Dutchtown and Joachim Formations),
and finally by the broad carbonate-bank facies of
the Black River and Trenton Formations. By the
Late Ordovician, however, the Taconic Orogeny
that was occurring to the east in the incipient Ap-
palachian Mountains had created sufficient fore-
land-basin subsidence in the Midcontinent that the
region was flooded with deeper-water shale and
mudstone facies of the Maquoketa Shale.

In the Early Silurian, the center of impact de-
formation from the Taconic Orogeny had moved
northeastward to the central Appalachian region,
removing much of the foreland subsidence that
had occurred in the region of the project area. Re-
duced subsidence rates lasted through the Early
Devonian and produced a lower regional sea level
and led to warm-water, shallow-marine deposits
of limestone and dolostone, with minor amounts
of sandstone and shale. These units include the
Brassfield and Laurel Dolomites, the Osgood and
Moccasin Springs Formations, and the Louisville,
Bailey, Flat Gap, Grassy Knob, Backbone, Clear
Creek, Jeffersonville, and Sellersburg Limestones
(Seale, 1981).

Foreland basin subsidence returned to the re-
gion in the Middle Devonian as a result of the Aca-
dian Orogeny to the northeast. Extensive organic-
rich deposits of prodeltaic black shales were formed
on the Midcontinent during the Middle Devonian
to Early Mississippian Periods. This time was co-
eval with the uplift and formation of the Cincinnati
Arch and Nashville Dome and initial subsidence of
the Illinois and Appalachian Basins. An estimated
500 ft of Devonian through Ordovician strata was
removed from the Nashville Dome through ero-
sion during this time (Stearns and Reesman, 1986).
The uplift of the arches and domes adjacent to sub-
siding basin areas led to extensive thickening of the
Devonian black shale into the Illinois and Appala-
chian Basins.

Throughout the Middle to Late Mississip-
pian, progressively shallower-water sediments
were deposited across the region. Following the
New Albany/Ohio Shale, prograding deltaic silt-
stones of the Fort Payne/Borden Formations were
deposited. As water depth decreased, the St. Louis
and Ste. Genevieve Limestones were deposited in
the Middle Mississippian. These carbonate units
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were then followed by alternating sandstones and
limestones of the Chesterian Stage, including the
Renault Limestone, Bethel Sandstone, Paint Creek
Limestone, Cypress Sandstone, Golconda Forma-
tion, Hardinsburg Sandstone, Glen Dean Lime-
stone, Tar Springs Sandstone, and Vienna Lime-
stone.

Additional post-Mississippian tectonic events
that affected the geology of this area include the
compressive Alleghenian (Early Pennsylvanian)
and Ouachita (Late Pennsylvanian through Perm-
ian) Orogenies, and the tensile tectonics associated
with the opening of the Gulf of Mexico to the south
(Triassic and Jurassic) and the Atlantic Ocean to the
east (Late Jurassic to Early Cretaceous). Numerous
ultramafic intrusions in the Western Kentucky Flu-
orspar District have been dated as Early Permian in
age (Zartman and others, 1967; Kolata and Nelson,
1997). Whether this magmatic activity was related
to the Ouachita compression or the later extension
related to the breakup of Pangea is unknown.

The petrology and depositional environments
of the post-Knox strata were not the focus of this
study. For more specific depositional or petro-
graphic analysis of Middle Ordovician and young-
er strata, refer to:

Knox unconformity: Sloss (1963), Skinner (1971),
Mussman and Read (1986), Mussman and others
(1988), Smosna and others (2005)

Everton Dolomite: Schwalb (1969a), Noger and Dra-
hovzal (2005)

St. Peter Sandstone: Schwalb (1969a), Hoholick and
others (1984)

Middle Ordovician: Freeman (1951), Cressman
(1973), Cressman and Noger (1976)

Magquoketa Shale: Weir and others (1984)
Silurian: Freeman (1951), Currie and MacQuown

(1981), Peterson (1981), Seale (1981), Kepferle
(1986), McDowell (1986)

Early Devonian: Meents and Swann (1965)
Middle-Late Devonian: Bergstrom and Shimp (1977),

Schwalb and Potter (1978), Beard (1980), Lineback
(1980)

Oil and Gas Exploration History
The petroleum history of the study area be-
gan in 1856 in western Kentucky, when a plant in

Breckinridge County began distilling kerosene and
paraffin from cannel coals (Miller, 1919). Also that
year, the first state geologist of Kentucky, David
Dale Owen, described the tar sands of Edmonton
County (Owen, 1857). In 1865, natural gas was
discovered in Webster County (Orton, 1891), and
although the operator chose not to produce it, the
first oil well was drilled in western Kentucky near
Calhoun in McLean County (Eyl, 1922). The first
commercially produced oil well in western Ken-
tucky was not drilled until 1912 in Hartford, Ohio
County (Smith, 1968).

Deep drilling to explore pre-Knox strata in
the Rough Creek Graben began in 1974 with the
Texas Gas Transmission No. 1 Herman Shain well.
This dry hole was drilled in west-central Grayson
County, about 2.6 mi south of the Rough Creek
Fault Zone, and penetrated 5,120 ft of Eau Claire
Formation shales and limestones before reaching
total depth.

The next year, 1975, the Exxon Minerals Co.
No. 1 Jimmy Bell well was drilled in Webster
County. This well was drilled into an inverted
fault block (positive flower structure) in the Rough
Creek Fault Zone. In the subsurface, this well cut at
least two faults and reached total depth at 14,340 ft
in a crystalline andesite, apparently within the
footwall block. Because of the fault cuts, most or
all of the Eau Claire Formation is missing from this
wellbore. This well was plugged and abandoned,
and no hydrocarbon shows were listed on the com-
pletion report.

In 1977, the Exxon Minerals Co. No. 1 Choice
Duncan well was drilled in Webster County. The
Duncan well was drilled 1.9 mi southwest (lo-
cal strike of fault set about N60°W) of the Rough
Creek Fault Zone. This well reached total depth at
15,200 ft after penetrating 2,690 ft of Eau Claire. No
hydrocarbon shows were reported for this well,
and Exxon did not drill any more deep wells in
the Rough Creek Graben. This remains the deepest
well drilled in the state of Kentucky.

Four years after the completion of the Duncan
well, the Sun Oil Co. drilled the No. 1 Stephens,
W.W. & Lillie M. well in 1981. Unlike all of the oth-
er deep wells drilled in the graben, this well was
drilled away from the intensively deformed and
faulted Rough Creek Fault Zone in Caldwell Coun-
ty. This well was also different from the other deep
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tests in that the entire hole was drilled with an air-
rotary drill rig. Sun Oil was unable to log the en-
tire well because of hole problems (the completion
report noted caving and “junk in hole”). Whether
these hole problems were a result of formation
damage caused by the air-hammer bit is unknown.
No shows were reported for this well, and it was
plugged and abandoned.

In 1992, Conoco began their deep drilling pro-
gram in the Rough Creek Graben. Three wells were
drilled just south of the Rough Creek Fault Zone
during the next 3 yr. The first drilled was the Con-
oco No. 1 Turner well in McLean County. Conoco
has released to the Kentucky Geological Survey its
internal petrographic report of sidewall and whole-
core samples taken in this well (Mitchell, 1993).
The Turner well was drilled about 1.8 mi south of
the Rough Creek Fault Zone, near the intersection
of the Central Fault System and the Rough Creek
Fault System in easternmost McLean County. This
basement test well was targeting lower Eau Claire
Formation carbonate shoal facies and clastic rocks
of the Reelfoot Arkose. Although some oil staining
and potential residual bitumen was discovered in
core, all potential reservoir zones were tight, with
no oil or gas shows, and the well was plugged and
abandoned.

The second Conoco well was the No. 1 Isaac
Shain in west-central Grayson County, drilled
in 1993. This well was drilled 1.4 mi south of the
Rough Creek Fault Zone and 1.2 mi north of the ear-
lier Texas Gas Transmission No. 1 Herman Shain
well discussed above. Some minor gas shows were
encountered in this well in the Silurian Decatur
Dolomite and the Ordovician Trenton Limestone,
but the well was plugged after the casing collapsed
at 8,719 ft in the Eau Claire Formation. This well
drilled through 4,651 ft of Eau Claire and possibly
deeper strata, but because of the casing collapse,
geophysical logs were only obtained to a depth of
about 9,800 ft. Near total depth of 12,622 ft, the well
penetrated what was described on the mud log
as an altered (metamorphosed) granite wash and
other sands. This geologic description is similar to
that of the Reelfoot Arkose; however, reflection-
seismic data indicate that the top of the Reelfoot at
the Shain well location is at about 13,050-ft depth,
428 ft below total depth.

The final deep well Conoco drilled was the
No. 4-1 Einart Dyhrkopp in Gallatin County, IIL
This well was drilled about 1.5 mi south of the sur-
face exposure of the Rough Creek-Shawneetown
Fault Zone in the northwestern corner of the Rough
Creek Graben. This well also cut at least two faults
and reached total depth at 14,185 ft on the footwall
block (Precambrian igneous basement) after pen-
etrating 740 ft of Eau Claire Formation and 88 ft
of Reelfoot Arkose. Similarly to the results of the
other two Conoco wells, this well was also dry and
abandoned.

The drilling programs of Exxon and Conoco
appear to have been focused on drilling fault traps
updip from the deepest part of the Rough Creek
Graben. This strategy maximized the thickness of
sediment that the wells could theoretically drain,
and added the possibility of access to numer-
ous stacked reservoirs. Oil staining and residual
bitumen indicated past hydrocarbon migration
through at least parts of the Eau Claire and deeper
strata, but no accumulations or significant porosity
were found. The Conoco No. 1 Turner well also tar-
geted a carbonate buildup interpreted on seismic
data. An oolitic shoal deposit was penetrated in
the well within the Eau Claire Formation, but very
little remaining porosity was discovered.

All of these wells (with the exception of the
Sun Oil No. 1 Stephens) were drilled within or in
proximity to the Rough Creek Fault Zone. This
complex system of intertwining faults is exposed at
the surface and has been reactivated at least twice
since the Cambrian. This type of geologic history
would promote deformation and vertical transmis-
sivity near the fault zone through fractures and
fault breccias. That factor may be a major contribu-
tor to the lack of success in these drilling programs.
These vertical pathways would allow previously
migrated hydrocarbons to leak from the reservoir,
as well as allow mineral-saturated fluids to mi-
grate. Rising fluids would undergo a drop in both
pressure and temperature, which would lead to
precipitation of minerals and porosity destruction.
From all accounts, very little porosity was found in
any of the Exxon or Conoco wells below the Knox
Supergroup, and secondary quartz, calcite, or do-
lomite fills all fractures and pore spaces.
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Data and Methods
Well Data

The maps of the Rough Creek Graben Consor-
tium, which are described below, are the result of
incorporating numerous types of data into a single,
comprehensive interpretation. The project started
with compiling location and header information
(API, well name, total depth, latitude/longitude
coordinates, etc.) for 8,072 wells across the Illinois
Basin and adjacent regions (Fig. 4). Using avail-
able geophysical well logs, drillers” logs, and core
or cutting descriptions, stratigraphic tops were
picked for the major mapped horizons, as well as
several secondary-level tops useful for local cor-
relations. Interpreted stratigraphic tops informa-
tion was used from a total of 1,764 wells (Fig. 5,
Plate 1), including 489 wells with Early Ordovician
and older tops. A total of 403 wells has at least one
digital geophysical well-log curve (LAS), and an
additional 175 wells have at least one calibrated
raster log image.

Seismic Data

The 66 reflection-seismic data used in this
project have been compiled from numerous sourc-
es over the past 20 yr or more. With the exception
of the KGS data that surround the KGS No. 1 Blan
CO, research well from Hancock County, all of the
data used had been donated to or purchased for
KGS and are in “permanent loan” agreements that
allow for internal research but no distribution, re-
production, or sale of the data. The Blan data were
acquired by KGS as part of its ongoing CO, seques-
tration research, and KGS has full rights to that
data set.

The majority of the donated data came from
eight original owners. These data sets are currently
available for purchase from seismic vendors. Al-
though KGS is not at liberty to distribute the data,
a subjective review of the data sets is permissible.
The following are my opinions and are intended
to inform, not to recommend or dissuade the pur-
chase of any specific data. Shorter lines, lines not
available for sale, or those of poor quality are not
reviewed.

Compagnie Générale de Géophysique. Three 40- to
45-mile-long CGG lines were used. All three are
north-south lines across the eastern part of the
Rough Creek Graben. The quality of these migrat-

ed, vibrator-source lines is very good. At least two
other regional lines were originally recorded as
part of this set, but were unavailable to KGS. These
other lines are assumed to be of the same quality as
those reviewed here.

Conoco. Five Conoco lines were used for this proj-
ect. Line lengths range from 5 to 30 mi and are all
along the northern border of the Rough Creek Gra-
ben. The quality of these data is average to good. It
appears that some of the lines may have been over-
processed (poor migration?), leading to a wispy
appearance, which can make the identification of
fault terminations difficult. Nonmigrated versions
of these data may not have this issue, but are not in
KGS’s inventory.

Deep Illinois Basin prospect, Seismic Specialists Inc.
KGS has copies of nine of these seismic lines, which
combine into two north-south and two northwest-
southeast regional surveys across the Western
Kentucky Fluorspar District and adjacent areas of
southern Illinois. The data quality for these lines is
good to very good. The combined line lengths for
the northwest-southeast lines are more than 45 mi.

Gulf Exploration and Production. This collection is
the largest in the KGS seismic inventory for west-
ern Kentucky. These are migrated, vibrator-source
lines. These data were especially helpful because
of the long line lengths (many more than 50 mi),
which improved the signal/noise ratio for the
deeper sediments and structures. Data quality
ranges from good to very good.

Illinois Basin-Kentucky line, Seitel Inc. Although
this data set consists of only one line, it is worth
mentioning because of the very long length (85 mi)
and excellent data quality. In some areas, numer-
ous seismic reflectors are resolvable down to 4 s
of two-way travel time. This line was recorded in
an east-west direction just north of the axis of the
Rough Creek Graben.

Mississippi River Transmission. This data set is com-
posed of six lines that range from 5 to 14 mi long,.
These surveys are arranged in a crisscross pat-
tern across the Rough Creek Fault Zone in Union
County. The lines in KGS'’s inventory are of aver-
age quality, although this may be a result of poor
quality scanning of the original paper seismic line
and not an issue with the quality of the digital data.


http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 1_Data_Map.pdf
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Texas Gas Transmission. Twelve closely spaced seis-
mic lines in central and western Grayson County
were interpreted for this project. These relatively
short lines (3 to 9 mi long) are of average to good
quality, but the short lengths reduce the resolution
of deeper structures and horizons. As with many
shorter seismic lines, the data quality drops at
depths below about 2.3 s of two-way travel time.

Vastar. Six of the seven lines of this data set are
from southern Indiana and the seventh is across
Jefferson and Shelby Counties of Kentucky. All are
entirely outside of the graben, but are mentioned
here because of their good quality and as control
for structural and stratigraphic interpretations
away from the major fault systems in the rift sys-
tem.

In addition to the previously existing seis-
mic data used for this project, a Weatherford In-
ternational vertical seismic profile from Hancock
County was used to help constrain stratigraphic
correlations and the time-to-depth conversions for
Hancock, Breckinridge, and Ohio Counties, north
of the Rough Creek Fault zone (acquired and pro-
cessed by Weatherford Inc. for ongoing KGS CO,
research).

Time Horizons. Synthetic seismograms were pro-
duced using bulk-density and sonic logs from
several deep wells that are located close to one or
more 2-D seismic lines in the KGS inventory. By
matching seismic wavelet character and estimat-
ed travel times, these seismograms facilitated the
correlation of the major stratigraphic tops onto
the seismic lines (Fig. 6). These seismic tops were
then interpreted as far as possible across 66 seismic
lines, totaling more than 900 mi of profiles in west-
ern Kentucky, southern Indiana, southern Illinois,
and northwestern Tennessee (Fig. 7).

Velocity Analysis. Using the Petra family of map-
ping, petrophysical, and seismic software from
IHS/GeoPlus Inc., average surface-to-horizon ve-
locities were computed using the elevations of the
mapped tops from wells and the time horizons
from the seismic data. This collection of average ve-
locities calculated at well locations was then grid-
ded to produce a continuous velocity grid surface
across the study area for each mapped horizon. In
areas of low data density, control points or lines
were added as necessary to maintain a geologically

reasonable output and minimize any edge effects
created by fault or survey area discontinuities.

The two-way travel times from individual
seismic shotpoints were multiplied by the velocity
value from the grid (at the same X/Y coordinate
as the shotpoint) to produce a depth in feet below
the seismic datum at that shotpoint location. These
depths were then converted into elevation values
relative to mean sea level.

The method described above worked well
outside of the rift grabens, where wells drilled to
basement are more common and seismic horizons
were shallower than 1-s two-way travel time. For
the deeper horizons in the graben areas, limited
well penetrations produced greater uncertainty
in velocity calculations (and therefore in subsea
depth calculations) using the above method. A dif-
ferent technique was used to produce the maps of
the Reelfoot Arkose and Precambrian basement
in the Rough Creek and Mississippi Valley Gra-
bens. Interval velocities were calculated directly
from reflection-seismic data to reduce possible er-
rors in the depth and isopach calculations below
the Eau Claire Formation. Using root-mean-square
stacking velocities published on processed seis-
mic profiles in a Dix equation (equation 1) layered
sequence, interval velocities were calculated for
seismic intervals that had been interpreted as the
Eau Claire Formation and the Reelfoot Arkose. The
RMS velocity is the speed of a wave through sub-
surface layers of different interval velocities along
a specific ray path. The RMS value is the square
root of the sum of the squares of each layer’s veloc-
ity, divided by the number of layers, and is usually
symbolized by V__ . This technique aided in both
depth calculations and interpretation of the lithol-
ogy of deep geologic units.

((Vrms(n)zx tom)z) - (Vrms(n—1)2 X tom-1)))

(tom)_tom—v)

2=
int(n)

1)

where n=velocity layer number (value of 1 at sur-
face and increases downward), Vim(n) = calculated
interval velocity of layer n, V,_ ~=RMS stacking
velocity for layer n, and t, =two-way vertical
travel time to the reflector at the top of layer n.
This method was tested at a few chosen loca-
tions near deep wells with ample data and known

subsurface lithologies. When the results were
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Well: 16091013960000 KYCCS 1 BLAN, M&B
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satisfactory, interval velocities were calculated
for 1,151 depth ranges (in time) from 11 regional
seismic lines. Depending on location, depth of
resolution, etc., the input RMS velocity values for
approximately every 200 shotpoints were used for
the calculations. These RMS sets ranged from four
to 28 layers per location (varied by area, process-
ing company, etc.), with seven to eight layers being
the most common. Using these velocities, probable
lithologies have been estimated with the help of
some geologic inference (no igneous rocks above
the Eau Claire, zones with parts across the Knox
Supergroup contain dolomite, etc.). Although this
sonic-velocity method of lithologic identification is
not necessarily definitive (there are overlaps in the
velocity ranges of some rock types), any additional
information for these deep horizons will aid in in-
terpretations of depositional history.

These calculated velocity values for the Eau
Claire Formation and what was later interpreted to
be the Reelfoot Arkose were manually contoured
and gridded across the deeper depositional areas.
Isochronal thickness grids of the interpretations
were manually produced in a similar manner. The
isopach thickness of the Reelfoot Arkose was then
calculated by multiplying these two gridded data

sets:
Z (tt)=At (sec)xV,_ (ft/sec). (2)

The elevation (grid surface) of the base of the
Eau Claire Formation in the grabens was produced
by subtracting the calculated isopach thickness of
the Eau Claire from the elevation of the top of the
Eau Claire, which is the deepest horizon with suffi-
cient well tops needed to constrain velocity calcula-
tions using Petra’s standard time-depth conversion
method. The same process was used to calculate
the isopach thickness and produce top and base
elevation grids of the Reelfoot Arkose. Where the
Reelfoot Arkose is present, the base of the Reelfoot
is also the top of the Precambrian surface.

Areas outside of the grabens were then set to
null values for the manually created deep isopach
and elevation grids. After resampling to a common
set of grid nodes, these grids of deep areas were
merged with the appropriate elevation and isopach
surfaces outside of the grabens using Petra (“Use B
if A'is NULL” grid equation transform) to produce
continuous grid surfaces across the study area.

The estimated interval velocity values from
the Dix equation process also aided in the interpre-
tation of the Reelfoot Arkose in the Rough Creek
Graben. The Reelfoot Arkose had been defined in
Missouri (Weaverling, 1987, Houseknecht, 1989)
and interpreted as far north and east as southern
Ilinois from well cuttings. A high-amplitude and
laterally extensive seismic-reflector package be-
low the Eau Claire Formation represented an as-
yet-undefined formation above igneous basement
but below the Eau Claire Formation in the eastern
Rough Creek Graben counties of Butler, Edmon-
son, and Grayson. The seismic velocities within the
unit, as well as the character of the horizons, were
consistent with arkosic alluvial fan deposits as de-
scribed by Weaverling (1987). Directly overlying
Precambrian igneous basement and overlain by
the Eau Claire Formation (Bonneterre Formation
and Elvins Group of Missouri), the stratal position
of this package is also consistent with the Reelfoot
Arkose. This seismic unit was later interpreted
westward, and a complete depositional area map
has been interpreted from these data.

Potential Fields Data. Four public-domain po-
tential-fields data sets were used in this study: the
USGS Midcontinent magnetic surveys, Tennes-
see Valley Authority high-resolution aeromag-
netic data, USGS isostatic residual gravity, and
USGS Bouguer gravity anomaly data sets. These
data were used to constrain the strikes and lateral
extents of major basement faults that were inter-
preted to cross seismic profiles and to define major
graben boundary faults where no seismic data are
available.

The TVA aeromagnetic data were recorded
between 1972 and 1978. These total magnetic field
intensity data were later reprocessed and corrected
for temporal variations in magnetic intensity by
Parker Gay of Applied Geophysics Inc. of Salt Lake
City, Utah. The flight-line point data were gridded
into a mathematical surface using Esri ArcMap
software by KGS researchers. Because of gaps be-
tween flight lines and the intention to produce a
continuous surface, a grid sample size of 2.5 km
was used.

The USGS aeromagnetic data were compiled
from various sources to produce the “Aeromag-
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netic Map of East-Central United States” (Hilden-
brand and others, 1981), and include some of the
earlier TVA data. This total magnetic field intensity
data set covers most of the Rough Creek Graben
(west of Green County) and all of the Mississippi
Valley Graben in the study area. Close data and
no data gaps permitted a much higher-resolution
grid, an 800-m cell sample size, than was possi-
ble with the TVA data. With the assistance of Dr.
Dhananjay Ravat of the Department of Earth and
Environmental Sciences at the University of Ken-
tucky, reduced-to-pole and second-vertical-deriv-
ative magnetic values were calculated.

The magnitude of Earth’s magnetic field at
any one location can be described as the sum of
three perpendicular component vectors: X (east),
Y (north), and Z (vertical). At the equator, the field
is near horizontal (Y >X, Z-0), whereas at the mag-
netic poles the magnetic flow vectors are approxi-
mately vertical (X=Y-0). The reduced-to-pole pro-
cess is a mathematical transformation of the total
magnetic field intensity to calculate the Z compo-
nent of the field. By using only the vertical com-
ponent vector, the anomalies represented in the
magnetic survey are displayed so that they are di-
rectly above the anomalous structure, aiding in the
resolution and definition of large subsurface fault
offsets (or igneous intrusions, subsurface voids,
etc.). The second-vertical-derivative magnetic sur-
vey maps are a representation of the vertical rate
of change of the reduced-to-pole data. This type of
display can produce erratic values for near-surface
targets, but can be very useful in defining deep
crustal structures and boundaries. By using these
two types of data representations together, a more
thorough structural interpretation of the region
was possible.

The USGS gravity survey data sets original-
ly came from the DDS-0009 data series “National
Geophysical Data Grids; Gamma-Ray, Gravity,
Magnetic, and Topographic Data for the Conter-
minous United States” (Phillips and others, 1993).
Gravity surveys are labor intensive and must be
performed on site as opposed to aeromagnetic data
that are recorded from moving airplanes or heli-
copters. This tends to lead to either smaller survey
areas or wider spaced data points chosen for the
survey. The USGS gravity data are no exception,
and the sample-size grids used to produce these

map surfaces are 4,000 m on a side. Bouguer anom-
aly and isostatic residual anomaly calculations are
derived from these data.

A Bouguer anomaly map represents recorded
gravity-intensity data that have been corrected for
elevation (free-air correction) and local topogra-
phy (Bouguer correction); a theoretical reference
field value is subtracted to produce the Bouguer
anomaly map. Isostatic residual gravity-anomaly
maps have had long-wavelength anomalies re-
moved from the data (after free-air and Bouguer
corrections). Long-wavelength anomalies com-
monly are associated with isostatic compensation
of topographic or tectonic loads. Removing these
anomalies can produce higher resolution of near-
surface structures while suppressing the effects of
the deeper crust and mantle.

Faults

Similar to features in other intracratonic rift
basins, the features in the Rough Creek Graben
that affect the facies and sedimentation patterns the
most are the basement fault systems (Fig. 8). The
Rough Creek Graben has undergone numerous
tectonic events, which have produced thousands
of faults. Some of these faults probably moved
only once, but many more have been reactivated
or inverted at least once, leading to a highly com-
plex structural arrangement of faults. Trying to ac-
curately map individual subsurface offsets from
all of these faults is not possible because of both a
lack of data for each individual fault block mapped
at the surface and the immense computing power
that would be needed to process such a large data
set. Using too few (or no) faults, however, would
lead to inaccurate and unrealistic maps. To com-
plete this project, a more generalized fault set was
needed to differentiate between regionally signifi-
cant major faults and less significant minor faults.

Surface-fault locations from 7.5-minute U.S.
Geological Survey geologic quadrangle maps and
interpreted faults from seismic sections provided
the bulk of the fault-location information. The
complex array of mapped surface faults was ex-
amined for local offset magnitude and direction, as
well as proximity to other faults. Local groups of
minor faults with similar strike and sense of offset
were assumed to have acted as a group and were
simplified into a single major fault. Singular faults
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Figure 8. Simplified seismic section across the Rough Creek Graben illustrating major offsets along basement faults (in green).

with relatively small offsets (less than 100 ft) were
ignored, but those with larger offsets were treated
as faults.

For basement faults that do not reach the sur-
face (and do not cross a seismic line), a combination
of magnetic-intensity data, Bouguer gravity anom-
aly data, and the 1:24,000-scale structure-contour
data from the project area were used. With these
three data sets loaded into a GIS project (ArcMap),
extended linear trends were searched for (across
two or more 7.5-minute quadrangles) with a high
rate of structural slope (Figs. 9-10).

Because of the numerous tectonic events
that have reactivated the faults in the region since
the Cambrian (three Appalachian orogenies, the
Ouachita Orogeny, the opening of the Gulf of Mex-

ico, and the opening of the Atlantic Ocean), these
linear features on the surface are interpreted to be
the result of movement along reactivated base-
ment faults causing deformation (drape) in the
cover rocks. Using aeromagnetic and gravity data
to constrain (or highlight) these structural trends,
fault location, and throw direction data were inter-
preted for these faults.

In the subsurface, a similar technique was
used to separate minor from major faults resolv-
able on the seismic lines. Where necessary because
of a lack of seismic data, geophysical potential-
fields maps (Plate 2, Plate 3, and Plate 4) were used
to help constrain the strike and lateral extent of
faults interpreted from 2-D seismic lines. Finally,
in the map compilation and gridding process, ar-


http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 2_RTP_Aeromag.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 3_2VD_Aeromag.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 4_Bouguer_Gravity.pdf
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Figure 9. Mapped surface faults (red) and structure (blue contours) in west-central Kentucky.

eas with abrupt and dramatic elevation contrasts
along a linear trend were also treated as major
faults. These major faults were then used in the
gridding process to produce fault discontinuities
in the mapped surfaces. Four sets of fault cuts were
used in this project: one for only the New Albany
Shale interval, one for the New Albany through
Knox section, one for the Eau Claire through Pre-
cambrian section, and a final set for the faults in the
New Madrid Seismic Zone. Using different fault
sets for different stratigraphic intervals compensat-
ed for lateral changes in fault position with depth
because of fault dip. It also allowed for the removal
of faults that did not penetrate (or otherwise affect)
the horizon or isopach being mapped. See Plate 1
for the generalized fault trends.

Mapping Techniques

After both stratigraphic well tops and seismic
horizon values had been converted into subsea el-
evation units, the seismic and well data point sets

could be combined and treated as a single data
type. Using Petra, 480.0x363.2 km grids across
the project area (300 x 227 cells with 1,600-m sides)
were created for each mapped stratigraphic ho-
rizon using all of the available data. An inverse
distance-squared (1/d? weighting algorithm (the
“Highly Connected Features” function in Petra)
was used to produce the grid surfaces. Surface dis-
continuities were included along the fault-line sets
described above to allow for vertical offsets of the
mapped horizon. The fault lines act as barriers to
the 1/d? search function, removing the influence of
neighboring data points across a fault line. In areas
of complex faults or low data density, control el-
evation lines were added as necessary to maintain
a geologically reasonable output and minimize any
edge effects created by fault or survey-area irregu-
larities. Fault offsets at each stratigraphic horizon
were calculated from seismic time offsets where
seismic data crossed a fault. Fault offsets in areas
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Figure 10. Mapped surface faults (red) and structures from Figure 9, with interpreted subsurface fault zones (in orange).

not coincident with seismic data were interpret-
ed from regional structural trends. These strati-
graphic horizon grids are represented in both the
Rough Creek Graben Consortium Plate 5, Plate 6,
Plate 7, Plate 8, Plate 9, Plate 10, Plate 11, Plate 12,
Plate 13, Plate 14, Plate 15, Plate 16, Plate 17, Plate
18, and Plate 19 and in the grid profiles displayed
on the Rough Creek Graben Consortium cross sec-
tions (Plate 20, Plate 21, Plate 22, Plate 23, Plate
24, Plate 25, Plate 26, Plate 27, Plate 28, Plate 29,
Plate 30, and Plate 31).

Only regional stratigraphic units that are re-
solvable on seismic reflections were mapped.
For the Ordovician through Mississippian strata,
many more units were interpreted from well logs
than was possible with current seismic technology.
These tops are included with the well data and are
displayed on the wells in the geologic cross sec-
tions. See Table 1 and Table 2 for a list of well and

G

seismic stratigraphic tops interpreted for this proj-
ect.

In addition to the traditional stratigraphic
well tops described above, included in the project
database are interpolated grid elevations for all of
the mapped horizons (indicated by a “_G” suffix
for the top name). For each well in the mapped
area, the elevation value from the final mapped
horizon grid cell containing that well’s location
was extracted and included as a well top. These
interpolated values permit stratigraphic tops el-
evations to be estimated below the drilling depth
of the well. Because each cell value is a weighted
average of all Z values near or within that cell, the
interpolated value may not be exactly the same as
the interpreted value at the exact well position. For
wells with both an interpreted and interpolated
value for a stratigraphic top, the interpreted value
is more accurate and should take precedence.


http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 5_Top_NALB.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 6_NALB_Isopach.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 7_Base_NALB.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 8_Base_NALB-MQKT_Isopach.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 10_MQKT_Isopach.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 11_Base_MQKT.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 12_MOrd_KNOX_Isopach.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 13_Top_KNOX.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 14_KNOX_Isopach.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 15_Top_ECLR.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 16_ECLR_Isopach.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 17_Top_RLFT.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 18_RLFT_Isopach.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 19_Top_PCMB.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 20_MVG_Dip_A.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 21_MVG_Dip_B.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 22_MVG_Dip_C.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 23_RCG_Dip_1.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 24_RCG_Dip_2.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 25_RCG_Dip_3.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 26_RCG_Dip_4.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 27_RCG_Dip_5.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 28_RCG_Strike_1_90%.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 29_RCG_Strike_2.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 30_RCG_Strike_3.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 9_Top_MQKT.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 31_RCG_Strike_4.pdf
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Table 1. Middle Silurian through Upper Mississippian stratigraphy interpreted for the Rough Creek Graben Consortium project.

Stratigraphic Code Description Well Count Source
300PLZC top of Paleozoic strata 36 wells only
Upper Mississippian
332BRLW Barlow Limestone 55 wells only
333SGVV Ste. Genevieve Limestone 64 wells only
Lower Mississippian
337FTPN Fort Payne Formation 174 wells only
Upper Devonian
341NALB New Albany Shale 1,381 wells and seismic
341NALB_B base of New Albany Shale 1,408 wells and seismic
Middle Devonian
344SLBG Sellersburg Limestone 495 wells only
344JFVL Jeffersonville Limestone 482 wells only
344DCCK Dutch Creek Sandstone 313 wells only
Lower Devonian
347CCEK Clear Creek Formation 273 wells only
347CCGK Clear Creek/Grassy Knob undifferentiated 241 wells only
347BKBN Backbone Limestone 28 wells only
347FLGP Flat Gap Limestone 43 wells only
347GRKB Grassy Knob Limestone 68 wells only
Upper Silurian
351BILY Bailey Limestone 204 wells only
351DCTR Decatur Limestone 90 wells only
351LSTN Liston Creek Limestone Member, Wabash Formation 15 wells only
351RNDL Randol Shale 75 wells only
Middle Silurian
355MSPG Moccasin Springs Formation 73 wells only
355MSWA Mississinewa Shale Member, Wabash Formation 19 wells only
355BRPT Brownsport Formation 103 wells only
355LBLV Lobelville Limestone 80 wells only
355BOB Bob Limestone 83 wells only
355BCRV Beech River Limestone 107 wells only
355DIXN Dixon Limestone 103 wells only
355LSVL Louisville Limestone 95 wells only
355SCLR St. Clair Limestone 28 wells only
355LEGO Lego Limestone 119 wells only
355WLDR Waldron Shale 229 wells only
355LAUR Laurel Dolomite 237 wells only

All of the maps in this report are displayed in X and Y values for surface locations are in meters

universal transverse Mercator zone 16 north pro-

jection on the North American 1983 datum. The level.

and all Z elevations are in feet relative to mean sea
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Table 2. Precambrian through Lower Silurian stratigraphy interpreted for the Rough Creek Graben Consortium project.
Stratigraphic Code Description Well Count Source
Lower Silurian
3570SGD Osgood Shale 207 wells only
357SXCK Sexton Creek Limestone 36 wells only
357BRSF Brassfield Dolomite 238 wells only
Upper Ordovician
361MQKT | Maquoketa Shale 225 wells and seismic
Middle Ordovician
M_ORD (Tronton Formation o Black River Group) 410 wells and selsmic
365TRNT Trenton Formation 295 wells only
365BKRV Black River Group 320 wells only
365PLTN Plattin Limestone 14 wells only
365PCAV Pencil Cave bentonite 265 wells only
365PCNC Pecatonica Limestone 218 wells only
365JCHM Joachim Formation 253 wells only
365DTCN Dutchtown Formation 235 wells only
365STPR St. Peter Sandstone 128 wells only
365EVRN Everton Formation 66 wells only
Lower Ordovician
368KNOX Knox Supergroup 293 wells and seismic
368GNTR Gunter Sandstone 50 wells only
Upper Cambrian
372CPRG Copper Ridge Dolomite 128 wells only
372PTSI Potosi Dolomite 9 wells only
372ELVN Elvins Formation 2 wells only
372DAVS Davis Formation 42 wells only
372BNTR Bonneterre Formation 24 wells only
Middle Cambrian
375ECLR Eau Claire Formation 82 wells and seismic
ECLR_LS mid—lower Eau Claire limestone unit 12 wells only
375MTSM Mount Simon Sandstone 30 wells only
375LMTE ::m\?;tlz:tormation, Mount Simon Sandstone 18 wells only
375SFRN St. Francis Formation of Missouri 7 wells only
375RLFT Reelfoot Arkose 9 wells and seismic
Precambrian
Precambrian basement (Middle Run Formation,
400PCMB Grenville Province igneous-metamorphic rocks, or 61 wells and seismic
Granite-Rhyolite Province igneous rocks)
400MDLR Middle Run Formation (sandstone) 11 wells only
400GRVB Grenville Province igneous-metamorphic rocks 20 wells only
400GRRY Granite-Rhyolite Province igneous rocks 27 wells only
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Map Analysis

The maps described in this section are struc-
ture-contour maps of eight major stratigraphic ho-
rizons and the isopach thicknesses between these
horizons. The eight mapped surfaces are the top
and base of the New Albany Shale, the top and
base of the Maquoketa Shale, the top of the Knox
Supergroup, the top of the Eau Claire Formation,
the top of the Reelfoot Arkose, and the top of Pre-
cambrian strata. All of the data used to produce
each horizon map are represented on the maps dis-
cussed in this section. The well symbols printed on
each map represent only wells that penetrated that
horizon for interpretation. In a similar manner,
shotpoint locations along seismic lines, where an
interpretation of that seismic horizon was possible,
are highlighted with small gray squares to distin-
guish them from locations where the unit is absent
or unresolvable from those data.

Structure on the Top of
the New Albany Shale

The youngest and stratigraphically highest
unit mapped in this project is the Devonian New
Albany Shale. Because of the relatively shallow
depth, this horizon has the most well penetra-
tions and thus highest well data density of all eight
mapped stratigraphic units. This black shale also
has strong well-log response, especially on the three
most common logs used in this region: gamma-ray,
neutron-porosity, and bulk-density. Therefore, not
only does this unit have the most well data, the
tops data from the New Albany Shale also have the
highest confidence level.

In the study area, the prominent structures of
the top of the New Albany Shale are the Cincinnati
Arch, the Jessamine and Nashville Domes, and the
Cretaceous subcrop beneath the Mississippi Em-
bayment. The regional shape of the Illinois Basin is
roughly triangular at this level.

At the top of the New Albany, as well as in
the deeper horizons, there is a dramatic difference
in structural style between the eastern and west-
ern parts of the Rough Creek Graben. The gen-
eral boundary between these two halves strikes
northeast through northern Caldwell and Hopkins
Counties, across the graben to northeastern McLean
County. The western part of the graben (west of
McLean County) is a highly asymmetric, north-

dipping, half-graben style of structure, whereas
the eastern Rough Creek Graben is only slightly
asymmetric and dips to the south. The deepest
points of the New Albany are around -4,600 ft in
the Fairfield Basin in White County, Ill. (outside
of the graben complex) and around -4,400 ft in
Union County, Ky., in the northwestern corner of
the Rough Creek Graben. Fault offsets of the New
Albany Shale in the major graben-bounding fault
zones range from less than 200 ft along the Penny-
rile Fault System on the south to more than 400 ft in
Union County and 500 ft in Grayson County.

The erosion beneath the Cretaceous cover
of the Mississippi Embayment has removed the
New Albany from all but the very northern part
of the Mississippi Valley Graben. For the remain-
ing northern area, fault offsets appear to be around
100 to 200 ft on average at this level. Outside of the
grabens and away from mapped faults, the New
Albany has a gently dipping upper surface, as in-
dicated by wide contour spacing with a 200-ft con-
tour interval.

Uplifted blocks along the Rough Creek Fault
Zone in Ohio and Grayson Counties, as well as
a small uplifted fault block in Caldwell County,
have characteristics of traditional positive flow-
er structures: a narrow band of faults that merge
into a single plane at depth, generally associated
with transpression along preexisting faults. In con-
trast, an uplifted area in McLean County north-
west of the Conoco No. 1 Turner well is much
wider but not bisected by as many faults and is
locally around 600 ft higher than the upthrown
side of the Rough Creek Fault Zone (Fig. 11). An-
other post-Devonian structure that is observable
on this map is the north-northwest-striking Tolu
Arch in Livingston and Crittenden Counties (Trace
and Amos, 1984). This arch is associated with the
nearby Hicks Dome, which has been attributed to
Early Permian magmatic intrusion, as indicated by
the numerous mafic dikes and sills in the region
(Trace and Amos, 1984). This broad arch crosses a
region near the intersection of the Mississippi Val-
ley and Rough Creek Grabens and is characterized
by numerous chaotic faults exposed at the surface.
The Tolu Arch has an amplitude of just more than
1,200 ft at the top of the New Albany Shale. Similar
amplitudes for this anticline are interpreted down
as far as the top of the Knox Supergroup.
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Other notable structures that can be seen at
this level are the faults that create the DuQuoin
Monocline and LaSalle Anticlinal Belt at the sur-
face. These two roughly north-south faults in
south-central Illinois constrain the downwarped
region known as the Fairfield Basin (see Fig. 12).

One other fault-related structure on this map
is the Muldraugh Dome in northern Meade County
(McDowell, 1986). This is a relatively small uplifted
structure, about 2 mi in diameter, with no mapped
faults at the surface (Withington and Sable, 1969;
McDowell, 1986). Freeman (1951) reported several
wells penetrating an undeformed Silurian dolomite
directly overlying brecciated dolomite and chert of
the Lower Ordovician Knox Supergroup, indicat-
ing more than 1,550 ft of missing section. Although
the cause of the Muldraugh Dome is unknown, its
circular shape and the uplifted and brecciated na-
ture of the subsurface geology implies an impact
crater origin.

Thickness of the New Albany Shale

The New Albany Shale in this region thins
eastward onto the Cincinnati Arch (less than 50 ft)
and around the Jessamine and Nashville Domes
(including some pinch-outs in localized areas). The
unit thickens toward eastern Illinois and into the
Rough Creek Graben (as much as 650 ft in Crit-
tenden County). This thickening in the graben
suggests either syndepositional fault movement/
subsidence, or possibly fault movement just prior
to deposition that produced varied topography,
which the shale later filled. This thickness change
is especially dramatic across many of the Rough
Creek Fault Zone faults, suggesting the whole fault
trend was deforming at the same time as part of
a larger tectonic framework, and not just a local
event affecting one or two faults.

Structure on the Base of
the New Albany Shale

The New Albany Shale in the study area over-
lies Late Silurian to Early Devonian strata. Numer-
ous regional and local unconformities are present
from this period, so the specific formation present
immediately below the New Albany at any point is
highly variable across the study area. For simplic-
ity, this stratigraphic horizon is herein referred to
as the base of the New Albany Shale, regardless of
the identity of the underlying strata.

Because the New Albany Shale is relatively
thin, the structure of the base is very similar to that
of the top of the unit, including regional dip direc-
tions and outcrop patterns. The deepest points in
the study area are around -4,800 ft in the Fairfield
Basin and around -4,400 ft in the Rough Creek
Graben in Webster County. Graben-bounding fault
offsets along the northern border are slightly less
than at the top of the unit (about 450 ft of normal
offset in Grayson County, around 400 ft of post-
Devonian inverted offset in McLean County, and
around 300 ft in Union County). Offsets along the
southern border of the Rough Creek Graben and
the borders of the Mississippi Valley Graben are
similar to those at the top of the New Albany Shale
(200 and 100-200 ft, respectively). The differences
in structural asymmetry between the eastern and
western parts of the Rough Creek Graben apparent
at the top of the New Albany are also expressed
at the base. The general shape of the eastern end
of the Rough Creek Graben is more distinct from
the more regional Cumberland Saddle erosional
patterns. The inversion structures along the Rough
Creek Fault Zone in Webster and Ohio/Grayson
Counties described for the top of the New Albany
Shale are also expressed at the base.

Thickness of the Interval Between
the Base of the New Albany Shale
and the Top of the Maquoketa Shale

This interval is composed of shallow-water
carbonate and clastic units, with dolostone as the
dominant lithology. It includes the entire Silurian
section and, in some areas, the Early to Middle De-
vonian strata as well (Seale, 1981). This package
thins to the south and east, resulting in numerous
pinch-outs along the Cincinnati Arch. The removal
of this section along the arch can make distinguish-
ing the base of the New Albany Shale in well logs
from the top of the Upper Ordovician Maquo-
keta Shale difficult. The thickest areas of this unit
are in the Fairfield Basin (2,400 ft) and along the
southeastern trend between Hardin and Hopkins
Counties (average 1,800 to 2,200 ft thick) along
the basinal axis of the Rough Creek Graben. In the
southern Indiana and Illinois region, this section is
expressed as a relatively flat, wide body with thick-
nesses generally more than 1,000 ft.
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This package of strata thickens southward
across the Rough Creek Fault Zone, with greater
amounts of thickening observed in the eastern part
of the Rough Creek Graben. A more subtle thicken-
ing can be observed in the fault-bounded Owens-
boro Graben (Greb, 1985) in Daviess and western
Hancock Counties. There also appears to be some
thickening to the northwest in the Mississippi Val-
ley Graben, possibly from sagging over a deeper
sub-basin (see below).

Structure on the Top of
the Maquoketa Shale

The top of the Maquoketa Shale is also the top
of the Upper Ordovician strata in this region and
is composed of calcareous shales and siltstones.
The unit crops out at the surface along the domes
of the Cincinnati Arch, and extends down to be-
low -6,200 ft in the Fairfield Basin and to around
-6,600 ft in the Rough Creek Graben in Union
County. Unlike the previously described strati-
graphic packages, the deepest points in the study
area are in southern Union County in the Rough
Creek Graben and not in the Fairfield Basin to the
north.

Offsets along the bounding faults of the
Rough Creek Graben range from around 1,000 ft
along the Rough Creek Fault Zone in Union Coun-
ty, to 800 ft in Grayson County, to 400 to 800 ft in
Muhlenberg County, to close to 0 ft of cumulative
offset in McLean County adjacent to the Owens-
boro Graben. Current interpreted offsets along the
borders of the Mississippi Valley Graben are less
than 200 ft. The basin axis in the Rough Creek Gra-
ben is still a linear depression at this level, extend-
ing from close to the Rough Creek Fault Zone in
Union County southeastward to Hopkins County.
The different structural style between the eastern
and western halves of the Rough Creek Graben is
apparent at this horizon, but is less pronounced
than at shallower levels. The Tolu Arch, as well
as the inversion structures along the Rough Creek
Fault Zone, are also apparent at the top of the Ma-
quoketa Shale.

Thickness of the Maquoketa Shale

With the exception of local thickening along
some individual faults in the southwestern part
of the Rough Creek Graben, the thickness distri-
bution of the Maquoketa Shale does not appear

to have been affected by regional tectonics. Over-
all, the Maquoketa thickens to the east-northeast.
Thicknesses range from less than 300 ft in central
Illinois to as much as 600 to 700 ft along the outcrop
belt in central Kentucky. Other than in one isolated
fault block in Lyon County, there is little apparent
tectonic effect on the thickness of the Maquoketa
Shale in the Mississippi Valley Graben.

Structure on the Base of
the Maquoketa Shale

Similarly to the New Albany Shale discussed
above, the base of the Maquoketa directly overlies
more than one formation across the study area, and
therefore this horizon is mapped as a base rather
than the top of the geologic section below it. Across
southern Illinois and west-central Kentucky, the
Maquoketa conformably overlies the fossiliferous
limestones of the Middle Ordovician Trenton For-
mation. Between these two regions is a linear zone
referred to as the Sebree Trough (Kolata and others,
2001) where the Trenton is absent, and a thickened
Maquoketa section directly overlies the carbon-
ates of the Black River Group. The transition zones
along the edges of the Sebree Trough can be ob-
served in well logs, and appear to be a gradational
depositional change unrelated to fault movement.
This interpretation is further supported by the lack
of any other regional structures that are parallel
to the Sebree trend. The gradual thickening of the
Maquoketa across the Sebree Trough is not directly
evident at the mapped scale and contour interval.

This unit extends from where it crops out
around the Inner Bluegrass and Nashville Dome
down to -6,800 ft in Union County and down to
-6,400 ft outside the graben in White County,
IIl. Fault offsets along the Owensboro Graben in
McLean and Daviess Counties are increasing at
this level, making it a more prominent feature. The
general basin and graben structure is very similar
to the structure of the top of the Maquoketa Shale,
with a pronounced Cincinnati Arch and a highly
asymmetric, north-dipping half-graben-shaped
basin west of the Owensboro Graben and a more
U-shaped synclinal graben to the east in the Rough
Creek Graben. Fault offsets at the base along the
Rough Creek Graben border fault zones are around
800 ft each in Union and Grayson Counties, 200 to
400 ft along the Pennyrile Fault System, and less
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than 100 ft in McLean County. Interpreted fault
offsets around the Mississippi Valley Graben are
around 100 to 200 ft. The structurally inverted re-
gions in the Rough Creek Fault Zone are present,
but much less pronounced than across the younger
strata.

Thickness of the Interval Between
the Base of the Maquoketa Shale and
the Top of the Knox Supergroup

This stratigraphic interval includes all of the
Middle Ordovician strata in the region, including
the Trenton Formation, Black River Group, An-
cell Group, and Everton Formation (where pres-
ent). The lithology of this unit is predominantly
limestone, with only minor amounts of sandstone,
shale, and dolomite. This section increases in av-
erage thickness toward the southern Illinois Basin
and northern Mississippi Valley Graben. It reaches
a maximum thickness of around 1,800 ft along parts
of the Mississippi Valley Graben bounding faults.
In the study area, the thinnest points are around
400 ft thick in the northeast and in an isolated area
in central Christian County.

Locally, this unit thickens adjacent to faults on
individual downthrown blocks in the Rough Creek
and Mississippi Valley Grabens. Possible reactiva-
tion and structural inversion of the Lusk Creek
Fault Zone is evident in a thickened section along
the northwestern footwall block.

Structure on the Top of
the Knox Supergroup

The top of the Cambrian-Ordovician Knox Su-
pergroup is a regional unconformity surface that
marks the top of the Sauk Sequence (Sloss, 1963).
The deepest points are -8,000 ft in the Webster/
Union County area and -7,700 ft outside the gra-
ben in White County, Ill. The Knox reaches its shal-
lowest points of +200 ft along the northern Cincin-
nati Arch and +600 ft above sea level on the edge of
the Ozark Plateau in southeastern Missouri.

Offsets along the Rough Creek Graben bound-
ing faults range from around 1,100 to 1,200 ft along
the Pennyrile Fault System in Muhlenberg and
Christian Counties, 400 ft along the Rough Creek
Fault Zone in Union County, 200 ft in Grayson
County, to close to 0 ft of cumulative offset in
McLean County, adjacent to the Owensboro Gra-

ben. Interpreted offsets along the borders of the
Mississippi Valley Graben are less than 200 ft. The
basin axis in the Rough Creek Graben is still a lin-
ear depression at this level, extending from close
to the Rough Creek Fault Zone in Union County,
southeastward to Hopkins County. The different
structural style between the eastern and western
halves of the Rough Creek Graben is still present,
but is less pronounced than at shallower levels.
This is also the deepest horizon in which the inver-
sion structures along the Rough Creek Fault Zone
are evident.

Because of the later pre-Cretaceous unconfor-
mity under the sediments of the Mississippi Em-
bayment, the top of the Knox Supergroup is also
the top of the Paleozoic section in the central and
southern regions of the Mississippi Valley Gra-
ben. The amplitude of the underlying Pascola and
Blytheville Arches (McKeown and others, 1990)
produces a small area in the central Mississippi
Valley Graben above these arches where the Knox
is absent and Cretaceous sediments directly overlie
the Middle to Upper Cambrian Eau Claire Forma-
tion.

Thickness of the Knox Supergroup

The Upper Cambrian to Lower Ordovician
Knox Supergroup overlies the post-rift strata over
the entire region (Schwalb, 1969b; Shaver, 1985;
Ryder, 1992; Noger and Drahovzal, 2005). This pas-
sive margin sequence is predominantly carbonate,
with minor amounts of mature, quartz-rich sand-
stones. In the project area, the Knox Supergroup
reaches its thickest point in Carlisle County, along
the northwestern border of the Mississippi Valley
Graben at more than 11,500 ft. The supergroup’s
thinnest points are along the Blytheville and Pas-
cola Arches, including some local pinch-outs. The
Knox thickens into the Rough Creek Graben and,
with the exception of the thinned Knox trend in
Meade to Breckinridge Counties between the Ow-
ensboro Graben and the Locust Hill/Cave Spring
Fault System (local thicknesses of 3,000 to 3,500 ft),
the Knox thickens around the graben as well.

To account for the dips of fault planes and
for faults that terminate in different stratigraphy,
three separate fault-line sets were used to create
the maps in this study. Because of the thickness of
the Knox, the lateral differences in fault-cut loca-



Map Analysis 29

tions from these differing fault sets led to irregular,
dogtooth-shaped gridding errors or small cell gaps
along some fault trends.

Structure on the Top of
the Eau Claire Formation

This region of the Midcontinent has under-
gone numerous episodes of deformation and fault-
ing. These various tectonic events led to different
series of faults that affect different stratigraphic
levels. The set of faults that affect the top of the Eau
Claire Formation and the set for the top of the Knox
are quite different. More basement-rooted faults
are present in the Eau Claire on the southern shelf
area outside of the graben complex and along the
eastern end of the Rough Creek Graben. In Gray-
son and Ohio Counties, the faults that produced
the positive flower structure and its structurally in-
verted block along the Rough Creek Fault Zone at
the surface merge at depth, leading to a single fault
plane at the Eau Claire and deeper horizons.

The structure of the top of the Eau Claire
Formation has a bimodal depth distribution: The
deepest elevations are in two areas in central Union
County (around -14,000 ft) and in the Webster/
Hopkins County area (-13,500 ft). This contrasts
somewhat with the structure of the overlying Knox
and younger strata, for which the deepest structure
has a single linear, synclinal shape. The eastern
part of the Rough Creek Graben is fairly symmet-
rical at this horizon, but the Rough Creek Graben
west of McLean County has a muted, down-to-the-
north half-graben structure. Outside of the rift gra-
ben complex, the Eau Claire in the Fairfield Basin
is at -12,500 ft. The Eau Claire is highest (around
-1,500 ft) along the Cincinnati Arch north of the
Jessamine Dome and on the eastern edge of the
Ozark Dome in southeastern Missouri.

Fault offsets at the Eau Claire level along
the majority of the Rough Creek Fault Zone from
Union to Grayson Counties range from 200 to
500 ft. Along the Pennyrile Fault System, offsets
are around 400 ft in Butler County and increase to
about 1,200 ft in northern Christian County.

At this horizon in the Mississippi Valley Gra-
ben, the deepest area is west of the large north-
northeast-striking central fault, which reaches a
depth close to -14,000 ft. Fault offsets along the
edges of the Mississippi Valley Graben range from

less than 500 ft in Graves County to more than
2,000 ft across the Lusk Creek Fault Zone along
the northwestern border of the Mississippi Valley
Graben. On the southwestern edge of the study
area, the Blytheville and Pascola Arches, associat-
ed with the underlying New Madrid Seismic Zone
(McKeown and others, 1990), are dramatic features
at this stratigraphic level.

Thickness of the Eau Claire Formation

Except for two small areas in northeastern
Union and southeastern Daviess Counties, where
the Eau Claire Formation appears to pinch out on
the northern shelf of the Rough Creek Graben, the
Eau Claire Formation extends across the entire
study area. Across the majority of these shelf areas
outside of the major grabens, the Eau Claire has a
relatively smooth undulatory character in profile;
thicknesses range from 250 to 2,000 ft. The areas of
least thickness lie on the northern shelf immediate-
ly adjacent to the graben in Union, Henderson, and
Ohio Counties, Ky. In the Rough Creek Graben,
there are two areas of relatively great thickness in
Ohio and Webster Counties; the thickest point of
around 10,350 ft is near the center of Ohio County.
These two areas combine to form a linear zone of
increased thickness that trends parallel to the strike
of the Rough Creek Graben and terminates against
the southeast-striking Rough Creek Fault Zone
splay faults in eastern Grayson County.

In the Mississippi Valley Graben, an area
of greater thickness is present in the Pascola and
Blytheville Arches in New Madrid and Pemiscot
Counties, Mo., and Lake County, Tenn. The fact
that these arches outline the region of earthquake
activity associated with the New Madrid Seismic
Zone implies an interconnected origin. Using pub-
lished seismic lines (Howe and Thompson, 1984;
Sexton, 1988) and well data analyzed in this proj-
ect, these arches were interpreted to be fault-cored
anticlines formed above the New Madrid Seismic
Zone faults from northeast-southwest compres-
sion. The specific age of formation for these struc-
tures is unknown, but appears to be after the Early
Ordovician but before the Cretaceous, as indicat-
ed by a locally thinned and uplifted Knox section
overlain by the undeformed Cretaceous sediments
of the Mississippi Embayment.
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Structure on the Top of
the Reelfoot Arkose

The Early Cambrian Reelfoot Arkose (Weaver-
ling, 1987; Houseknecht, 1989) does not extend
across the entire study area and is confined to just
the Mississippi Valley Graben and the deeper parts
of the Rough Creek Graben west of Green County.
The Reelfoot Arkose was also deposited adjacent
to and northwest of the Mississippi Valley Graben
between the Cottage Grove and Ste. Genevieve
Fault Systems northwest of the Lusk Creek Fault,
in a small area less than 14 mi wide. This region
may have served as a conduit into the western
Rough Creek Graben and northern Mississippi
Valley Graben for arkosic detritus from eroding
felsic granites of the uplifted Ozark Dome during
the Early Cambrian (Weaverling, 1987).

The top of the Reelfoot Arkose in the Rough
Creek Graben has a north-dipping, trimodal basin
structure; the deepest points are in Union, Web-
ster, and Ohio Counties (-19,500, -19,000, and
-21,000 ft, respectively). The prominent, steep-
sided sub-basin centered in Ohio County appar-
ently was filled before Knox deposition, and thus
produced the thickened section of Eau Claire in
that area described above. In the Mississippi Val-
ley Graben, the top of the Reelfoot is much deeper
within a sub-basin graben on the northwest (down-
thrown) side of the large north-northeast-striking
central fault, having reached a maximum depth
of close to -17,800 ft in Carlisle County. The Reel-
foot is shallowest at -7,500 ft in two locations in
the project area. One is in southeastern Hart Coun-
ty, where the Reelfoot pinches out in the eastern
Rough Creek Graben. The other shallow point is in
Weakley County, Tenn., on the downthrown side
of the northeast-striking, down-to-the-northwest
normal fault that marks the local southeastern
boundary of the Mississippi Valley Graben. A wide
anticline that formed east of the central fault in the
upper surface of the Reelfoot Arkose extends from
near the Tolu Arch in Livingston County south to
Graves County.

The only graben-boundary fault system
crossed by the Reelfoot Arkose is the Lusk Creek
Fault in Massac, Pope, and Saline Counties, Ill
Fault offsets range from 1,000 to 2,000 ft. To the
south, the top of the Reelfoot rises sharply to the
southwest in New Madrid and Pemiscot Coun-

ties, Mo., Lake County, Tenn., and Fulton County,
Ky. This rise produces the cores of the Blytheville
and Pascola Arches along the New Madrid Seismic
Zone fault trends.

Thickness of the Reelfoot Arkose

In both the Mississippi Valley Graben and
the Rough Creek Graben, the Reelfoot Arkose has
an average calculated thickness of around 3,000
to 4,000 ft, but is as thick as 17,500 ft in localized
areas in Ohio, McLean, and Muhlenberg Coun-
ties. Available data density is relatively low for the
Mississippi Valley Graben area, however, and ad-
ditional data may prove that thickness trends are
more complex than portrayed here. The Reelfoot
Arkose is bounded on most sides by faults. A few
areas where the Reelfoot is interpreted to pinch out
by onlap onto the Precambrian surface include the
eastern Rough Creek Graben near Hart County, in
Trigg and Christian Counties between the Penny-
rile and Lewisburg (proposed herein) fault trends,
two small areas in the Rough Creek Graben to the
north of the Pennyrile Fault System, and the area
between the Cottage Grove Fault Zone and the
Ste. Genevieve Fault Zone at the intersection of
the Mississippi Valley and Rough Creek Grabens
around Pope County, Ill.

In the Mississippi Valley Graben, the Reelfoot
Arkose thickens toward the northwestern border
faults, in contrast to thinning toward the Penny-
rile faults. Whether this thickening is a result of
numerous proximal deposits in alluvial fans com-
ing off the Ozark Dome to the west or from lateral
transport and depositional filling of the increased
accommodation space produced by continuous
offset along the border faults within the graben, is
unknown.

Structure on the Top of
Precambrian Basement

Large fault offsets define the northern and
western boundaries of the Rough Creek Graben.
Along the southern boundary, the vertical offsets
that create the basin are spread between two fault
trends: the Pennyrile Fault System and an unnamed
east-west-striking fault zone just south of the Pen-
nyrile Fault System. The informal name “Lewis-
burg fault system” is proposed for this series of
faults. The east end of the graben rises sharply to
a plateau around Hart County. Along the eastern
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Rough Creek Graben, the spacing of the basin’s
northern and southern bounding fault trends re-
mains relatively constant across west-central Ken-
tucky to the Lexington Fault System along the
western border of the Rome Trough. The structur-
ally high shelf areas outside the Rough Creek and
Mississippi Valley Grabens are fairly smooth at the
mapped 500-ft contour interval. The boundaries of
the Rough Creek and Mississippi Valley Grabens
appear to be more highly dissected by faults on the
southeastern side than on the northwestern sides.
Deformation and uplift related to later New Ma-
drid Seismic Zone activity are evident in the ex-
treme southwestern corner of the study area.

The lithologic makeup of the Precambrian
basement in the study area at any one locality is
difficult to predict. In generalized terms, this part
of the Midcontinent is primarily in the Eastern
Granite-Rhyolite Province of Precambrian igneous
rocks (1.42-1.50 Ga) (Bickford and others, 1986;
Van Schmus and others, 1996). Some subhorizontal
layering is imaged within the Precambrian base-
ment along regional 2-D seismic lines shot over the
eastern part of the Rough Creek Graben (Pratt and
others, 1989; Drahovzal, 1997). The most likely sce-
narios for this type of response would be layered
clastic deposits such as the 1.0-Ga-old Middle Run
sandstones (Shrake and others, 1991) in an exten-
sion of the Midcontinent Rift Basin (Drahovzal and
others, 1992), or from layered volcanic deposits in
the Eastern Granite-Rhyolite igneous province. Ex-
amples of both possibilities can be found in the re-
gion. The KY Operating No. 1 Riordan well in Hart
County drilled into a lithic-arenite sandstone at the
bottom of the well, and this was later interpreted
to be part of the Middle Run Formation (Harris,
2000). In Hancock County, the KGS No. 1 Marvin
Blan well drilled through 542 ft of Middle Run
Sandstone before reaching total depth (Bowersox,
2013). The Middle Run is interpreted in this well as
having been deposited in a low-relief, fine-grained
fluvial environment.

Fifty-two miles northwest of the No. 1 Riordan
well and 16 mi southeast of the No. 1 Blan well, on
the basis of well cuttings analyzed by the Kentucky
Geological Survey, the KY Operating No. 1 Braden
well in Breckinridge County penetrated 458 ft of
unnamed Precambrian rhyolitic welded tuff and
basalt nonconformably below the Eau Claire at

6,045 ft (Bowersox, 2013). Unfortunately, the reso-
lution of nearby seismic lines at that depth do not
permit the regional interpretations needed to make
stratigraphic correlations with these two possible
layered Precambrian rock units or with any bound-
aries with the crystalline rhyolitic igneous rocks
penetrated by basement wells drilled west of the
Braden well to date.

On the top of the Precambrian surface, the
Rough Creek Graben has a bimodal basin structure,
with the deepest points in southern Union County
(-31,000 ft) and along the McLean/Muhlenberg
County border (-38,000 ft). The structure of the
top of Precambrian basement in the eastern part
of the Rough Creek Graben is a narrow, V-shaped
basin in appearance, whereas the western Rough
Creek Graben has a northward-dipping, more flat-
bottomed graben structure. The structure of the
northern Mississippi Valley Graben is dominated
by a large central fault that strikes north-northeast
and offsets the Precambrian surface down to the
northwest. This fault produces the western sub-
basin and deepest region in the Mississippi Valley
Graben at -21,000 ft.

Fault offsets are around 12,000 ft in Union
County, 500 to 1,000 ft in McLean County, and as
much as 16,000 ft across the Rough Creek Fault
Zone in Ohio County. Along the Pennyrile Fault
System, fault offsets decrease eastward from
around 4,000 ft in northern Christian County to
1,000 ft in Edmonson County. Because of the struc-
tural dissimilarity of the Mississippi Valley Graben
and western Rough Creek Graben to the eastern
part of the Rough Creek Graben at this and shal-
lower levels, it is possible that the fault trend at
the southeastern boundary of the Mississippi Val-
ley Graben continues farther northeast than is dis-
played here and crosses the Rough Creek Graben
to connect to the mapped faults in Hopkins and
McLean Counties along the northern side of the
Rough Creek Graben.

Well-Based Cross-
Section Analysis

Twelve regional well-based cross sections
were produced for this project (Plate 20, Plate 21,
Plate 22, Plate 23, Plate 24, Plate 25, Plate 26, Plate
27, Plate 28, Plate 29, Plate 30, and Plate 31). Deeper
wells and wells with detailed log suites were pre-


http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 20_MVG_Dip_A.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 21_MVG_Dip_B.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 22_MVG_Dip_C.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 23_RCG_Dip_1.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 24_RCG_Dip_2.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 25_RCG_Dip_3.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 26_RCG_Dip_4.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 27_RCG_Dip_5.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 28_RCG_Strike_1_90%.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 29_RCG_Strike_2.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 30_RCG_Strike_3.pdf
http://kgs.uky.edu/kgsweb/olops/pub/kgs/CNR55_12/Plate 31_RCG_Strike_4.pdf
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ferred over shallower wells or those with limited
logs. These lines were constructed to be either par-
allel to the Rough Creek Graben axis (strike lines)
or perpendicular to it (dip lines). Because of the
change in strike of the Rough Creek/Mississippi
Valley rift system, the three westernmost dip lines
(MV-A, -B, and -C) are rotated with respect to the
rest of the dip lines (RC-D1 through -D5) so as to
cross perpendicular to the axis of the Mississippi
Valley Graben. See Table 3 for a list of wells used
in the cross sections.

Precambrian through Lower Mississippian
stratigraphic tops were picked on the basis of all
available data for each well (logs, cutting descrip-
tions, etc.). All but the most minor of well tops
(mostly thin Silurian units that are indistinguish-
able at the printed scale) are included on the cross-
section logs. To aid in structural and stratigraphic
interpretation between wells, grid profiles from the
Rough Creek Graben Consortium structure maps
along the cross-section traces are projected onto
the sections. Major faults along the lines are also
drawn on the line, with interpreted offsets of the
stratigraphic horizons.

The Rough Creek Graben Consortium cross
sections were produced in Petra, edited in ACD
Systems Canvas-11 software, and printed to Adobe
PDF files. These cross sections have a1 in.=1,000 ft
vertical scale and a 1 in.=10,000 ft horizontal scale
(10X vertical exaggeration). At this scale, most of
the lines can be plotted on 36-in.-wide plotter pa-

per.
Laboratory Sample Analysis

A total of 25 well-cutting samples from eight
wells of the Middle to Upper Cambrian Eau Claire
Formation were collected for this project in an at-
tempt to locate a hypothetical deep hydrocarbon
source rock in the Rough Creek Graben. In addi-
tion, eight whole-core samples from two wells in
the Upper Ordovician Maquoketa Shale were also
collected from wells in the Rough Creek Graben
region (Fig. 13). All samples were collected at the
Kentucky Geological Survey Well Sample and
Core Library in Lexington. Sample depths were
chosen based on gamma-ray logs, with high-API
(radioactive) intervals preferentially targeted on
the assumption that clay-rich mudstones are more

likely to have elevated organic content. Each of the
Eau Claire cutting samples was split into two sets.
One set of samples underwent X-ray diffraction,
X-ray fluorescence, and optical microscopy analy-
sis at KGS. The other set was sent to Worldwide
Geochemical LLC in Humble, Texas, for Rock-Eval
analysis.

Well Cuttings X-Ray Diffraction
and Fluorescence

X-ray diffraction and fluorescence analysis

was run by the KGS laboratory to determine miner-
al-phase and elemental composition for the cutting
samples from the Eau Claire Formation. The entire
diffraction and fluorescence laboratory results are
included in Table 4, but notable findings are:

* The noncarbonate fraction and compo-
nent variability decrease upward in the
Eau Claire Formation.

* The dolomite fraction increases upward in
the Eau Claire Formation.

* Silica (SiO,) is the dominant component in
the Eau Claire Formation (average 42 per-
cent).

* The siliciclastic component is less in the
Sun No. 1 Stephens well, possibly because
of its position away from graben-bound-
ing fault zones (more distal and deeper
waters than the other sampled wells).

Hydrocarbon Samples

We had hoped that oil-sample biomarker
analysis would validate the presence of a source
rock other than the Devonian New Albany Shale
or Upper Ordovician Maquoketa Shale, such as the
Upper to Middle Cambrian Eau Claire Formation
(or an even deeper formation in the Rough Creek
Graben). Although we intended to sample numer-
ous producing wells to test their oils for Cambrian
and Ordovician biomarkers, we have only been
able to obtain one sample to date. Some wells were
no longer producing from below the New Albany
Shale (thus contaminating the Cambrian portion of
any potential samples), and for others the operat-
ing company no longer exists, and we even had a
surprising number of wells reported by companies
that are now undergoing State investigations for
fraudulent practices (thus calling their production
amounts and reported zones into question).
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Additional Analyses

An attempt was also made to find suitable
samples for fluid inclusion analysis. The most ac-
curate results can be made on primary or second-
ary inclusions in carbonates, or in silica cements in
sandstones. Although it is possible to mount larger
cuttings onto a microscope slide to study the fluid
inclusions, the small size of the available cutting
particles (medium to very fine sand-sized grains)
made this impractical. Because of their size, it
was also impossible to determine which nonshale
grains came from a depositional environment and
which from later (possibly much later) vein cemen-
tation.

Discussion
Kinematic Structural and Tectonic Analysis

For the Eau Claire Formation and older units
in the Rough Creek/Mississippi Valley Graben
system, very little is known about local facies pat-
terns or depositional rates. Kinematic analysis
for the Cambrian section is based on the assump-
tions that sediment thickness is proportional to lo-
cal subsidence rates and that subsidence rates are
proportional to local fault movement. To date, no
Cambrian unconformities have been defined in
these grabens by well or seismic data that would
equate to the pre-Conasauga unconformity that
is observed in the northwestern Rome Trough of
Kentucky. Therefore, this stratigraphic interval is
assumed to be a complete record of the deposition
of that time without any major hiatuses.

Initiation of rifting in the Rough Creek Gra-
ben and adjacent Mississippi Valley Graben began
in the latest Precambrian or earliest Cambrian Peri-
od (Ervin and McGinnis, 1975). Local erosion of the
exposed crystalline basement rocks of the Granite-
Rhyolite Province, along with minor amounts of
the Precambrian Middle Run Sandstone along the
Cincinnati Arch, produced the clastic sediments
of the Reelfoot Arkose (Weaverling, 1987; House-
knecht, 1989). Thickness trends indicate that the
boundary fault systems of the Mississippi Valley
Graben and Rough Creek Graben underwent nor-
mal dip-slip movement during Reelfoot Arkose
deposition, but the large central fault (Fig. 12) of
the Mississippi Valley Graben did not.

Paleozoic tectonic subsidence was greatest in
Ohio County, with a slightly smaller depocenter in

Union County. Both of these locales are just south
of the Rough Creek Fault Zone, and the thickness
of Cambrian strata implies that the asymmetrical,
half-graben shape of the basin formed early. The
cause of these dual depocenters is unclear, but their
spacing along the Rough Creek Fault Zone is simi-
lar to the spacing between the northwestern (Lusk
Creek) and southeastern boundary fault systems of
the Mississippi Valley Graben (although offset to
the east by about 17 mi). It is possible that the in-
tersection of these two parallel fault systems with
the Rough Creek Fault Zone created regions with
extensive brittle fracture and fault deformation,
leading to accelerated subsidence. These deformed
blocks could then have migrated eastward during
the initial fast rifting period as the south and east
regional blocks/plate drifted away from the north
and west regional blocks/plate.

In most areas, the seismic velocity of the ma-
terial immediately overlying the Reelfoot Arkose
was determined to be within the range of carbon-
ate strata, probably limestone. The high-amplitude
seismic reflection at the top of the Reelfoot Arkose
is also consistent with a transition from a fast, clean
carbonate to a lower-velocity, coarse clastic depos-
it. This high-carbonate unit (exact lithology is un-
known) appears not to be related to the younger
oolitic shoals penetrated in the No. 1 Turner well
and may be an extension of the proposed St. Fran-
cois Formation of Weaverling (1987). The St. Fran-
cois Formation was defined from a 1,044-ft-thick
dolomitic limestone unit, with multiple oolite
zones in the Cockrell-CNG No. 1 Carter well in St.
Francis County, Ark., in the southern part of the
Mississippi Valley Graben (beyond the study area
of this project). The approximate age, bedding pat-
terns resolvable on seismic profiles, and stratal po-
sition above an arkosic clastic unit all appear to be
similar to the characteristics of the upper limestone
unit of the Early to Middle Cambrian Rome Forma-
tion in the adjacent Rome Trough in eastern Ken-
tucky, West Virginia, and Pennsylvania. No wells
in this project area penetrate this lower Eau Claire
Formation carbonate.

In the Rough Creek Graben, there is no strong,
regionally extensive reflection horizon between the
top of the Eau Claire and the top of the Reelfoot
Arkose. This is interpreted as an indication of a
gradational contact between the high-carbonate
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units directly above the Reelfoot Arkose and the
siltstones and shales of the upper Eau Claire For-
mation. The lower Eau Claire carbonate units may
be equivalent to the limestone units of the Middle
to Late Cambrian Conasauga Group of the Appa-
lachian Basin. Without further data, the exact age
and interbasinal stratigraphic correlations of this
unit cannot be determined. Because of uncertainty
of the unit’s age and the inability to confidently in-
terpret the top of the carbonate unit from seismic
data alone, this possible St. Francois Formation or
equivalent was not mapped as part of this project.
The stratigraphic well tops for the proposed St.
Francois Formation from Weaverling (1987) were
used for this project.

During Eau Claire Formation deposition, the
smaller depocenter in southern Union County di-
minished in size and relative magnitude. The linear
depocenter in Ohio, Grayson, and McLean Coun-
ties, however, increased in both length and depth
during this time. The implications of this are that
the center of deformation (zone of highest exten-
sion) migrated eastward along the northern Rough
Creek Graben during the Middle to Late Cambri-
an. As much as 5,500 ft of thickening southward
across the Rough Creek Fault Zone in Ohio County
indicates the magnitude of syndepositional fault
movement during this time.

The filling of the linear depocenter in Grayson
and Ohio Counties stopped by the end of Eau Claire
deposition. Both the structure at the top of the Eau
Claire and the isopach thickness of the overlying
Knox Supergroup display no linear trend in this
region. Similarly, the relatively smooth isopach of
the Knox indicates that the movement along the
Rough Creek Fault Zone had also ended by the end
of Eau Claire deposition.

Thinning of the Eau Claire over the Tolu Arch
and Western Kentucky Fluorspar District indicates
that the region has been uplifted relative to the
surrounding area since at least the Late Cambrian,
and not solely from magma intrusion during the
Permian.

The Pascola and Blytheville Arches in the Mis-
sissippi Valley Graben outline the region of earth-
quake activity associated with the New Madrid
Seismic Zone and imply an interconnected origin.
Using published seismic lines (Howe and Thomp-
son, 1984; Sexton, 1988) and well data analyzed

in this project, these arches are interpreted to be
fault-cored anticlines formed above the New Ma-
drid Seismic Zone faults from northeast-southwest
compression. The thickened shale and mudstone
section of the Eau Claire Formation was deformed
to fill the arched structure below the rigid Knox Su-
pergroup. The specific age of formation for these
structures is unknown, but appears to be after the
Early Ordovician but before the Cretaceous, as in-
dicated by a locally thinned and uplifted Knox sec-
tion overlain by the undeformed Cretaceous sedi-
ments of the Mississippi Embayment.

During Knox Supergroup deposition, the area
of major fault movement and extension changed
from the northeastern Rough Creek Graben to the
Mississippi Valley Graben. The Lusk Creek Fault
Zone, which acts as the northwestern boundary of
the Mississippi Valley Graben, and the central fault
(Fig. 12) were active during Knox deposition, as in-
dicated by the large thickness changes of the Knox
Supergroup across these faults. Tectonic move-
ment in the region continued to decrease during
Knox time, as indicated by fewer faults displacing
the top of the Knox than the base.

The Knox Supergroup and the overlying Mid-
dle Ordovician Trenton-Black River interval thick-
en over southern Illinois, the western part of the
Rough Creek Graben, and the connected Owens-
boro Graben (Fig. 12). Because this gradual thick-
ening includes areas beyond the graben-bounding
faults, this may indicate sag from crustal relaxation
after the cessation of rifting along this graben sys-
tem. This pattern of thickening deviates around the
Western Kentucky Fluorspar District (Fig. 12) in
the northern part of the Mississippi Valley Graben.
This uplift (or lack of subsidence) of the Western
Kentucky Fluorspar District appears to have begun
sometime in the Late Cambrian to Early Ordovi-
cian Period.

Thickness distribution of the Trenton and
Black River Formations indicates basin subsidence
continued throughout the Middle Ordovician, and
may have also reactivated faults in the northern
part of the Mississippi Valley Graben and south-
ernmost Illinois. At the top of this unit, a thickened
Maquoketa Shale interval appears to downcut
into the Trenton Formation along a roughly north-
south linear zone across the center of the Rough
Creek Graben (Fig. 14). The transition zones along
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the edges of the Sebree Trough can be observed in
well logs, and appear to be gradational over a few
to several kilometers. Within the Sebree Trough,
the missing interval of the Trenton Formation is
completely replaced by the lower part of the Ma-
quoketa Shale. Because of the lack of any other re-
gional structures that are coincident and parallel to
the Sebree Trough, and because the affected stra-
tigraphy is limited to the Trenton Formation and
Maquoketa Shale, this feature is interpreted to be
depositional in origin (not structural) and is unre-
lated to fault movement.

By the end of Maquoketa deposition, the
structural low in southern Union County had be-
come smaller in area than the low area of the Fair-
field Basin in White County, Ill. This implies that
the subsidence rates prior to and during the depo-
sition of the Maquoketa were higher in the Rough
Creek Graben than in the main body of the Illinois
Basin to the north. Subsidence rates after this time
were greater in the Fairfield Basin, which resulted
in younger units having deeper points outside the
graben complex. Other than in one isolated fault
block in Lyon County, there is little apparent tec-
tonic effect on the thickness of the Maquoketa
Shale in the Mississippi Valley Graben.

In the period between Maquoketa Shale and
New Albany Shale deposition, the majority of sub-
sidence in the Rough Creek Graben occurred closer
to the graben axis rather than along the main border
faults. During this time, the depocenter in Union
County migrated southward to the area along
the Crittenden/Union County border. Along the
southern border of the Rough Creek Graben, the
majority of subsidence (interpreted from isopach
thicknesses) moved northward from the Pennyrile
Fault System to the Tabb Fault System (Fig. 12) in
Caldwell and Hopkins Counties. Whether these
changes in subsidence patterns reflect larger-scale
changes in tectonic stresses or post-rift structural
progression is unknown. This thickening pattern
appears to deviate around the Western Kentucky
Fluorspar District, implying possible reactivated
uplift or reduced subsidence of that region, simi-
lar to what is observed in the Knox Supergroup
interval. However, the combined uplift interpret-
ed during the Knox Supergroup deposition and
the Silurian to Early Devonian (pre-New Albany
Shale) does not equal the present-day structural

offset. Because of this, it is possible that this is an
inverted fault block produced by the same later
(post-Mississippian) compression that caused the
inverted structures along the Rough Creek Fault
Zone. Whether this uplifted area and the Tolu Arch
it forms is purely from fault reactivation or from
magmatic underplating and intrusion, as suggest-
ed by Trace and Amos (1984), or is a combination
of the two, is unknown.

The Middle Devonian to Early Mississippian
New Albany Shale thickens across both the Rough
Creek Fault Zone and the Pennyrile Fault System
into the Rough Creek Graben. This thickening in
the graben suggests either syndepositional fault
movement/subsidence or possibly fault move-
ment just prior to deposition that produced varied
topography, which the shale later filled. This thick-
ness change is especially dramatic across many of
the Rough Creek Fault Zone faults, suggesting the
whole fault trend was deforming at the same time
as part of a larger tectonic framework, and is not
just a local event affecting one or two faults.

The Middle Devonian to Early Mississippian
syndepositional fault movement along the Rough
Creek Fault Zone appears to have occurred pre-
dominantly east of the Owensboro Graben (Fig. 12).
This may be in part a result of reduced resolution
produced by the lower data density of both well
tops and seismic profiles along the Rough Creek
Fault Zone west of the Central faults. However,
there is the possibility that the extensional tectonic
forces that produced the fault offsets along the east-
ern Rough Creek Fault Zone also produced dex-
tral strike-slip movement along the Central Fault
System. This would have transferred the zone of
fault movement southwestward across the graben
toward the north-central part of the Mississippi
Valley Graben. Although this area is fairly distant
from the Appalachian collision zone of the Aca-
dian Orogeny, dextral compression caused by that
obliquely convergent orogeny (Ferrill and Thomas,
1988) may have reactivated the faults of the Rome
Trough-Rough Creek Graben-Mississippi Valley
Graben intracratonic rift. Crustal blocks south and
east of this older rift system may have been trans-
lated slightly southwestward relative to the rest of
the Laurentian continental crust northwest of the
rift.
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Regional post-Devonian deformation is in-
dicated by uplifted Devonian and Mississippian
strata within inversion structures along the Rough
Creek Fault Zone and in the fault offsets observed
in the outcrop patterns surrounding the Jessamine
Dome in central Kentucky.

Petroleum Systems Analysis

The stratigraphic intervals with the highest
probability of hydrocarbon generation in the II-
linois Basin, including the Rough Creek and Mis-
sissippi Valley Grabens, are the Middle Devonian
to Early Mississippian New Albany Shale, Late
Ordovician Maquoketa Shale, and Middle to Late
Cambrian Eau Claire Formation (Cluff and Byrnes,
1990). The results and interpretations of this project
will be discussed for these source-rock intervals in
stratigraphic order, from youngest to oldest.

Using the petroleum systems analysis tech-
nique described by Magoon and Dow (1994), ec-
onomically viable oil and gas plays must include
four essential elements and two essential process-
es. The essential elements are (1) an organic-rich
source rock, (2) sufficient overburden rocks to al-
low for petroleum source-rock maturation temper-
atures and pressures, (3) an appropriate reservoir
rock, and (4) a geologic trap or seal. The two essen-
tial processes are (1) hydrocarbon trap formation
and (2) hydrocarbon generation, migration, and
accumulation (trapping). In order for an oil or gas
field to be created, the appropriate timing of trap
formation and generation/migration of hydrocar-
bons must occur. Petroleum systems can also be
subdivided into three types based upon whether
they are known (oil or gas play that has been geo-
chemically traced to a known source rock), specu-
lative (source-quality rock present, but no known
hydrocarbon accumulations), or hypothetical (un-
proven or theoretical source rock, with no known
accumulations).

New Albany Shale. The Middle Devonian to Ear-
ly Mississippian New Albany Shale qualifies as a
known or proven petroleum system, with numer-
ous producing oil and gas fields in the southern II-
linois Basin. No additional samples of New Albany
Shale were analyzed as part of the Rough Creek
Graben Consortium project.

Organic Content—The New Albany Shale in
southern Illinois and the Rough Creek Graben is a
laminated, dark brown to black shale with minor
amounts of siltstone and limestone (Macke, 1996).
This shale is very organic-rich, with average total
organic carbon values of 2.5 to 9 weight percent;
some samples are as high as 20 weight percent
(Stevenson and Dickerson, 1969; Cluff and Byrnes,
1990). This organic matter has been interpreted as
type II (Fig. 15) and is capable of producing both
oil and gas (Comer and others, 1994).

Overburden/Burial — Paleozoic burial history and
petroleum-maturation timing calculations have
been produced from wells in the Illinois Basin
(Cluff and Byrnes, 1990; Kolata and Nelson, 1990a;
Bethke and others, 1991; Horn and Associates, 2002;
Rowan and others, 2002). For the Rough Creek
Graben and adjacent Fairfield Sub-basin, rapid
subsidence occurred during the Middle Cambrian
and Permian Periods. In the Rough Creek Graben,
syndepositional fault movements accelerated the
Middle Cambrian burial relative to the nonrifted
area to the north (Figs. 16 and 17, respectively).
Maximum burial depths were attained during the
Middle Permian, followed by relatively constant
erosional exhumation until the present. Current
drilling depths should be viewed as minimum
burial depths because of regional post-Paleozoic
erosion of around 500 to 2,000 ft of surficial geol-
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Figure 15. Vitrinite-reflectance values for various stages of
hydrocarbon maturation and differing organic kerogen types.
Modified from American Association of Petroleum Geologists
Memoir 51, © AAPG 1990 (Cluff and Byrnes, 1990, Fig. 25-
1); reprinted by permission of the AAPG whose permission is
required for further use.



46 Discussion
Time, Ma
0 600 500 400 300 200 100 0 0
— AN — ——1 10
5,000 \\\ \ \// —
N — 2.0
& 10000 \ N——— 3.0 -
= &
g \ h 0 g
@ 15000 \ 2
- 1)
§ \ N— 5.0 -a
£ F
20,000 60 =
N\ N -7.0
25,000 \ /.
/ -8.0
30,000 9.0
-10.0

mmgum Total subsidence (compaction corrected) = Chesterian series (Mississippian) == Trenton-Black River Formations
m=@= Total subsidence (uncorrected) —_— gew A;l;gny ilﬁl)le Shal g;m)éls'_lpe;gmup

A : . ase of New Albany Shale u Claire Formation
Tectonic subsidence Magquoketa Shale Reelfoot Arkose

Figure 16. Calculated burial history for the Rough Creek Graben, based on the Exxon
1 Duncan well in Webster County. Modified from Modified from American Association of
Petroleum Geologists Memoir 51, © AAPG 1990 (Kolata and Nelson,1990b); reprinted by
permission of the AAPG whose permission is required for further use.

Time, Ma

600 500 300 200 100 0

0

N\
N\
N

-5.000—

~10,000

[ 7
i

/

/

\
\\\\\
\<\

&=

= 3,000+ / — )

§ \ \ A\ -5.0 =l

= F

B 20,0004 -6.0 E
—

25,000

-30.000—

=~ Eau Claire Formation
— Reelfoot Arkose

Pennsylvanian (top)
= Chesterian series (Mississippian)
New Albany Shale

Magquoketa Shale
Trenton-Black River Formations
Knox Supergroup

Figure 17. Calculated burial history for the Fairfield Sub-basin in southern lllinois. In-
cludes data from the American Association of Petroleum Geologists’ UDRIL Source Rock
Database (Horn and Associates, 2002).

ogy (Stearns and Reesman, 1986; Andrews, 2006).
Middle Mississippian and younger strata provide
the overburden for New Albany hydrocarbon gen-
eration.

Hydrocarbon — Generation/Migration — Vitrinite-re-
flectance (percent R ) values for New Albany Shale
samples from the Rough Creek Graben (Fig. 18)

range from close to 0.5 per-
cent R in the eastern end of
the graben to 1.1 percent R in
southeastern Illinois (Barrows
and Cluff, 1984; Cluff and By-
rnes, 1990). These values in-
dicate that the New Albany
Shale is currently in the im-
mature to early oil generation
stage of hydrocarbon matura-
tion (Tissot and Welte, 1978),
with the Hicks Dome area ap-
proaching peak oil generation
(Cluff and Byrnes, 1990). At
these maturation levels, hy-
drocarbon generation and mi-
gration are calculated to have
begun around 300 Ma (Early
Permian) near Hicks Dome
(a result of the increased heat
flux surrounding the area’s
Permian igneous intrusions),
and expanded to the majority
of the project study area by
250 Ma (Early Triassic).

Reservoir—Common  reser-
voir intervals for Devonian
shale-sourced hydrocarbons
include Upper Mississippian
to Pennsylvanian sandstone
and carbonate units, with the
majority of production being
derived from Chesterian Se-
ries rocks. In some areas, the
New Albany Shale is also be-
lieved to act as an oil source
rock for the underlying Si-
lurian and Lower Devonian
strata. This scenario would
require either downward mi-
gration of oil, presumably by
overcoming buoyancy issues

with overpressures or through long-range lateral
updip migration through fractures (and not paral-
lel to bedding planes). The New Albany Shale can
also act as a self-sourced, unconventional reservoir.
In these cases, the shale acts as both a source rock
and as a fractured reservoir. In addition, shale-gas
production may also be possible by desorbing nat-
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a seal for the Silurian to Devonian clastics
and carbonates.

Maquoketa Shale. The Late Ordovician
Maquoketa Shale qualifies as a hypotheti-
cal petroleum system: A known-source, or-
ganic-rich unit is present, but no produced
oil or gas has been geochemically linked to
the potential source rock in the southern Il-
linois Basin. Eight whole-core samples of
Maquoketa Shale were analyzed as part of
the Rough Creek Graben Consortium proj-
ect.

Organic Content—The Maquoketa Shale
in the Rough Creek Graben area is a dark

gray to brownish black shale. Total organic
carbon levels of 1 to 4 percent were report-
ed for Illinois Basin samples by Stevenson

Figure 18. Predicted maturation values at the base of the New Albany o
Shale (percent R ). Modified from Modified from American Association drocarbon source. Present-day vitrinite-
of Petroleum Geologists Memoir 51, © AAPG 1990 (Cluff and Bymes reflectance values for the Maquoketa were

(1990, Fig. 25-1); reprinted by permission of the AAPG whose permission calculated to be between 0.5 and 1.5 percent

is required for further use.

ural gas out of the shale matrix following reservoir
depressurization (from pumping).

Trap/Seal — There are numerous potential struc-
tural and stratigraphic traps within and in the area
surrounding the Rough Creek Graben. These in-
clude both primary traps (updip facies changes,
stratigraphic pinch-outs, and units terminating
along fault cuts) and secondary traps (angular un-
conformities following local exhumation or uplift,
and inversion structures related to fault reactiva-
tions).

Shallow water levels, coupled with varying
local sea levels caused by tectonic compression
and loading during the Taconic (Silurian) and Aca-
dian (Devonian to Early Mississippian) Orogenies
resulted in complex deposits of alternating sand-
stones and dolomites with numerous unconformi-
ties during the Silurian to Early Devonian and can
create erosional pinch-outs that can act as hydro-
carbon traps if they pinch out updip. These types
of traps are found along the western limb of the
Cincinnati Arch and possibly on the southern limb
of the Rough Creek Graben. The Late Devonian
to Early Mississippian New Albany Shale acts as

(1971), which is sufficient to make it a hy-

R . This represents a maturity in the oil to
wet-gas window for type I organic matter
(Tissot and Welte, 1978; Cluff and Byrnes, 1990).

Eight Maquoketa Shale whole-core samples
from two wells in western Kentucky were ana-
lyzed for the Rough Creek Graben Consortium
project. Total organic carbon values determined
through Rock-Eval pyrolysis for these samples
ranged from 0.21 to 0.80 weight percent in Hart
County (Mud Branch No. 1 Caswell) and 0.53 to
1.63 weight percent in Trigg County (Ada Belle
No. 2A Hillman Land).

In 2009, the Kentucky Consortium for Car-
bon Storage drilled the KGS No. 1 Blan well in
eastern Hancock County to study carbon-seques-
tration possibilities. During drilling, a 30-ft whole
core was cut in the middle of the Maquoketa
Shale section. The 11 total organic carbon val-
ues determined for that core range from 0.33 to
0.93 weight percent, within the same range as the
Rough Creek Graben Consortium samples.

Overburden/Burial —Silurian through Pennsyl-
vanian strata are the overburden rocks for the
Maquoketa Shale in the Rough Creek Graben,
and Silurian through Cretaceous strata are the
overburden for the Maquoketa in the Mississippi
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Valley Graben. The current drilling depth to the top
of the Maquoketa Shale in the graben areas of this
project varies from about 1,000 ft near the pre-Cre-
taceous subcrop in the Jackson Purchase Region of
the Mississippi Valley Graben to around 7,000 ft in
Union County. See Figures 16 and 17 for the calcu-
lated burial history of the Maquoketa Shale.

Hydrocarbon Generation/Migration—The current
maturation level at the base of the Maquoketa
Shale in the Rough Creek Graben was calculated
by Cluff and Byrnes (1990) to be between 0.55 and
1.40 percent R (and up to 1.6 percent R over Hicks
Dome) (Fig. 19). These vitrinite-reflectance values
correspond with near-oil maturation (at 0.55 per-
cent R in the eastern Rough Creek Graben) to early
wet-gas generation. Most of the Maquoketa Shale
in the Rough Creek Graben is therefore currently
in the oil window, and probably has been since the
Permian. The northern Mississippi Valley Graben
is currently near the peak-oil-generation stage for
the Maquoketa Shale.

Vitrinite reflectance-equivalent values (per-
cent R ) were calculated for this project from
the Rock-Eval results of the Rough Creek Graben
Consortium samples (Espitalie and others, 1977;
Humble Geochemical Services Division, 2001). The

Figure 19. Predicted present-day maturation values (per-
cent R)) at the base of the Maquoketa Shale. Modified from
American Association of Petroleum Geologists Memoir 51, ©
AAPG 1990 (Cluff and Byrnes (1990, Fig. 25-1); reprinted by
permission of the AAPG whose permission is required for fur-
ther use.

percentR__ values for the Hart County well ranged
from 0.62 to 0.65, just within the oil window for
type II organic matter. Closer to the basin center
and currently at a greater depth, the Maquoketa
Shale samples from the Trigg County well had per-
centR__values of 0.74 to 0.80, near the peak oil-gen-
eration level (Tissot and Welte, 1978) (Fig. 15). The
Trigg County values are in agreement with those
predicted by Cluff and Byrnes (1990); however, the
Hart County samples had slightly greater percent
R . values than Cluff and Byrnes (1990) estimated
(0.63 versus about 0.55). If the slope of percent R
from Figure 19 is reduced to fit the 0.63 calculated
from Rock-Eval T __ measurements, this implies
that the more organic-rich layers (total organic car-
bon values around 1 weight percent or greater) of
the Maquoketa Shale produced oil at some time in
the past for almost all of the Rough Creek Graben
and areas west of Daviess and Christian Coun-
ties outside of the graben. Based on the timing of
hydrocarbon generation calculations of Cluff and
Byrnes (1990), oil generation from the Maquoketa
Shale began in 325 Ma (Early Pennsylvanian) and
peaked around 175 Ma (Middle Jurassic) in the
northern Mississippi Valley Graben/Hicks Dome
area. The area around Hicks Dome is calculated to
have entered the gas window around 275 Ma (Ear-
ly Permian).

Reservoir—The most likely reservoirs for Maquo-
keta Shale-derived hydrocarbons are in the Silu-
rian to Early Devonian carbonate and sandstone
interval. Many of these formations contain ade-
quate porosity, and only minimal vertical migra-
tion distances are required to charge these units.
If sufficient pore pressures are achieved during or
after oil or gas generation, downward migration of
hydrocarbons into the Middle Ordovician Trenton
Formation and Black River Group could also occur.

Another reservoir possibility for Maquoketa
hydrocarbons is fault-controlled, hydrothermal
dolomite bodies in the Trenton-Black River in-
terval. In numerous locations in the Appalachian
Basin in West Virginia, Pennsylvania, New York,
and southern Ontario, hydrothermal fluids have
apparently migrated up preexisting faults, altered
the country rock into dolomite, and can result in
prolific oil or gas fields. During this process, lime-
stone dissolution increases the porosity and per-
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meability of the Middle Ordovician carbonates.
The additional heat flux from the intrusion of these
hydrothermal fluids may also act as a local acceler-
ant for hydrocarbon generation by “cooking” the
surrounding strata. Although not an active oil or
gas field, at least one example of similar fault-con-
trolled hydrothermal alteration has been defined in
the Rough Creek Graben region (Fig. 20).

Trap/Seal — The clay-rich New Albany Shale could
act as an effective seal for the Silurian-Devonian
carbonates and sandstones. On the western limb
of the Cincinnati Arch in south-central Kentucky,
there is an angular unconformity between the top
of the Silurian section and the base of the New Al-
bany Shale. Numerous oil fields produce from this
angular unconformity. For Middle Ordovician car-
bonate reservoirs, the Maquoketa Shale itself may
act as the seal.

For the unconventional “tectonic dolomite”
reservoir model, the Maquoketa Shale would act
as a vertical seal unit, whereas late mineral precipi-
tation could effectively seal the faulted zone from
lateral migration of hydrocarbons.

Eau Claire Formation. The Middle to Late Cambri-
an Eau Claire Formation qualifies as a speculative
petroleum system: Neither an organic-rich pod of
source rock from the Eau Claire nor a geochemi-
cally linked hydrocarbon sample from the Illinois
Basin has been identified. Twenty-four well-cut-
ting samples of Eau Claire Formation shales were
analyzed as part of the Rough Creek Graben Con-
sortium project.

Organic Content — Stevenson (1971) reported a 0.15
to 0.5 percent range of total organic carbon values
for the Eau Claire Formation, with one well as high
as 1.5 percent in Hamilton County, I, in the Fair-
field Sub-basin. Stevenson (1971) also reported 0.4
to 0.5 percent for the Bonneterre Formation, which
is equivalent to the lower Copper Ridge and upper
Eau Claire of Kentucky.

Ryder and others (2005) reported total or-
ganic carbon levels of 0.19 to 0.59 percent for the
Maryville Limestone in the Rome Trough in West
Virginia, and 1.2 to 4.4 percent for the Rogersville
Shale; both are members of the Conasauga Group.
The Maryville Limestone is interpreted to be the
stratigraphic equivalent of the limestone units in
the middle to upper Eau Claire Formation in the
Rough Creek Graben and environs.

For this project, 25 sets of shale and mudstone
well cuttings from the Cambrian Eau Claire For-
mation were sampled from wells in the Rough
Creek Graben region for chemical analysis and
source-rock potential. Worldwide Geochemistry
LLC performed total organic carbon, vitrinite-re-
flectance (percent R ), and Rock-Eval (T__ ) analy-
ses on these samples. See Figure 13 for a map of
wells sampled for source potential. All of the Eau
Claire Formation samples tested resulted in total
organic carbon values below source-rock quality
(less than 0.6 percent). Total organic carbon values
range from 0.03 to 0.12 weight percent, with an av-
erage of 0.06 weight percent.

Because cuttings are only available where
wells have already been drilled to the Eau Claire
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Figure 20. Detail of cross-section wells displayed in Figure 21. Modified from Harris (2004).
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Figure 21. Well-based cross section along the Rough Creek Fault Zone that displays the effects of Sebree Trough deposition on
the Trenton Formation, and the local hydrothermal alteration of Middle Ordovician Black River Group carbonates. Shaded region
of Black River indicates limestone replacement by nonplanar dolomite. Modified from Harris (2004).

(and which were submitted to the State), the results
only reflect those locations. Also, because testing
cutting samples every 10 ft was economically un-
feasible, depths with the highest gamma-ray log
responses and lowest bulk-density log readings
were sampled. It is possible that there are carbon-
rich strata in the Eau Claire that are not in the layers
with high gamma-ray log responses. The presence
of petroleum staining and solid bitumen residue in
the oolitic limestones of the Eau Claire Formation
in the Conoco No. 1 Turner well in McLean County
(Mitchell, 1993) indicates that there was petroleum
migration through that oolite at some time in the
past. Because of the depth of the sample and the
well’s location in a fault-bounded graben, lateral
or downward migration from younger units is un-
likely.

As kerogen is converted into petroleum in
the hydrocarbon maturation process, a part of the
organic-carbon content is consumed and is subse-
quently removed from the bulk rock composition
as the oil is expelled during migration. Geochemi-

cal mass-balance analysis has estimated that this
loss of measurable total organic carbon in over-
mature source rocks can be significant (Cooles and
others, 1986; Daly and Edman, 1987; Leythaeuser
and others, 1988; Rullkotter and others, 1988). Daly
and Edman (1987) estimated that for type I source
rocks, this total organic carbon reduction can be
up to 80 percent. The Eau Claire Formation in the
deeper parts of the Rough Creek Graben has an es-
timated vitrinite-reflectance maturity level of up to
3.5 percent R (Cluff and Byrnes, 1990). Prior to its
(calculated) maturity in the Mississippian, the or-
ganic content of the shales in the Eau Claire Forma-
tion may have been higher. Whether this hypothet-
ical increase in total organic carbon content would
be sufficient to categorize the Eau Claire as a source
rock is unknown. A slightly higher paleo-total or-
ganic carbon level, combined with the extraordi-
nary thicknesses that the Eau Claire achieves in the
graben, may have been adequate for it to produce
oil. It is also possible that organic-rich units of the
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Eau Claire Formation still exist today, but have not
been sampled for total organic carbon analysis.

Owverburden/Burial — The Eau Claire Formation is
buried to depths greater than 2,000 ft across the en-
tire project area. In the Rough Creek Graben, cur-
rent lithostatic pressure and temperature calcula-
tions for the top of the Eau Claire Formation range
from around 170°F at 5,800 psi (near the top of the
oil production window) along the Cincinnati Arch
in Casey County to around 400°F at 17,400 psi in
Union County (well within the dry-gas production
window).

Hydrocarbon Generation/Migration —On the basis
of Lopatin analysis, Cluff and Byrnes (1990) calcu-
lated the current maturation levels at the top of the
Eau Claire Formation to be between 1.2 and 3.5 per-
cent R in the majority of the Rough Creek Gra-
ben (Fig. 22). Because of its age and depositional
environment, the organic content of the Eau Claire
Formation is assumed to be algal (type I) in ori-
gin. According to calculations by Cluff and Byrnes
(1990), the Eau Claire Formation (assuming there
is sufficient organic matter) in the eastern part of
the Rough Creek Graben in Edmondson County
would be near peak-oil generation. To the west,
the Eau Claire in Hopkins and Webster Counties
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Figure 22. Predicted present-day maturity (percent R ) at the
top of the Eau Claire Formation. Modified from American As-
sociation of Petroleum Geologists Memoir 51, © AAPG 1990
(Cluff and Byrnes, 1990, Fig. 25-1); reprinted by permission of
the AAPG whose permission is required for further use.

would be in the dry-gas generation window. The
period of oil generation is calculated to have been
during the Devonian through Permian Periods,
with peak oil generated during the Mississippian
and Pennsylvanian Periods. These calculations
take into account many factors such as changes
in geothermal gradients and sediment loads with
time. The anomalous maturity spike (up to 5 per-
cent R ) centered over Hicks Dome (Fig. 22) results
from estimates of additional heat flow caused from
Permian volcanic intrusions. Numerous variables
with unknown or uncertain values are needed to
complete these analyses. Varying the estimates of
past erosion (removed overburden) or volcanic
heat-source parameters (timing, heat flux, etc.)
could change this modeled pattern of maturity.

A Middle Cambrian Eau Claire-equivalent
unit in the Rome Trough in West Virginia is the
Rogersville Shale. Rock-Eval T__ values of 460 to
477°C (about 1.1 to 1.5 percent R ) have been re-
ported from Rogersville Shale samples (Harris and
others, 2004; Ryder and others, 2005). The values
correspond to the peak-oil to condensate/wet-gas
generation window.

For the Rough Creek Graben Consortium proj-
ect analysis, Rock-Eval T__ values were measured
for all of the Eau Claire samples. Unfortunate-
ly, low S, levels (milligrams of hydrocarbon per
grams of organic carbon) produced erratic results.
The values calculated for the Eau Claire Formation
samples should be disregarded for these data be-
cause of insufficient S, levels to produce accurate
results. The T values calculated for the Maquo-
keta Shale samples appear to be correct (Fig. 23).

Once a source rock has matured to the point
of expelling oil, there must be an open and secure
pathway of porosity and permeability for the hy-
drocarbons to migrate to a trap and accumulate.
Although not quite as permeable as open frac-
tures, active shallow fault zones are far less restric-
tive to fluid flow than intergranular porosity. As
fault zones become inactive and age, vein filling
and mineralization tend to destroy available per-
meability and create a hydrocarbon-sealing fault.
However, if the fault zone remains active, recur-
ring movement along the fault planes in the shal-
low (cataclastic) zone rejuvenates the fracture and
interclast porosity of the gouge zone.
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Figure 23. T__ values versus measured depth for Rough Creek Graben Consortium source-rock samples. T __ data for all Eau

Claire samples are unreliable because of low S, values.

If current Lopatin models are correct, the Eau
Claire Formation would have been maturing (as-
suming sufficient organic material) during three
different organic cycles: the Acadian (Devonian
to Early Mississippian), the Alleghenian, and the
Ouachita Orogenies (Late Mississippian to Perm-
ian). There is a strong probability that any oil near
the heavily reactivated Rough Creek, Shawnee-
town, and Cottage Grove Fault Systems during
this time migrated out of the area through these ac-
tive fault zones. This might help explain the failure
of previous exploration attempts in that part of the
graben. Accumulations of Eau Claire Formation-
sourced hydrocarbons may be possible away from
the northern and western graben-border fault areas
that have undergone so much reactivation. In un-
faulted areas, traditional updip migration through
intergranular porosity would predominate.

Reservoirs—There are three probable reservoir
units for hydrocarbons produced from the Eau
Claire Formation: the Knox Supergroup, the Reel-
foot Arkose, and within the Eau Claire itself. The
thick carbonate section of the Knox Supergroup
overlies the Eau Claire Formation across the entire
project area. Reservoirs in the Knox would primar-
ily be in vugular and fracture-derived porosity
zones. If there are permissible pathways (through
lateral or downward vertical migration), inter-
granular porosity in Reelfoot Arkose sandstone
units could also be reservoirs of Eau Claire hydro-
carbons. Finally, the shale and mudstone units of
the Eau Claire could act as a source rock, whereas
its interbedded limestone members (similar to the
oolite drilled in the No. 1 Turner well) could act
as reservoirs. The largest risk associated with the
Reelfoot Arkose and Eau Claire Formation carbon-
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ates is the preservation of open porosity. These
formations are now present at depths that could
lead to both compaction-derived and vein-filling
porosity-destruction processes.

Trap and Seal—There are numerous potential
structural and stratigraphic traps within and in the
area surrounding the Rough Creek Graben. These
include both primary traps (updip facies changes,
stratigraphic pinch-outs, and units terminating
along fault cuts) and secondary traps (angular un-
conformities following local exhumation or uplift,
and inversion structures related to fault reactiva-
tions).

Potential traps in the Knox Supergroup in-
clude areas where the lower Knox is juxtaposed
against igneous basement rocks along the graben-
bounding fault zones, or in porous zones in the
Knox that lie below tight, low-permeability dolo-
mite layers. Some isolated sands are often found
in the Knox as well, but log responses usually
suggest little open porosity. Because of the strong
but inelastic nature of massive dolostone depos-
its, through-going, near-vertical fractures in the
Knox can be common. These fractures can act as
reservoirs (if properly sealed) or as trap leaks/spill
points if they propagate through the local seal. De-
pending on location and local depositional layer-
ing, the Knox Supergroup can act as a reservoir,
seal, or even as a hydrocarbon migration conduit
(through open fracture systems).

The combination of the argillaceous Dutch-
town and Joachim Formations and the low-porosi-
ty Black River Group carbonates have the potential
of acting as a seal for the underlying Knox Super-
group. These units have the same fracturing ten-
dency as the Knox, but to a lesser extent because of
the lower dolomite content.

Because of the syntectonic deposition of the
Eau Claire Formation and Reelfoot Arkose, indi-
vidual units in this interval tend to both thin toward
and dip away from the graben bounding faults.
This appears to have been the exploration strategy
of the Conoco Rough Creek Graben drilling pro-
gram in the early 1990’s. Also, little is known about
the depositional fabric or porosity content of the
carbonate units in the lower Eau Claire Formation
in the graben, immediately above the top of the
Reelfoot Arkose sandstones. All of the current evi-

dence and published interpretations to date have
not suggested any subaerial exposures during
Eau Claire deposition, implying a lack of karstic
or vugular porosity zones in the lower Eau Claire
carbonates, increasing the possibility that the Eau
Claire could act as a seal for the underlying Reel-
foot Arkose. However, original intergranular po-
rosity was apparently present in the high-energy
ooid shoals in the middle Eau Claire penetrated
in the Conoco No. 1 Turner well, so other oolitic
zones may have been deposited elsewhere as well.
Aslong as fracture or fault zones did not breach the
top of the Eau Claire, the upper shaly units could
act as a vertical seal for the lower units.

Untested Zones of
Higher Potential for

Deep Gas Production

On the basis of the results of this study, the
following areas may justify further investigation in
the search for deep oil and gas production oppor-
tunities in the Rough Creek Graben.

Southern Shelf Edge

The Rough Creek Graben has undergone nu-
merous fault reactivation episodes resulting from
north-south- or northwest-southeast-directed com-
pression. The asymmetric, down-to-the-north half-
graben shape of the Rough Creek Graben could
result in the steep northern border of the graben
acting as a buttress or backstop to these forces. The
faults of the Rough Creek and Shawneetown Fault
Systems in this scenario would be more prone to
deformation and reactivation than those of the Pen-
nyrile and Lewisburg Fault Systems on the south-
ern border of the graben. The mapped patterns of
surface faults in these two areas would seem to
support this interpretation (fewer interweaving
fault segments in the southern fault zones).

An oolitic shoal deposit was encountered
in the lower Eau Claire Formation in the Conoco
No. 1 Turner well in McLean County. Thin-sec-
tion analysis of sidewall cores (Mitchell, 1993)
suggested high original porosity; however, later
mineralization had completely filled all available
porosity space. If a similar shoal existed contempo-
raneously on the southern rim of the Rough Creek
Graben (Fig. 24), this area may well have under-
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Figure 24. Southern shelf region of the Rough Creek Graben. Mapped horizon is the top of the Eau Claire Formation. Interpreted basement fault zones in dark red,

mapped surface faults in white. Contour interval is 100 ft.



Untested Zones of Higher Potential for Deep Gas Production 55

gone a lesser amount of deformation from fault
reactivations. These deposits would also be at a
shallower depth, further limiting porosity destruc-
tion from precipitation of deep, heated, mineral-
rich fluids migrating through the rocks. Because of
the asymmetric shape of the graben, the southern
limb of the broad syncline of Eau Claire deposited
in the graben would also drain a larger area than
the northern limb drains. No carbonate buildups
similar to what is observed near the Turner well
were apparent on the few seismic profiles from this
project that crossed the Pennyrile Fault System or

the Lewisburg faults farther south (although vast
areas along these fault zones have not been seismi-
cally surveyed).

Eastern Limb of the Tolu
Arch/Fluorspar Uplift

This area in eastern Hardin County, Ill., and
northeastern Crittenden County, Ky. (Fig. 25)
shares many of the advantages of the southern
shelf area shoals hypothesized above. The crest of
the Fluorspar Uplift has been heavily faulted and
contains numerous Permian volcanic intrusions,

;

Vi !’7 7

Figure 25. Detail of the Union County depocenter and Fluorspar Uplift areas. Mapped horizon is the top of the Eau Claire Forma-
tion. Interpreted basement fault zones in dark red, mapped surface faults in white. Contour interval is 100 ft.
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both of which increase the risk of leaking and pos-
sibly “overcooking” of hydrocarbons from volca-
nic intrusion-derived heat flow. However, if strati-
graphic or structural traps are on the northeast
limb of this structure in Crittenden and Hardin
Counties that would keep any produced oil from
reaching the shattered crest, this could access ap-
proximately 600 km? of drainage area. Two wells
listed in the Rough Creek Graben Consortium da-
tabase have been drilled in this area away from
faults, and both produced gas from the New Al-
bany Shale (Equitable Resources K10002 Mast, A.,
and the Equitable Resources K10005 Heine Broth-
ers wells). No wells have been drilled in this region
deeper than the Upper Silurian.

Owensboro Graben Spillway

This northeast-southwest-oriented graben
feature in Daviess and Hancock Counties (Fig. 26)
has not been drilled deeper than the upper few feet
of the Maquoketa Shale. Because of its location off
of the main graben trend and situated on the north-
ern shelf area, the strata in the graben may have
been protected from later deformation in a stress
shadow that was isolated from the main Rough
Creek Graben tectonic motions. Because of the re-
gional westward dip, the eastern side may have
unproven hydrocarbon potential. The Eau Claire
in this graben is fairly thin and so is less attractive
as a local source rock (less than 1,000 ft thick, com-

pared to more than 5,500 ft thick across the Rough
Creek Fault Zone in McLean County). The Maquo-
keta Shale, however, has a slightly increased thick-
ness across the graben (Sebree Trough) and might
act as a local source rock.

Slope-to-Flat Transition
Zone in Hart County

The top of Precambrian basement in south-
ern Edmonton and Hart Counties changes from a
steeply westward-dipping surface to a more flat
geometry to the east along the axis of the Rough
Creek Graben (Fig. 27). Along this same area, the
Reelfoot Arkose pinches out to the east between
the Precambrian basement and the base of the Eau
Claire Formation. In southern Hart County, the top
of the Reelfoot Arkose is shallower than 10,000 ft,
suggesting that there may still be porosity in the
coarse sandstones of the Reelfoot Arkose. This
could have been a hydrocarbon migration path-
way, if there are source-rock-quality strata in the
Eau Claire Formation in the deeper parts of the
graben to the west. The shales and lower carbonate
units of the Eau Claire would act as a seal, trapping
any migrated oil in the updip pinch-out of the Reel-
foot Arkose. Carbonate shoal deposits in the lower
Eau Claire may also be present near the basement
slope break in Edmonson County. No wells have
been drilled over the thinning Reelfoot Arkose in
this area deeper than the Knox Supergroup.
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