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Structure of the Salina - Forest City Interbasin Boundary
from Seismic Studies

Don W. Steeples*

ABSTRACT

As petroleum exploration efforts in the Midcontinent become directed toward smaller fields and the search for
minerals is extended into new areas, the edges of the Salina and Forest City basins will become of increased interest
to industry. The principal boundary feature between the two basins is the Nemaha ridge, a linear feature that
extends from near Omaha, Nebraska, to near Oklahoma City, Oklahoma. Recent seismic studies at the Kansas
Geological Survey have revealed a complex array of faulted and folded structures in the vicinity of the Humboldt
fault zone (the eastern flank of the Nemaha ridge). Faulting of both normal and reverse types is present, including
horsts and grabens. Although some Permian age faulting is present, most of the Permian deformation occurred as
monoclinal draping at the flanks of the Nemaha ridge. Recent microearthquake activity suggests that some of the
faults are slightly active along azone 400 kilometers long (north-south) and 50 kilometers wide (east-west) coincident
with the Nemaha ridge from southeastern Nebraska to north-central Oklahoma. Seismic reflection evidence
suggests that either uplift along the Nemaha occurred contemporaneously with Pennsylvanian deposition or uplift
and peneplantation occurred during a period of exposure between the deposition of Mississippian sediments and
Pennsylvanian sediments. Analyses of boundary structures and intrabasin structures are not complete without
knowledge of basement rock history and of basement structure. Microearthquake arrivals and deep reflection data
recently obtained from the Consortium for Continental Reflection Profiling (COCORP) in Kansas reveal
intrabasement structures in the 10 to 35 kilometer depth range. Data from aeromagnetic studies and basement
drilling reveal block faulting patterns and several episodes of Precambrian intrusive and/or extrusive vulcanism.
Much of the data presented in this paper is not yet fully analyzed, but preliminary results suggest that the integrated
geological and geophysical techniques will be ofincreased value to petroleum and minerals exploration and will be of
assistance in expanding the scientific knowledge of the Earth's crust and upper mantle in the Midcontinent.
Specifically, it is hypothesized that petroleum deposits are related to localized heating in the upper crust and are
associated with igneous intrusions and ascension of mantle fluids into the crust probably during Cretaceous time.
This hypothesis is consistent with the existence of known deposits of petroleum.

INTRODUCTION

Kansas has been one of the major oil-producing
areas of the United States for more than 60 years.
The first oil was discovered in 1860, with truly
major production beginning just after discovery of
the El Dorado field in 1915. Figure 1 shows areas
within Kansas that have produced or are produc-
ing oil and/or natural gas, and Figure 2 shows
areas that have produced or could produce coal.
Coal production peaked at about 7 million tons per
year during World War | and then declined grad-
ually until the mid-1970’s when about one-halC
million tons per year were mined (Brady and
others, 1977).

Purpose of Paper

It is my intent to review the underground
resources that have been exploited in Kansas and
examine briefly the geologic framework that has
endowed those underground resources. Recent
geophysical surveys in Kansas have provided
additional detail in terms offine structural analy-
sis on one hand (seismic reflection surveys along
the Nemaha ridge) while producing new regional

*Kansas Geological Survey, Lawrence, Kansas 66045.

insights on the other hand (statewide aeromagnetic
survey, microearthquake recordings, and deep
crustal and upper mantle seismic studies). An
attempt will be made to put the geophysical
surveys into geologic perspective and to suggest
possible future directions for resource exploration
in Kansas, particularly along the interbasin
boundary between the Salina basin and the Forest
City basin.

Known Resources

Cumulative oil production in Kansas through
1980 was approximately 4.9 billion barrels. Peak
production was 124 million barrels in 1956
(DeGolyer and McNaughton, 1978). Production in
1979 was about 57 million barrels (State Corpora-
tion Commission of Kansas, 1979).

Correlation between Figure 1 (oil production
areas) and Figure 3 reveals that major production
has come from areas in the Hugoton embayment of
the Anadarko basin in south-western Kansas and
from the Central Kansas uplift in northwestern
and central Kansas. In southeastern Kansas, the
Pennsylvanian Shoestring Sands (so-called be-
cause of their linear or curvilinear traces) now
provide mostly stripper production rates from
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Fig. 1L Oil and gas fields of Kansas that have produced commercial quantities of hydrocarbons. (From digitized data in Kansas Geological Survey

files).
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Fig. 2. General distribution of strippable coal reserves by geologic group for coals under 100 or less
feet of overburden. (From Brady and others, 1977, with permission).

wells 150 to 300 meters deep. In addition to these
major oil producing areas, gas is produced from
the huge Hugoton field in southwestern Kansas
and from many small shallow Pennsylvanian
fields in eastern Kansas. It is also contempora-
neously produced with oil in many parts of the
state.

The Salina and Forest City basins have been
very disappointing in terms of hydrocarbon pro-
duction. Ifthere were no production at all in these
basins, it would be rather simple to merely write
them off as possible hydrocarbon provinces and
look elsewhere. The problem is that just enough
oil has been found to tease explorationists into
looking for more. This area will be discussed in
more detail in the section on Exploration Progno-
sis.

The coal resources of Kansas lie primarily
within Pennsylvanian units. The areas that have
been or could reasonably be exploited are depicted
in Figure 2. Coal seams found in Kansas are
typically less than one meter thick. Some very
minor coal (or lignite) deposits have been mined
from units of Cretaceous age in central Kansas.
Most of the coal in Kansas has a medium to high
sulfur content (commonly three to five percent
sulfur). For a comprehensive discussion of Kansas
coal, see Brady and others (1977).

In addition to the energy resources mentioned
above, the Tri-State Lead-Zinc district extends
into southeastern Kansas, where it has been
exploited primarily in Cherokee County with both
surface and underground mining. Indeed, the
mining town of Galena, Kansas, takes its name
from the mineral concentrations beneath it.
Acknowledgments. - Assistance and information
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Fig. 3. Upper Paleozoic structural features in the
Midcontinent. Uplifts: 1 Cambridge, 2 Central Kansas,
3 Nemaha, 4 Bourbon, 5 Las Animas; Basins: aHugoton,
b Cherokee, c Forest City, d Salina, e Denver. (Modified
from Snyder, 1968).

GEOLOGIC FRAMEWORK

Within the past 20 years, the earth science
community has recognized that movement of ma-
terial in the mantle is necessary for the forma-
tion of sedimentary basins. Geosynclines do not
primarily form by the change of mineral phases to
denser forms caused by pressure from deep burial.
The movement of material in the mantle is evi-
denced by deep earthquakes, mantle hot spot
traces, such as Hawaii and Yellowstone, intrusion
of mafic and ultramafic rocks containing high
pressure mineral phases, and by the subduction of
tectonic plates at oceanic trenches. Geosynclines
and large basins are formed as responses to
large-scale tectonic deformation of the crust and
upper mantle. In order to comprehend basin for-
mation and structure fully, then, one must begin
to examine the structure of the crystalline crust
and upper mantle on the one hand and continue to
examine eustatic changes in sea level and sedi-
mentary processes on the other.

Kansas is part of the Central Stable Region
(Snyder, 1968). In addition to the basins shown in
Figure 3, several major geologic structures are
present in the vicinity of the Salina and Forest
City basins as shown in Figure 4. The Nemaha
ridge is a buried Precambrian uplift of mostly
cataclastically deformed granitic rocks (Bickford
and others, 1979) that extends from near Omabha,
Nebraska, to near Oklahoma City, Oklahoma, and
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forms the division between the Salina and Forest
City basins. The sedimentary rocks of the Nemaha
anticline are draped over the buried ridge, as
discussed in detail in this paper in the section on
Seismic Reflection Studies. The ridge presence
has been known since the early 1900’s as a result
ofdrilling (Moore and Haynes, 1917). The Central
Kansas uplift forms the southern and western
boundary of the Salina basin and is similar to the
Nemaha ridge in age and structural importance.

More recently, the Midcontinent geophysical
anomaly (MGA) (Fig. 4) has been recognized as a
representation ofan important Precambrian struc-
tural feature in the Central Stable Region. The
MGA extends from the Lake Superior, Minnesota,
region southwest-ward to central Kansas and
probably Oklahoma (King and Zietz, 1971; Chase
and Gilmer, 1973). Yarger (1980, personal com-
munication), who has performed second vertical
derivative calculations on his aeromagnetic data
for Kansas, compiled a second vertical derivative
map, which shows quite clearly that the MGA
continues southwestward into Oklahoma, proba-
bly as mafic dikes intruded parallel to the general
strike of the northern Kansas section of the MGA.
The MGA marks athick sequence of mafic igneous
rocks emplaced within a zone of major late
Precambrian rifting (Ocola and Meyer, 1973). The
structure is bounded by faults at the surface in the
Lake Superior region, and similar bounding faults
are inferred from geophysical data in the area to
the south, where the structure is deeply buried
below younger sedimentary rocks (King and Zietz,
1971).

There are surface structures associated with the
MGA in the Manhattan area. The Abilene anti-
cline (Jewett, 1941) parallels its southeast flank
(Fig. 4), and the Upper Cretaceous Riley County
kimberlite intrusive rocks (Fig. 19) (Brookins,
1970) lie along the same structural trend.
Chelikowsky (1972) believed the locations of
kimberlitic emplacement are controlled by or
related to right lateral strike-slip movement on a
buried fault along the east flank of the Abilene
anticline. The direction of movement is inferred
from the rotation of rock joints in the area of the
possible fault.

The relation ofthe kimberlites to this strike-slip
hypothesis is in doubt, because the long axis of the
intrusions is oriented northwest-southeast, per-
pendicular to the axis of the Abilene anticline
(Cook, 1955). This indicates that the direction of
least horizontal compressive stress was perpen-
dicular to the Abilene anticline at the time the
kimberlites were emplaced, a condition incompat-
ible with strike-slip parallel to the Abilene anti-
cline. The fact that directions of elongation of the
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Fig. 4. Structural features in the basement around the
boundaries of the Salina and Forest City basins. The
numbers 1 through 4 denote Kansas Geological Survey
drilling locations for holes where geothermal gradients
were measured.

kimberlite bodies are identical suggests that all
emplacements occurred under similar tectonic
stress conditions, possibly contemporaneously.

Unconformities and Structural
Development of the Basins

There are four major pre-Mesozoic unconform-
ities and five major structural events in both the
Salina and Forest City basins.

Precambrian erosional surface. - In the Salina
basin, the crystalline basement contact is with
either the Arbuckle Dolomite or the Lamotte
Sandstone (also called Reagan Sandstone to the
south and west, or simply “granite wash”). In the
Forest City basin, the contact is with either the
Lamotte Sandstone or the Bonneterre Dolomite.
Contact with the Precambrian on top of the
Nemaha ridge is generally made by Missourian
rocks.

After deposition of the Arbuckle, the Arbuckle
was deformed and in some places eroded, provid-
ing abeveled depositional surface for the St. Peter
Sandstone. The southeast Nebraska arch was
uplifted during this deformational episode that
spatially corresponded roughly with the location
of the northern end of the Nemaha ridge.

Mid-Ordovician unconformity. - In the Salina

59

basin, the unconformity is between the Arbuckle
Dolomite and the younger St. Peter Sandstone
member of the Simpson Group. In the Forest City
basin, the unconformity is between the undiffer-
entiated Jefferson City Dolomite and the younger
St. Peter Sandstone member ofthe Simpson Group.

Between the deposition of the Ordovician St.
Peter Sandstone and the later deposition of
Mississippian units, deformation followed quite a
different scheme than that which took place after
the Cambrian. What had been the southeast
Nebraska arch was downwarped as much as 350
meters to become part of the North Kansas basin.
Also, during this time, the initial development of
the ancestral Central Kansas uplift occurred.

Unconformity between the Silurian and De-
vonian Systems in Kansas. - The units in contact
vary from place to place, but a major unconformity
is present throughout both basins. Beginning in
Early Mississippian and continuing into Late
Mississippian, the Nemaha ridge was uplifted,
giving rise to the development of the Forest City
and Salina basins (Fig. 5). Deformation and uplift
continued at a much slower rate through Penn-
sylvanian and the first halfof Permian. Renewed
movement on the Central Kansas uplift to the
west coincided with the uplift of the Nemaha.

Unconformity developed at the base of the
Pennsylvanian System. - This isprobably the most
distinctive and important unconformity in both
basins; it defines the main structural elements
shown in Figure 4, because uplift occurred in Late
Mississippian-Early Pennsylvanian in both ba-
sins. The unconformity overlying and flanking the
structural uplifts brings basal Pennsylvanian units
directly into contact with rocks older than Mis-
sissippian but younger than Precambrian. Along
the axis of the Nemaha ridge and the Central
Kansas uplift, Pennsylvanian units lie directly on
the Precambrian surface. Subsequent structural
events in much of eastern Kansas have been
obscured by erosion so there is little record ofthem
between Late Permian time and the Early
Pleistocene.

Post-Cretaceous deformation. - In the Salina
basin, evidence of post-Cretaceous deformation is
shown by the gentle northwestward dip of the
Dakota Sandstone. The late Paleozoic rocks dip
gently (generally a small fraction of a degree) to
the west or northwest in the Forest City basin and
west and southwest in the Salina basin. This
attitude is a reflection ofgeneral westward tilting
maintained since these rocks were deposited.

Deep Crust and Upper Mantle

The deep crust and upper mantle in the Mid-
continent have, in the absence of sufficient geo-

UMR Journal, No. 3 (December 1982)
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Fig. 5. Cross section from north-central Kansas to southwestern lowa. (Modified from Wells, 1971)
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Fig. 6. Crustal and upper mantle cross section approximately along B-B’. Basalt in the upper crust is from the

modeling of Yarger (1980). (From Hahn, 1980).

physical data, generally been assumed to be sim-
ple homogeneous media devoid of intrabasement
structure. Although data-gathering and analyses
are very preliminary, geophysical evidence is be-
gining to suggest that heterogeneities are present
in the deep crust and upper mantle beneath much
of Kansas.

In a preliminary analysis of a deep crustal
seismic refraction profile extending from north-
central Kansas to eastern Colorado, Steeples (1976)
found that the crust-mantle interface (Moho) dips
aboutone degree to the west. The interpretation of
dip on the Moho is supported by an observed linear
gravity gradient of 0.25 milligal per kilometer
(gravity increasing to the east) parallel to the line
of the refraction profile. The result of simulta-
neous interpretation ofthe seismic refraction data
and the gravity data is that the crust thins by
about 10 km. from about 45-48 km in eastern
Colorado to about 34-38 km in north-central
Kansas. The crustal model interpretation derived
from the refraction and gravity data is supported
by travel times of microearthquake P-waves that
travel eastward from southwestern Nebraska to
northeastern Kansas and westward from south-
western Nebraska to near Denver, Colorado.

A recent study of earthquake P-wave arrivals in
Kansas from events in South and Central America
and Alaska and Japan (Hahn, 1980; Hahn and
Steeples, 1980) suggests that a body of material in
the mantle that has a lower than normal seismic
P-wave velocity is present in northeastern Kan-
sas. Figure 6 shows a schematic cross section of

this low velocity body as deduced by Hahn (1980).
Figure 7 is a Bouguer gravity map of the general
area. Although the interpretation in Figure 6
assumes that the low velocity body is genetically
related to the MGA, there may be other alterna-
tive explanations that do not relate to the forma-
tion of the MGA.

However, Lui (1981) has shown that micro-
earthquake waves arriving in eastern Kansas
from southwestern Nebraska along the top of the
mantle are delayed as they cross the MGA sug-
gesting that low velocity material is present at the
top of the mantle within the MGA. Hahn and Lui
reached their conclusions entirely independently
of one another, so there is little question that low
velocity body is present in the upper mantle
beneath the MGA.

Preliminary interpretation by me of unpub-
lished data from the deep crustal reflection survey
in Atchison and Jackson counties, Kansas, reveals
reflectors in the deep crystalline basement at
times of 4 to 6 seconds and 8 to 10 seconds,
corresponding to depth ofabout 12to 15 km and 25
to 35 respectively. These data were gathered by the
Consortium for Continental Reflection Profiling
(COCORP) as part of the initial phase of a set of
spatially continuous deep crustal reflection sur-
veys between Atchison County and Cloud County,
Kansas. When this survey is completed in two or
three years, significant new data will be available
to help answer detailed structural questions about
the Nemaha ridge and the MGA.

UMR Journal, No. 3 (December 1982)
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Fig. 7. Bouguer gravity map with 10 mgal contours modified from Yarger and others 1980. Seismograph stations
are designated by three letter names. Line B-B’ is approximately the line of section shown on Fig. 6. (From Hahn,

1980).

SEISMIC REFLECTION STUDIES

The seismic reflection method is currently the
best method of determining geological profiles
along vertical planes in the earth without exten-
sive drilling. For a very readable, non-mathe-
matical description of exploration seismic tech-
niques, the reader is referred to Cofeen (1978). For
a more technical discussion, Dobrin (1976) or
Payton (1977) are excellent. Only a very basic
discussion is presented here so that the reader will
be familiar with what information the seismic
record sections can convey. The records were
obtained from echoes of sound energy that pene-
trated from a controlled source on the earth’s
surface downward to rock-layer interfaces and
back to the surface. At the surface, the sounds
were detected by low-frequency geophones and
recorded on digital computer tape in a recording
truck. Data were arranged and enhanced for
display by modern digital signal processing tech-
niques (see, for example, Robinson and Treitel,
1980). The index map (Fig. 8) and the data are
displayed in standard seismic record-section for-
mat (Figs. 9 through 12 and Fig. 14).

For the reader who may not be experienced in
the interpretation of seismic record sections, a
brief explanation follows. One simple way to
regard such sections is to think of them as
“pseudo-roadcut”. In other words, when one looks
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at a record section, it is analogous to going to the
field and looking at rocks in cross section in a road
cut. In the case ofthe record sections in this paper
(Figs. 9 through 12 and Fig. 14), the “pseudo-
roadcut” analogy involves a road cut a few miles
long and 2,500 to 5,000 feet deep. High amplitude
positive reflections are enhanced with the data
plotting system by blackening the peaks. This
results in the tops of limestones and dolomites
being represented by black bands in much of the
section (Viola, Mississippian, Lansing, for exam-
ple). Whether the top of a particular rock unit is
represented by a rightward (positive) reflection
kick blackened on the records or by a leftward
(negative) reflection kick not blackened on the
records is determined by the density and velocity
(i.e., acoustic impedance) of that particular rock
unit relative to the rock unit above it.

With the above explanation in mind, interpreta-
tion then becomes a matter oftracing out continu-
ous blackened peaks that represent geologically
significant units (in this case limestones). Judging
what is a geologically significant reflection is
somethingofan artbest learned by experience. On
some record sections, however, itis not difficult for
an inexperienced interpreter to detect faults or
changes in dip by using the “pseudo-roadcut”
analogy. Let us use the roadcut imagination tech-
nique to interpret the seismic record sections in
this paper.
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Record Sections from East-Central
Nemaha County

Figures 8 and 13 show the general location in
eastcentral Nemaha County of seismic profiles A,
B, C, Dshownon Figures 9through 12. Also shown
on Figure 8 are the traces and directions of throw
of faults interpreted from the seismic profiles.
These data were gathered by a Vibroseis* crew
and have been processed by modern computer
techniques prior to plotting in road-cut type record
sections.

All ofthe record sections are accompanied by my
interpretation of their more obvious features. The
attachment of formation names to particular re-
flectors was made possible by the use of synthetic
seismograms calculated by Stander (1981) for his
thesis. The synthetic seismograms were gener-
ated from geophysical logs atthe Edelman #1 well
in Nemaha County, Kansas, and they show what a
theoretical reflection seismogram should look like,
given the physical parameters of rocks as mea-
sured in the borehole. Visual correlation was
made between the theoretical reflection seismo-
grams where formation names were known and
the observed seismograms of Figures 9 through 12
where formation names were unknown.

There are several features that permeate all
four of the profiles: 1) The Viola proves to be a
good marker bed, because it consistently produces
a strong positive (blackened) reflection wavelet. 2)
There are one or more faults along each profile. 3)
For the most part, Pennsylvanian sediments are
draped rather than faulted over the top of the
Nemaha ridge. 4) A graben is present on all but
the C profile. The graben is shown near the middle
of the index map on Figure 8.

Pertinent features of the four profiles are dis-
cussed individually in the following paragraphs:

Profile A (Fig. 9A) shows the previously men-
tioned graben better than any other profile. The
Viola shows agenerally eastward dip of about five
degrees along the length of the profile. The Hum-
boldt fault does not seem to be present on this
record section.

Profile B (Fig. 10A) is very instructive with
respect to deformation of the Nemaha during
Pennsylvanian time. Note in particular that as
one progresses from east to west, the time between
the Lansing reflection and the reflection from the
top of the Mississippian decreases by about 60
msec. This implies thinning of the rock section by
roughly 100 meters between the top of the
Mississippian and the Lansing. There are three
ways for this thinning to have occurred:

‘ Registered Trade Mark, Continental Oil Company
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R13E R14E

Fig. 8. Index map for seismic lines A, B, C, D of Figures
9 through 12 with traces of major faults shown. Location
is in east-central Nemaha County, Kansas, along east
flank of Nemaha ridge.

1. The intervening units were deposited, uplifted,
then partially eroded prior to the deposition of
the Lansing. This implies erosional unconfor-
mity or unconformities within the section be-
tween the Lansing and the top of the Missis-
sippian.

2. Uplift occurred either continuously or sporadi-
cally during deposition of the intervening units
between the Lansing and the Mississippian.

3. Uplift occurred prior to deposition of interven-
ing units but not early enough for the top of the
Mississippian to be flattened by erosion.
| prefer a combination of the second and third

possibilities, because there does not appear to be

evidence ofa major erosional unconformity during
the Pennsylvanian. For the third possibility to be

valid, uplift would have to be concentrated in a

very short time period just prior to the beginning

of Pennsylvanian deposition. There is apparently
anearly flat-lying layer resting unconformably on
the top of the Mississippian at a depth of about

1,900 feet starting one and one-quarter miles west

and ending one and one-halfmiles west ofthe east

end of profile B. This certainly implies onlapping
beds, if not deposition of sandy or cherty gravel
from nearby from the top ofthe Late Mississippian
or Early Pennsylvanian Nemaha ridge to the
west. The lack of similar onlapping layers in other
areas ofthe four profiles suggests uplift contempo-

UMR Journal, No. 3 (December 1982)
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Fig. 9A. Seismic record section of line A, Figure 8.

West
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raneously with deposition of Pennsylvanian sedi-
ments. Continuous or sporadic uplift during the
Pennsylvanian is also suspected because of the
draped Pennsylvanian sediments over the Nemaha
ridge that do not display extensive faulting. There
are also channel sands in the Pennsylvanian
section in the Nemaha-Pottawatomie County area
(locally known as Indian Cave Sandstone) that
may represent outwash from the Nemaha ridge.

Another significant area can to noted near the
center of profile B at adepth of 2,500 to 3,000 feet.
Note that three continuous black reflectors at a
depth of 3,000 to 3,300 feet at the east end can be
followed westward to near the center of the profile

UMR Journal, No. 3 (December 1982)

East

at which point the continuation only contains two
black reflectors. There is obviously a fault at that
location. It is impossible without either drill
evidence (preferably) or additional seismic profil-
ing to tell which of the three reflectors was not
deposited or, alternatively, was eroded away. It is
also impossible to tell which side of the fault
moved up and which side moved down. If one
chooses to match the bottom reflector, the west
side apparently moved up. On the other hand, if
one chooses to match the top two reflectors, the
west side moved down. The presence of the graben
on two other profiles and its location on Figure 8
would suggest downward movement to the west.
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Fig. 10A. Seismic record section of line B, Figure 8.

West

East

Fig. 10B. Interpretation of record section of Figure 10A. The fault at the center of this figure is of indeterminant
direction of movement. Note that the three prominent basal reflectors at the east end of the line are reduced to two

reflectors west of the indeterminant fault.

The arrow on Figure 10B for this particular fault
should be viewed with suspicion and, in fact, is
inconsistent with the direction of movement im-
plied by the graben. (The presence ofthe graben is
not in question.) The inconsistent direction of the
arrow is a reminder of the questionable interpre-
tation.

Profile C (Fig. 11A) shows the existence of a
nearly vertical fault with a throw exceeding 1,500
feet. This is a beautiful example of lower Paleozoic
sediments truncating abruptly against the Pre-
cambrian granite ofthe Nemaha ridge. The inter-

pretation shown suggests reverse faulting, al-
though it is possible that avertical brecciated zone
is present in the vicinity of the fault rather than a
true reverse fault. It would be difficult to try to
interpret this fault as anything other than high-
angle reverse or vertical. Again, we see draping of
the Pennsylvanian sediments over the granite in
the Nemaha ridge.

Profile D (Fig. 12A) shows the graben very
clearly as well as the draping of the Pennsylvanian
units over the top of the Nemaha ridge. Again, a
substantial throw of more than 1,000 feet is
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present at the edge of the ridge. A small horst is
interpreted to be present about two miles south of
the north end of this profile. There is clearly some
structure in that area, although the horst inter-
pretation is not indisputable.

Record Section from Northern Nemaha County

Figure 13 is an index map for Nemaha County
and for the seismic record section displayed in
Figure 14A. Both figures are from Stander (1981).
These data were gathered by students from the
geophysics program at the University of Kansas
with support and supervision from the Kansas
Geological Survey. The data were recorded with a
MiniSOSIE* recording system, a technique that
adds together signals from 1,000 or more impacts
from an engine-driven earth compactor. The en-
ergy input to the ground was sufficient to detect
reflections from 400 msec representing penetra-
tion to depths of about 2,000 feet.

Figure 14B shows Stander’s (1981) interpreta-
tion of the seismic data displayed in Figure 14A.
Note that the Pennsylvanian sediments are draped
over the edge of the Nemaha ridge. Note also the
energy penetration was not sufficient to show the
Humboldt fault which runs beneath the western
third of the area represented in Figure 14A.

The interpretation of the line in Figure 13 is
divided into three sections: Forest City basin,
Humboldt fault zone, and Nemaha ridge. In Fig-
ure 14B the shot point locations for lines A and B
are listed along the top of the figure. The interpre-
tation is tied to these shot-point numbers and is
based on discussion by Stander (1981). He pre-
pared synthetic seismograms for the Edelman #1
well at the eastend ofline B and identified specific
units by name by correlation between the syn-
thetic seismograms and the actual seismograms.

Stander identified four principal reflections at
the eastend ofline B: 1) Admire Group at 105 ms,
2) Tecumseh Shale Group at 180 ms, 3) the
Drum-Dennis Limestones at 285 ms, and 4) top of
the Cherokee Group at 375 ms. In addition to these
units, nearly 40 other limestone and shale units
averaging about 15 m in thickness are resolved on
the section. The rock units are nearly flat-lying
between shot points 187 and 35 on line B. A small
monocline with about 12 m of vertical offset is
present between shot points 24 and 35. Looking to
the west of shot point 25 (line B), the rock units are
again flat-lying until one reaches shot point 25 of
line A at the west edge of the basin.

The Humboldt fault zone begins near shot point
25 on line A and ends near shot point 95 on line A.
For the 1.1 km distance between these two shot
points, the rock units above the base of the Kansas
*Trade Mark of SNEA (P), France.

UMR Journal, No. 3 (December 1982)

Don W. Steeples

City Group have an average apparent dip of 11
degrees eastward. At the east side of the fault
zone, between shot points 40 and 50, an apparent
dip of 23 degrees permeates the entire section
cropping out at the surface where DuBois (1978)
measured 19 degrees of dip on Permian rocks in
the Council Grove Group. Westward from shot
point 50, a flat bench is present until one reaches
shot point 55 where an eastward dip of 12 degrees
begins and continues smoothly up to the crest of
the ridge at shot point 95, interrupted only by a
small vertical fault. At the crest of the ridge,
gentle dips are present throughout the section,
and DuBois (1978) measured dips of two degrees
on ledges of the Wakarusa and Reading Lime-
stones.

The small fault interpreted at shot point 68 has
about 7 ms of time offset, corresponding to about
12 m of throw. DuBois (1978) estimated 50 to 75
meters ofthrow in the Permian section, depending
upon the actual dip at depth. Itis entirely possible
that field recording and processing with multi-fold
common depth point (CDP) methods have ob-
scured part of the faulting and explain part ofthis
apparent discrepancy in throw.

There is no question that DuBois made a correct
estimate of the surface trace of the fault, based on
her surface mapping. When members of the Kan-
sas seismic reflection crew were doing some ear-
lier reconnaissance work in the vicinity of the
fault, they discovered a discontinuity of several
meters in the water table while drilling shot holes
within the area where DuBois postulated the fault
trace to be. Closer investigation of the water table
revealed that the fault trace runs north-south just
a few meters west ofthe drainage axis (marked by
a culvert on the road) of a small valley in the
center of DuBois’ postulated area.

To the west of shot point 95 of line A, the
Pennsylvanian rocks lie unconformably on the
granite of the Nemaha ridge. In actuality, the
rocks probably dip slightly to the east at the west
end of line A, but the data processing techniques
probably introduced the gentle apparent west-
ward dip.

Summary of Seismic Reflection Interpretation

In summary, interpretation of lines A and B
reveals one primary zone of displacement perhaps
200 meters wide over the Humboldt fault zone. To
the east and west of the fault zone, the sediments
are relatively undisturbed and flat-lying. There is
no question that post-Permian movement occurred
in the Humboldt fault zone, although the dis-
placement (less than 75 meters) is minor com-
pared to displacement that occurred between the
Late Mississippian and Early Permian.
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Fig. 11A. Seismic record section of line C, Figure 8.
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Fig. 11B. Interpretation of record section of Figure 11A.
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Fig. 12A. Seismic record section of line D, Figure 8
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Fig. 12B. Interpretation of record section of Figure 12A.

The structure associated with the east flank of
the Nemaha anticline is extremely varied and
complex as shown in Figures 8 through 14. I
present here only a very small amount of the
seismic data from surveys that have been per-
formed by industry and the Kansas Geological
Survey. Yet, this small amount of data has in-
dicated grabens, horsts, monoclines, normal and
possibly reverse faulting, and in general a very
revealing insight into the structural diversity
along the west edge of the Forest City basin.

REGIONAL GEOPHYSICAL
INVESTIGATIONS

Although the best tool presently available (ex-
cept for drilling) for site-specific evaluation of
hydrocarbon potential generally is seismic reflec-
tion, other geophysical tools can be extremely
useful in regional evaluations. Other geophysical
studies underway at the Kansas Geological Sur-
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vey include the early stages of the statewide
gravity survey, a geothermal energy evaluation,
microearthquake recording, and the latter stages
of statewide aeromagnetic analyses.

Aeromagnetic Map

The aeromagnetic map (Yarger and others,
1980) (Fig. 15) was produced from eastwest flight
lines spaced two miles apart with north-south tie
lines spaced 20 miles apart. This aeromagnetic
map is a powerful tool in the indirect study of
basement rocks in Kansas. Briefdiscussion of the
more prominent features is included in the follow-
ing paragraphs. Because this map is in a crude
sense an estimate of magnetite content in the
crust, strong magnetic gradients infer either geo-
logic structure or changes in mineral composi-
tion, usually in the crystalline basement. The
map may, therefore, be used to guide exploration
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ofthe basement and often to infer the approximate
trace of faults.

In the northeastern part of the state, several
intense circular magnetic highs are present, and
they are collectively called the Big Springs anom-
aly. They are about 10 miles across and commonly
have positive magnetic signatures of about 1,000
gammas. Holes have been drilled to basement, and
Precambrian age cores have been recovered from
two of these circular anomalies (Steeples and
Bickford, 1981). Bottom-hole cores from both lo-
calities are granites that contain substantial mag-
netite (roughly 2% by weight). The granite from
the Miami County locality is coarse-grained,
whereas the granite from the Douglas County hole
is medium-grained. Both rocks are substantially
younger than the surrounding Precambrian crust,
which is primarily composed of cataclastically
deformed granite approximately 1630 m.y. old
(U/Pb ratios in zircons, Bickford and others, 1979).
The rock in the Miami County core is 1361 £ 6 m.y.
old, and the rock in the Douglas County core is
1339 £ 12 m.y. old, based on U/Pb ratios measured
by Bickford (Steeples and Bickford, 1981). These
two drillholes, together with other samples now
being analyzed by Bickford, suggest a suite of
previously unrecognized igneous intrusions that
occurred in Kansas after most of the present
Precambrian surface had crystallized.

More than adozencircular anomalies are present
with size and shape similar to the two drilled
localities. The intrusion of granitic material at
several or all of these sites is probable, and they
are likely to be favorable localities for deposition
ofore minerals or even the formation ofpetroleum.
This will be discussed more fully in the Explora-
tion Prognosis section. Preliminary analyses of
COCORP data gathered over the top of the one of
these anomalies in Atchison County do not reveal
any significant deep basement structure that is
detectable by seismic methods.

Another prominent feature on the aeromagnetic
map is the MGA, which enters Kansas from the
northeast in Marshall and Washington Counties
and extends southwestward through Clay and
Riley Counties into Saline and Dickinson Coun-
ties. As discussed earlier, the MGA is a rift system
that extends both northeast and southwestward
from the above mentioned counties.

In Sedgwick, Butler, and Greenwood Counties is
a large magnetic low called the Wichita low
(Yarger, 1981). The source ofthe Wichita low is not
yet known, although drill evidence suggests it
must be at a lower elevation than the Precambrian
surface (Bickford and others, 1979). The low could
be caused by reversely magnetized rock, by non-
magnetic intrusions such as anorthosite, or by a
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basin filled with Precambrian sediments and
overlain by volcanic material of Precambrian age.
The second vertical derivative aeromagnetic map
prepared by Yarger (1980, personal communica-
tion) suggests that the Wichita low is part of an
east-west trend oflows that runs all the way across
Kansas and into Colorado and Missouri. Yarger
(1981) has discussed the possibility that this trend
of lows represents an important Precambrian
crustal plate boundary. A series of seismic refrac-
tion and reflection lines run across the Wichita
low in the future could narrow the number of
alternative explanations, although these experi-
ments are not explicitly planned at this writing.

There are numerous circular anomalies in west-
ern Kansas and linear trends that parallel the
Central Kansas uplift. The basement is substan-
tially deeper in western Kansas, and magnetic
signatures are less striking. There is a magnetic
low that trends northwest from Smith County
through Phillips County into Nebraska. It is not
presently known what the feature represents or
how far it extends into Nebraska.

One interesting feature that suggests possible
block faulting in the basement is the trend of
strong magnetic gradient that extends from east-
central Wabaunsee County past the southwest
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Fig. 13. Index map for Figure 14 seismic record section
northeast of Bern, Nemaha County, Kansas.

UMR Journal, No. 3 (December 1982)



(86T 42qwad3Q) € "ON ‘[eusnor HANN

# 1Edelman
1 iW3WjWVW
Sec. 4 Sec. 3 Sec. 2 Sec. 1 R13E RU4E  Sec.
T1S
Sec. 9 Sec. 10 Sec. 11 Sec. 12 1 Sec. 7

Line A Line B

Fig. 14A. High resolution, shallow, seismic record section of the east flank of the Nemaha anticline, 1 mile south of the Nebraska border in Nemaha
County, Kansas. (From Stander, 1981).

T1S

OxX

<0 goog  ToU



Structure of Salina-Forest City Interbasin

71

Fig. 14B. Interpretation of seismic record section of Figure 14A. (From Stander, 1981).

corner of Shawnee County into central Osage
County, where it makes a right angle turn toward
the southwest. This “Osage elbow” then extends
southwestward through Osage County and into
Coffee County, where it dies out against the
northeastern part ofthe Wichita low. This feature
may have some exploration potential as discussed
later.

Yarger (1980, personal communication) has
noted that both the Salina Basin and the Forest
City basin have rather large circular magnetic
highs near their centers. In the Salina basin, a 400
gamma high 60 to 80 km in diameter is present in
Cloud, Mitchell, Jewell, and Republic Counties. In
the Forest City basin, a 600 gamma high 50 to 60
km in diameter is presentin Atchison, Brown, and
Doniphan Counties, possibly extending slightly
into Nebraska and Missouri. It is not presently
known what, if any, structural significance can be
attributed to the magnetic highs near the centers
of the basins.

Gravity Map
The gravity map in Figure 16 is a preliminary
version of a map by Yarger and others (1980) that
does not show gravity station locations. The map
shows the MGA in very conspicuous fashion along

with the gravity lows thatborder the MGA on both
flanks for almost its entire length. As discussed
earlier, the MGA itself is caused by extensive
mafic intrusions. The flanking gravity lows are
caused by the presence of the Precambrian Rice
Formation, a thick section (as much as 10,000 to
15,000 ft.) of elastics whose deposition was associ-
ated with erosional processes during and after the
mayjor rifting episode. The thickness and extent of
the Rice Formation will be more tightly con-
strained by the interpretation of the COCORP
seismic line within the next couple of years.

There is some evidence that the Humboldt fault
zone is related to the very strong gravity gradient
at the Kansas-Nebraska border (40°N latitude)
between 95.9° and 96°W longitude. That particu-
lar high gradient trend swings to the west about
10 km south of the Nebraska border, suggesting
either that the Humboldt fault zone has a branch,
which swings to the west, or that the high gravity
gradient is only indirectly related to the Hum-
boldt fault zone.

There is a gravity low of unknown origin that
extends from about 39.1°N latitude by 94.8°W
longitude to 39.7°N latitude by 96.0°W longitude.
It is noteworthy that the high amplitude aero-
magnetic anomalies (i.e., Big Springs anomaly)
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that were drilled to basement do not have positive
gravity signatures. As mentioned previously, these
anomalies were caused by the unusually high
magnetite content in the granite rather than by a
mafic rock with both high density and high
magnetic susceptibility.

It is expected that a statewide gravity map of
Kansas contoured at one mgal level will be avail-
able by about 1984. That map will be valuable
asset in analyses of basement structure and tec-
tonic features.

Geothermal Gradients

Recent efforts have been made at the Kansas
Geological Survey to evaluate the geothermal
regime within the state. Initial steps have been
taken to construct a geothermal map of Kansas
from oil and gas well geophysical log temperatures
combined with thermal logs run by members of
the Survey and the personnel in Dr. David
Blackwell’'s laboratory at Southern Methodist Uni-
versity. Although the map is not yet complete,
some data are available, which are representative
of typical geothermal gradients.

As part of a hydrological study of the Arbuckle
Formation, the Kansas Geological Survey partici-
pated in the drilling of four holes to the Arbuckle
at locations noted in Figure 4. Preliminary ther-
mal logging has been performed on all four holes
by personnel from Blackwell's laboratory. The
thermal logging equipment was not capable of
reaching the bottom of the holes, so these data
should be considered preliminary pending results
from deeper logging. Samples of core or well-
cuttings have been sent to Blackwell’s laboratory
for thermal conductivity measurements. The fol-
lowing geothermal gradients have been measured
to date in the four holes drilled on this project
(Table 1).

Don W. Steeples

Microearthquake Recording

During the period from 1867 to 1977, there were
at least 25 earthquakes felt that had their epicen-
ters in Kansas (DuBois and Wilson, 1978). These
earthquakes are an indication that some tectonic
features in Kansas are still slightly active. In
order to evaluate present-day tectonic activity
better, a microearthquake earthquake network
was established by the Kansas Geological Survey
in 1977. (A microearthquake is defined as an
earthquake that is too small to be felt by humans.
This is generally a Richter magnitude ofless than
3)

The station locations are shown on the base map
of Kansas (Fig. 17). Microearthquakes that have
been recorded between October 1,1977, and Octo-
ber 1,1980, are plotted on abasement fault map of
Kansas in Figure 18. A total of 58 microearth-
guakes are plotted with magnitudes ranging from
1.3 to 3.3. In general, the locations correspond to
zones of major structural deformation in the base-
ment.

Several microearthquakes have occurred along
the Nemaha ridge during the recording period.
The pattern of epicenters shows that many faults
have experienced slight movements rather than
the earthquakes being confined to a single fault.
These data further support the idea that there is a
zone ofdeformation around the Nemaharidge (the
Humboldt fault zone) and that many faulted
structures are present in the vicinity of the ridge.

Some of the faults of the Central Kansas uplift
also have shown activity during the recording
period. Several of the events clustered just across
the Nebraska border from Decatur and Norton
Counties have been felt with Modified Mercalli
intensities as high as MM V. The area of activity
is coincident with the Sleepy Hollow oil field, the

Table 1
Geothermal Gradients in the Arbuckle Formation

Location

Douglas County 30.3°
Labette County 28.5°
Miami County 36.0°
Salina County 30.7°

Preliminary data from Blackwell indicate an
unusually high rate of radioactive heat genera-
tion, about 11 heat generation units—1 HGU =1
x 10'13 cal/gm/sec —in the core from the Miami
County hole, compared to 5 to 6 HGU for typical
granites. These heat generation data imply the
presence of higher than normal concentrations of
uranium, thorium, and potassium, or at least one
or two of these elements.
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Gradient (C/km)

Depth Logged (meters)
565
520
395
565

largest producing field in Nebraska. It is not yet
clear whether the structures are oriented in a di-
rection and location favorable to present-day tec-
tonic earthquake activity or ifthe earthquakes may
for some reason be induced by secondary oil re-
covery by water-injection. If the water-injection is
causing the earthquakes, then one could ask why
similar injection operations in Kansas do not
induce earthquakes. These questions will not have
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answers until more detailed recording is done
along the Central Kansas uplift to establish reli-
able focal depth and better magnitude versus
frequency of occurrence plots.

Another interesting set of microearthquakes
has occurred in Washington, Republic, and Cloud
Counties. These events are also plotted on Figure
16 to show their genetic relationship to the MGA.
Cole (1976) did not show any basement faults in
this three-county area on the Precambrian base-
ment map of Kansas, but he did show a northeast-
southwest trending anticlinal feature. The com-
bination of microearthquakes and aeromagnetic
and gravity modeling by Yarger (1980) demon-
strate that there are basement faults in this area.

There are also several events plotted in Barber
County. These events, combined with the events
along the MGA and the basement faults between
them, form an apparent linear structural trend
130 to 150 km west of and parallel to the Nemaha
ridge. The genetic relationship of these two struc-
tural trends is not yet clear, but previously men-
tioned aeromagnetic evidence by Yarger (1980,
personal communication) suggests that the west-
ern trend is related to southward extension of the
MGA into Oklahoma.

In summary, the microearthquakes show that
tectonic activity in the Midcontinent continues
today and that most of the major fault-related
structures can be outlined by plotting micro-
earthquake activity for a few years. The trends of
microearthquake activity also define zones in the
basement, where sufficient fault-related perme-
ability might exist to allow the circulation of
fluids from the deep crust. | believe that this may
be an important key to evaluation of mineral and
petroleum potential in relatively unexplored areas
in the Midcontinent.

EXPLORATION PROGNOSIS

In the exploration for both petroleum and other
minerals, there is often a gray area in defining
whether one has discovered a resource or not. In
other words, something might not be considered a
resource at two dollars per barrel (or ton or
whatever), but at $50 per barrel, it might be
considered an attractive resource. As mentioned
earlier, the Salina and Forest City basins have
producedjust enough oil to make industry look for
more. Let us examine some of the possibilities
concerning the presence or lack of presence of oil
in these two basins and what might be done to
search for an increasingly attractive resource.

There appear to be three possibilities to explain
the nonexistence of petroleum resources in the
basins in the geologic present: 1) The resource
has formed at some other place but has not
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migrated to the basins. In other words, the basins
have never had a resource. 2) The resource formed
in the basins, but migrated away horizontally
and/or vertically. 3) The resource has not yet had
the proper physicochemical conditions to form in
the basins even though favorable initial condi-
tions are present.

I will discuss these possibilities for the Salina
and Forest City basins. In addition, | will propose a
new hypothesis to explain the existence of small
petroleum deposits in both basins as follows: The
petroleum was formed locally within the basins
and the formation was controlled by local in-
creases in the geothermal gradient, probably dur-
ing the Cretaceous. This hypothesis also has
ramifications for future exploration for metallic
minerals.

Petroleum Occurrence and Exploration

In a classic paper, Walters (1958) presented
convincing evidence that much of the petroleum in
the central and southern parts of Kansas migrated
northward from a source area in Oklahoma. He
pointed out that if the migration process is slow
enough for oil to segregate by density in structural
traps between repeated episodes of structural
tilting, the high gravity oil would be the first to
spill out from beneath structural traps. This
provides gas accumulations in southern Kansas
with gas-oil combinations in central Kansas and
heavier oils on the southwest flanks ofthe Central
Kansas uplift.

He suggested that the oil never migrated north-
ward into the Salina or Forest City basins. This is
not the total answer for the basins, however,
because some commercial petroleum production
has occurred. Ifthe petroleum never migrated into
the basins, as proposed by Walters, then the above
second and third possibilities must be considered.

Some petroleum has been produced from lower
Paleozoic rocks in the basins, but I am not aware of
evidence suggesting that major petroleum re-
sources formed in either basin and then migrated
away. There is no nearby petroleum province that
has a gas-light, oil-heavy oil progression pointing
back to either basin. However, it is possible that
major amounts of petroleum could have been
totally flushed out and washed away during one of
the erosional episodes of the Paleozoic era. The
basins have never been subjected to the deep
burial that was experienced by the Anadarko
basin in Oklahoma. It is likely that the small
deposits of petroleum found in the early Paleozoic
age rocks in the two basins formed as a result of
locally favorable conditions within the basins
themselves and that part of the oil was lost from
the structures with subsequent tilting events,

UMR Journal, No. 3 (December 1982)



(286T Joqwadaq) € "ON ‘reutnor YN
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because the early and mid-Paleozoic oil-bearing
structures in the Forest City basin are typically
only about 60 percent full to structural closure
(Lynn Watney, 1980, oral communication).

I believe that all of the observed oil production
in the two basins can be explained by the third
possibility. It is well established in the literature
that formation of petroleum deposits requires the
heating of hydrocarbon-bearing sediments for pe-
riods of 10 million to 100 million years, depending
upon the degree of heating and chemical makeup
of the sediments. It is generally thought (for
example, see Tissot and Welte, 1978) that the
majority of petroleum is formed at temperatures of
50° to 70°C, temperatures normally found in the
Midcontinent at depths of 1.0 to 1.5 km.

Many of the early and middle Paleozoic sedi-
ments and most of the late Paleozoic sediments
have probably never experienced burial deep
enough to encounter normal geothermal gradi-
ent temperatures high enough for the formation
of petroleum. However, there are likely to have
been episodes of localized heating in the upper
crust caused by fluid circulation upward from
depths sufficient to provide the necessary heat for
considerable periods of time. This may sound like
a radical suggestion for the Midcontinent and
Central Stable Region, so it is necessary that |
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present some evidence to support the hypothesis of
localized heating.

Most importantly, there is no question that
some sort of thermal event occurred in Kansas
after the deposition of Permian sediments, proba-
bly during the Cretaceous. The Riley County
kimberlites were probably intruded about 100
m.y. ago (Brookins, 1970). Even though kimberlites
are a relatively low temperature type of igneous
intrusion, they establish a path for hot fluids
from the mantle. While the kimberlites them-
selves probably do not bring along sufficient heat
from the mantle to cook large amounts of petrole-
um, no one knows how much hot fluid enters the
crust during the few million years following
kimberlite intrusion. The intrusion of kimberlites
implies high fluid pressures for a period of time in
the mantle prior to the actual intrusion. For a
period of time after the intrusion, fluid flow must
occur within the mantle to reestablish equilibri-
um. This allows for fluid penetration into the crust
for some indeterminate length of time following
initial intrusion.

Kimberlite swarms world-wide typically occur
as groups of dozens of intrusions rather than as a
small group like the six known occurrences in
Riley County. This suggests that there may be
many more kimberlites in the north-central and
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northeastern parts of Kansas that have not yet
been discovered. There is potentially a large
amount of heat in isolated localities that could
have come into the upper crust episodically during
the Cretaceous.

Further evidence of a thermal event in Kansas
during Cretaceous time comes from two sources.
The Rose dome in Woodson County has an occur-
rence of Precambrian granite intruded into
Pennsylvanian sediments, indicating high pres-
sure intrusion in the solid state. The nearby Hills
Pond peridotite, which is intruded into the same
sediments, again represents mantle-type material
that is intruded into the upper crust. These events
are also thought to be Cretaceous in age (Zartman
and others, 1967).

Possible indirect evidence for a larger thermal
event in the area of the basin comes from a
proposed mantle hot spot that traced west to east
across North America (Crough and others, 1980).
They proposed that most, if not all of the world’s
kimberlites are related to the passage of the
emplacement area over the top of a mantle plume
(hot spot). They believe that the kimberlites in
North America get generally younger to the east
because of the westward passage of the continent
over the top of a hot spot or plume (Morgan, 1972)
that is fixed in place in the deep mantle. The
proposed hot spot is now beneath the Bermuda
area in the Atlantic ocean.

The passage of a mantle spot beneath eastern
Kansas would have taken the order of ten million
years, depending upon the effective diameter of
the hot spot and the tectonic velocity of the North
American continent relative to the hot spot. While
the Riley county kimberlites are direct concrete
evidence of the thermal event, the proposed hot
spot track should be considered as intriguing but
tentative evidence at this point.

The hydrocarbons of the basins have been stud-
ied in a very preliminary manner by A. C. Cook,
who examined vitrinite reflectance of some well
samples in the two basins as well as in other parts
of Kansas. The oil generation zone for vitrinite
reflectance is commonly thought to be 0.5 to 1.0
percent, although some oil has been found in both
Germany and Australia where vitrinite reflec-
tances as high as 1.3 percent were present in rock
samples. Cook had samples from limited vertical
extent of the rock section, so no indication of
vertical rank is available. The following quote
sums up the preliminary work of Cook (1977):
“From preliminary information obtained on
vitrinite reflectivity, it appears probable that a
large part of the Pennsylvanian succession in
northeast Kansas is too immature for oil to have
been generated.”
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Again, we come back to the fact that some oil
has been generated and produced in the two
basins. | have proposed above that localized heat-
ing during a Cretaceous thermal event formed
some small deposits of petroleum. Let us look at
the ramifications of this proposed explanation in
terms of future oil exploration.

Exploration Strategy

To some degree, the hypothesis set forth in the
previous section is testable in practice. It suggests
that oil should be found in or near localities where
permeability (or at least fractured rock) exists in
the crystalline basement, providing pathways to-
ward the surface for fluids from the crust and
upper mantle. We should then expect to find oil
associated with kimberlites and/or major fault
zones, at least in the general sense.

That is, infact, exactly the case as can be seen on
the oil field map of Figure 1. There are several
small fields in southeastern Clay County within
15 km of the known kimberlites of Riley County
(shown in Figure 19). The boundary faults of the
MGA are also in the same vicinity (Yarger, 1980).
The oil fields of Nemaha, Brown, Pottawatomie,
Jackson, and Wabaunsee Counties are all located
within 15 km of the Humboldt fault zone. The
pattern of microearthquakes (Fig. 18) certainly
shows that faults are present that have not yet
been mapped. Also, the seismic record sections in
Figures 9 through 12 show that there is plenty of
complex structure present, rather than a single
Humboldt fault. The microearthquake data sug-
gest that a zone ofdeformation 40 or 50 km wide is
present along the east flank ofthe Nemaha ridge. |
propose that faults in this whole zone of deforma-
tion have the potential to have assisted in the
movement of hot fluids to the surface, possibly
producing isolated deposits of petroleum.

Some sizeable oil fields are present in central
and south-central Salina County. These oil fields
exactly overlie strong aeromagnetic gradients
(compare Figs. 1 and 15). These strong gradients
are in the area where the boundary faults of the
MGA penetrate deeply into the basement. Fur-
thermore, the north-northeastwardly trending
“grain” ofthe oil fields extending from Harper and
Barber Counties points northeastward to Salina
and Clay Counties. The second vertical derivative
of the aeromagnetic map (Yarger, 1980, personal
communication) shows grain direction identical to
the oil fields.

With these observations in mind, | propose the
following general locations as possibly favorable
for petroleum accumulation:
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Fig. 18. Microearthquakes and faults located by Kansas Geological Survey between December, 1977, and October
1980. Riley County kimberlites shown by stars. (Thousand foot structural contours on basement and faults after

Cole, 1976).

1. Around the flanks of the Nemaha ridge, par-
ticularly where structural closure is found
within a few kilometers of basement faults.

2. Around the flanks of the MGA, again in the
vicinity of the faults and where closure may be
indicated.

3. In other areas where faults are indicated by
strong aeromagnetic gradients. One place in
particular that fits in this category is the
“Osage elbow” and its extensions to the north-
west and southwest. The extension to the
southwest is exactly on line with and parallel
to the shoestring sand deposit that is shown
extending from north-central Greenwood
County southwestward to south-central Butler
County. It is possible that the “Osage elbow”
represents a major basement unconformity
that may have a pathway for hot fluids and
potential for Pennsylvanian shoestring devel-
opment or structural traps. Block faulting
during the Pennsylvanian may have created
reefs or sand bars along the boundaries of the
“Osage elbow”.

4. The circular magnetic anomalies such as the
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Big Springs anomaly may be attractive explora-
tion targets. The favorable exploration sites
would be expected to be around the periphery of
the circular anomalies, because fluids could
come up along boundary contacts between the
intrusions and older basement rocks.

At the present time, the extent and importance
of the Cretaceous thermal event is unknown.
Modern geothermal gradient data suggest a rather
uniform temperature field in the upper crust in
Kansas. The time required to reach thermal
equilibrium after the end of the Cretaceous ther-
mal event is of the order of about 10 million years,
and present-day tectonic activity is minor, so the
relatively uniform thermal conditions are not
surprising. However, the areal extent of thermal
disturbance during the Cretaceous is unknown. It
may be limited to a very small area around the
kimberlites, in which case the ideas presented in
this section are suspect, or if Crough and others
(1980) are correct, the thermal event could have
major importance on exploration strategy in lowa,
Nebraska, and Missouri. In the latter case, struc-
tural closures near basement faults could be
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desirable exploration targets within the Salina
basin and the Forest City basin, rather than just
along the boundary between them.

The implementation of the strategy proposed
here would best be done by evaluation of aero-
magnetic and gravity data to select sites for high
resolution seismic reflection surveying similar to
those for which the results are shown in Figure 14.
All of this must be tied to existing drill informa-
tion and in the final analysis to new drill informa-
tion. From a more scientific viewpoint, it would be
possible to detect the presence of mantle or deep
crustal fluids geochemically by isotope ratios of H
and O and by higher than normal concentrations
of Si02, Cl, B, Na, K, Li, Rb, Cs, and As (White,
1973; Fournier, 1973; Fournier and Truesdell,
1972).

Metallic Minerals Exploration

It has been known for many years that ore
deposits often represent the end product ofupwell-
ing of geothermal fluids. One of the common
present-day geothermal exploration strategies pre-
sumes that upwelling of ore-bearing geothermal
fluids occurs in basement fault zones. These fault
zones are detected by such geophysical means as
gravity and magnetic surveys and the recording of
microearthquakes. Because ore deposits represent
“fossil geothermal areas”, it is logical to carry the
geothermal exploration strategy one step farther
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and to prospect for the original basement fault
zones that controlled depositional locations of
minerals. Again, one comes back to the discussion
concerning the possible importance ofthe thermal
eventofthe Cretaceous and to the question ofwhat
defines a resource.

At present, there are no base-metal mines
operating in Kansas. In the past, cadmium and
germanium were produced as by-products of lead-
zincproduction inthe Tri-State district (Berendsen,
1975). The westward dipping strata in that district
probably hold additional mineable resources of
lead, zinc and other by-product metals. In addi-
tion, drilling for petroleum has occasionally pro-
duced cuttings containing lead and zinc mineral-
ization in several counties outside the Tri-State
district (Evans, 1962). Copper mineralization is
known to exist in several places in the state in
Permian rocks, although no copper has ever been
commercially produced (Waugh and Brady, 1974).

Although the potential for many other minerals
is relatively unknown, it is reasonable that if one
could strip off all of the sedimentary cover from
the state of Kansas, the basement would contain
mineral diversity roughly equivalent to that ofthe
Front Range ofthe Rocky Mountains. In effect, the
only way we can sample the basement is by
drilling, so deepening of petroleum exploration
holes into the Precambrian is a very desirable
objective from a mineral exploration viewpoint.
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