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ABSTRACT
Over 27,000 gravity stations were occupied throughout eastern and
northwestern Kansas in this regional gravity survey. These gravity
data were reduced using standard methods and some new quality
control procedures. The resultant Bouguer gravity values were
gridded and a map, contoured at a 1 mgal interval, was produced.
Interpretation and data enhancement techniques such as trend surface
analysis, spectral filtering, synthetic illumination, and computer
forward modeling were applied to the data. Isostatic correction and
cambined analysis of gravity and magnetic data using Poisson's
theorem were also carried out. The Midcontinent Geophysical Ancmaly
(MGA) in central Kansas clearly extends to at least the Oklahoma
border and is underlain by a thimned crust and lithosphere. The
abrupt decrease in amplitude, going from north to south, of the mid-
continent gravity high in central Kansas is due to the more ductiie
character of the lithosphere in southern Kansas. The upper crust in
eastern Kansas is anamalously thick giving rise to a broad negative
isostatic and free-air ancmaly. The correlation coefficients and
derived magnetization to density contrasts for short wavelength
gravity and magnetic ancmalies show that the shallow basement rocks
in northern and southern Xansas are quite distinct, which
corresponds to the different basement age terranes. Analysis of long
wavelength anamalies suggests an almost hamogeneous crust at depth
with no distinct age terranes. Many other local anomalies are

identified and discussed.




CHAPTER ONE

INTRODUCTION

PURPOSE

The Kansas Geological Survey (KGS) has been conducting a
regional gravity survey of the state for the past few years. This
new gravity data supplements the Kansas regional aeromagnetic data
and yields more information on the geology, crustal structure and
early geologic history of the state.

Almost all of the surficial rocks found in Kansas are
Phanerozoic sedimentary rocks. Underneath this thin layer (170 to
3300 meters) of younger sediments is the Precambrian basement, which
is made up of predominantly igneous intrusives and clastic
sediments. A regional gravity survey is sensitive to lateral density
contrasts caused by structures and different rock types within the
basement. The overlying sediments are in essence 'transparent' to
the gravity field because of the following reasons. The sediments
were generally deposited on a near-horizontal surface resulting in
strata with little lateral density contrast. Within each stratum,
the density is nearly uniform because the type of sedimentary
deposition is largely influenced by the prevalent geologic
enviromment. For contemporanecus sediments of the same type, the
density is almost the same. This layer cake condition is sometimes
perturbed by post-deposition crustal movement. It results in two
sources of lateral density contrast, which are the sediment/sediment

and sediment/basement contrasts. Because the density contrast




between the basement rocks and the sediments is usually larger than
that between two different kinds of sediments, the resulting gravity
anamaly caused by crustal movement can be attributed almost entirely
to the basement relief (table 1 1lists the densities of several
cammon rocks) .

Another common geologic event that would cause a lateral
density contrast is when molten rock migrates upward from deep
within the crust and is emplaced at or near the basement surface. It
usually results in a sharp lateral density contrast between the
intruded and host rock. lLateral changes in density due to different
basement rock types are the source for most anomalies on a regional
gravity map.

There may exist a few large amplitude localized ancmalies
caused by the sediments. However, these are usually of short
wavelength and are largely filtered out by the large sampling
distance (>1.6 km) in the present survey. Slowly varying sediment
thickness may contribute a low amplitude long wavelength component
to the regional gravity trend. Regional gravity measurements can be
very effective in identifying basement faults because of the density

contrast on either side of the fault.

INTRODUCTTION TO METHODS OF INTERPRETATTON

Although the Kansas gravity measurements are very accurate (cne
part in ten billion), it is sometimes difficult to discern subtle
features on the gravity map. To aid in the interpretation, I have

applied special processing techniques to enhance certain low




ROCK_TYPE DENSTTY, GM/CC
Sedimentary rocks
Shale 2.00 - 2.65
Limestone 2.25 - 2.80
Sandstone 2,20 - 2.70

Iagnecus rocks

Granite 2.65 - 2.75
Diorite 2.70 - 2.95
Gabbro 2.80 - 3.10
Dunite 3.20 - 3.30

Table 1. Densities of rocks (after Garland, 1979).




amplitude features. These enhancement methods do not create any
additional information that is not already in the data. They merely
help to improve the signal-to-noise ratio and focus on the
interesting geologic content of the signal.

In the following I give a brief account of the enhancement
methods and the difficulties they help to overcome. These will be
discussed in more detail in chapter five. There are two main
problems that make gravity interpretation difficult. First, there
are many density anomalies present and they give rise to interfering
signals. It is essential to separate the desired signal from the
'noise'. I use trend surface fitting and spectral filtering
techniques for anomaly separation. Second, there is a problem with
displaying gravity measurements. A rectangular grid of the data is
usually needed before any contour and/or color map can be generated.
This gridding procedure invariably involves smoothing and
interpolating the original data. Useful information may be cbscured
or lost in these processes. There are typically only a limited
mmber of color intervals available on a color map. Small ancmalies
are sametimes embedded within one color interval and overlooked. The
difficulty with displaying the data is partially alleviated by the
removal of a regional trend using a trend surface fitting method.
Synthetic illumination of the gravity data also helps to reveal
subtle trends and lineaments.

After identifying an anamaly, computer forward modeling can be
used to characterize the size, shape and density contrast of the

causative body. A moving window application of Poisson's theorem to




gravity and magnetic data derives the ratio of the magnetization to
density contrast of the anomalous body. lLastly, applying isostatic
correction to the data removes the gravitational attraction of
hypothetical crustal roots, which according to the Airy model,
campensate for the surface topographic load. The readers may refer
to Paterson and Reeves (1985), and Hinze (1985) for a review of the

state-of-the-art of the gravity and magnetic methods.



THE GRAVITY METHOD

In the following paragraphs, I outline the underlying physical
principles of the gravity method.

The average gravitational acceleration on the surface of the
earth is approximately 980,000 mgals (1 gal = 1 cm/sec?® = 1,000
mgals). Spatial and temporal variations of gravity are affected by
latitude, elevation, 1local geology, density and temperature
anomalies deep within the earth, flow of viscous mantle material,
gravitational attraction of extra-terrestrial bodies (mainly the sun
and the moon), solid earth tide, and others.

Newton's law of universal gravitation specifies the gravitation
acceleration, g, on the surface of a rotating sphere of uniform
density as,

g= (@3 F - Wx @xT
where G is the gravitational constant,
M is the mass of the sphere,
W is the angular velocity of the sphere,

T is the radius vector of the sphere.

The actual gravitational field on the surface of the earth
deviates somewhat from this simple relation for the following
reasons. The figure of the earth is approximately an ellipsoid
flattened at the poles. Due to the shorter distance to the center of
mass of the earth, and a smaller centrifugal force with increasing

latitude, gravity generally increases with latitude. Gravity usually



decreases with elevation because of its inverse squared dependency
on T. Gravity measurements taken at the surface of the earth are
sensitive to lateral density changes within the earth. Therefore any
geologic structures such as igneous plutons, rock terrane
boundaries, salt domes, faults or dikes which result in a lateral
density contrast, will give rise to a gravity anomaly detectable on
the ground surface. A modern gravimeter is capable of measuring an
anomaly as small as 5 microgals, although 100 microgals (0.1 mgal)
is the 1limit of accuracy in most regional surveys because of
uncertainties in elevation and location. The anomalies I discuss in
this report are typically greater than 1.0 mgal.

Corrections as outlined below are applied to the gravity
measurements to isolate the gravity signal caused by geologic
structures. A reference gravity field of an ellipsoidal earth
(International Association of Geodesy, 1967) is subtracted from the
gravity measurement to account for the latitude effect. ‘Ihis‘
simplistic earth model is used because the sole purpose here is to
isolate the anamalies of geologic interest. A more refined reference
field model will not significantly improve the definition of such
ancmalies, which are of much shorter wavelength than those of the
reference field. Gravity measurements are adjusted to a sea level
datum (free-air and Bouguer corrections). Chapter 4 discusses more
quantitatively the corrections applied in the reduction of gravity
data.

Limitations of the gravity method are as follows. Gravity

measurements taken at x km spacing on the ground surface are capable




of discerning ancmalies at least x km wide. In the. present survey
the east-west and north-south gravity station spacings vary between
1.6-3.2 and between 3.2-9.6 km respectively. For anamalous sources
in the upper several kiloameters of the crust, these values also
represent the limiting size of anomalous bodies detectable. For a
1.6 km diameter spherical body buried 1 km beneath the ground, the
minimum density contrast needed to produce a detectable (1 mgal
peak) gravity signal is 0.07 gm/cc (Nettleton page 189, 1976).

Since the gravity method measures only the gravitational
attraction caused by density anomalies in the subsurface, it does
not provide a direct indication of the rock type. Many different
types of rock may have the same density, while the same rock type
may have different densities (see Table 1). Densities are affected
by porosity, temperature, water and gas saturation, and relative
abundance of minor minerals. Moreover, density ancmalies depend on
the densities of both the anamalous body and the surrounding host
rock.

Furthermore, there are an infinite rmumber of possible solutions
to a given set of gravity measurements because of the intrinsic non-
uniqueness of the potential field problem. For instance, a small
dense body may give rise to the same gravity anomaly as a larger,
but less dense body at shallower depth. Therefore the interpretation
of gravity data and its correlation to geology have to be done in
collaboration with other information obtained from geologic,
seismic, and magnetic studies, as well as drill logs and cores. This

additional information helps to constrain the depth, size, shape,




rock type and density of the source, thus reducing the number of

feasible solutions to a few.

EPTTOGUE

The new Kansas gravity data in this report has been collected
as part of a large state-wide gravity survey project. Its goal is to
compile a comprehensive, more accurate, and updated gravity data
base for the better understanding of the state's geology. It also
provides auxiliary information for use in the exploration and

exploitation of the natural resources of Kansas.
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CHAPTER TWO

GEOLOGIC SETITING

The Phanerozoic rocks in Kansas form a thin veneer covering the
Precambrian basement, which is 1000 to 6000 feet below sea level,
except near Nemaha county, where uplifted basement is about 560 feet
above sea level (fig. 1). The only occurrence of Precambrian rocks
at the surface are large granite xenoliths found in peridotites near
Rose in Woodson county (Bickford and others, 1971) and small
xenoliths found in kimberlite pipes in Riley county (Brookins,
1970) . Major basement structural provinces in Kansas are shown in
figure 2. The central Kansas uplift contimues northwesterly into
Nebraska as the Cambridge arch, while the Nemaha ridge, a basement
uplift that formed in late Mississippian to early Pennsylvanian
time, extends north northeasterly to Nebraska and Iowa, and into
Oklahama on the other end. Recent micro-seismic activity (Steeples,
1980, 1981) along these basement highs indicate cortt:med tectonic
activity. The southern extension of the Salina basin in northcentral
Kansas is bounded by the Nemaha ridge and the central Kansas uplift
on the east and west respectively. In northeastern Kansas is the
southwestern cormer of the Forest City basin, which together with
the Salina basin, were part of the ancestral North Kansas basin that
is now separated by the Nemaha ridge. The Bourbon arch, a small east-
west trending basement high, separates the northern extension of the
Cherckee basin from the Forest City basin. The Sedgwick basin in
southcentral Kansas, the Hugoton embayment of the Anadarko basin
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Figure 1. Configuration of the top of the Precambrian rocks in
Kansas. Bold contour intervals are 1000 feet relative to

sea level. After Cole (1976). Adapted from Yarger (1985).
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Figure 2. Generalized structure map of the Precambrian in Kansas.

After Merriam (1963). Adapted from Yarger (1985).
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and the Ias Animas arch in western Kansas round out the major
structural elements in the state.

Figure 3 shows a generalized geologic map of surface rocks in
Kansas. The oldest rocks, Pemnsylvanian in age, outcrop in eastern
Kansas near the Missouri border. The exposed rocks became
progressively younger toward the west. Glacial drift deposits in the
northeastern corner of the state indicate the approximate southern
limit of the Kansan glacier. Central Kansas is dominated by
Cretacecus rocks in the north, and a combination of river valley
deposits, sand dunes and Permian rocks in the south. Tertiary rocks
and river valley deposits are abundant in northwestern Kansas, while
southwestern Kansas outcrops are mostly sand dunes and river valley
deposits. Profile SS', shown in figure 3, is a typical east-west
cross section of the sedimentary rocks. The Phanerozoic sedimentary
column is about 670 m thick near the Missouri border, and it
thickens almost linearly to the west to reach a total thickness of
2000 m near the Colorado border.

The basement-rock types in Kansas are discussed below and
illustrated in figure 4. The Kansas basement is divided into an
older (1.6 b.y.) terrane of sheared granite in the north and a
yourger (1.4 b.y.) granite-rhyolite southern terrane (Bickford and
others, 1981; Thomas and others, 1984; Denison and others, 1984;
Van Schmus and others, 1986). Mafic igneous rocks and flanking
arkosic sandstones are found along the trend of the Midcontinent
geophysical anomaly (MGA), which is a linear gravity and magnetic

high with flanking lows that extends north northeasterly to the ILake

v
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Figure 3. Geologic map of Kansas. After Kansas Geological Survey

map 1 (1964).
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Figure 4. Map of basement-rock types in the central Midcontinent

region. After Bickford and others (1981).
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Superior region. The MGA has been interpreted as a late Precambrian
aborted rift (Chase and Gilmer, 1973; Ocola and Meyer, 1973; Van
Schmus and Hinze, 1985), which is sometimes called the Central North
American rift system (CNARS). Several small (~15 km) circular
undeformed intrusive plutons of 1.35 b.y. epizonal granite, which
contain about two percent magnetite by weight, are scattered
throughout northeastern Kansas and around the boundary of the
northern and southern terranes (Steeples and Bickford, 1981; Yarger,
1983,1985; Van Schmus and others, 1986). Substantial amount of
metasedimentary rocks containing mostly quartzite were found on
basement highs near the southeastern end of the central Kansas
uplift (Bickford and others, 1979), and in northern Rawlins,
Sedgwick and ILyon counties.
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CHAPTER THREE

DATA COLIECTION

INSTRUMENTS

In the earliest stage of the gravity survey in northeastern
Kansas, a Worden gravimeter with 0.01 mgal/division precision was
used. laCoste and Romberg (ILS&R) model G gravimeters G-245, G-111 and
G-68 on loan to the KGS, were used in surveying southeastern,
southcentral and northwestern Kansas. KGS owned L&R model D meters
D71 and D72 were used in northwestern Kansas. The nominal drift
rates for the I&R gravimeters were 1 mgal/month. The accuracy for
model G meters is 0.01 mgal, while that of the model D meter is
0.005 mgal (Instrument Mamial for LaCoste and Ramberg gravity
meter).

The L&R gravimeter is a relative instrument, which measures the
difference in gravity between two stations. The absolute gravity
- value of a station is established by comparison with a reference
station, which has a known gravity value. The absolute gravity value
at a reference station is determined by a pendulum meter. The
Department of Defense has established several reference stations in
Kansas.

The IL&R gravimeter uses a "zero length" elastic spring
suspended in a metastable equilibrium state. The restoring force on
an ordinary spring is proportional to the amount of extension of the
spring. Whereas a 2zero length spring's restoring force is
proportional to the total length of the spring, s. The zero length
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Figure 5. LaCoste and Ramberg gravimeter.
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spring is suspended in a slant position making an angle to the
vertical (fig. 5a). In making a gravity measurement, the vertical
distance (fig. 5a) between the fulcrum, F, and the point of
suspension of the spring, P, is adjusted by turning a screw
comnecting P to the top of the meter. The meter is 'nulled' when the
suspended mass returns to its neutral position. The gravity reading
is read from a dial and a counter connected to the measuring screw.

The ideal condition illustrated in figure Sa is not used in
practice. The arm FP (fig. 5b) generally deviates from the vertical
by a small angle, and a truly zero length spring is very rare.
Usually the restoring force of the spring is proportional to (s-L),
where L is small compare to s. With the notations in figure 5b, the
equilibrium state is attained if the sum of moments about F is zero,
that is,

mgd sin(f~A) = kba sinf - Ika sinf

If we assume =90 , I=0, and A2=0, then §g is linearly related to 6a
and 86 as shown below,

56

69 {(mg/kbaa}

6g = da {kb/md cosA}

For L#0, 6g is still linearly related to 6a, but the egquation is

more complicated.
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I shall outline the most cammon sources of error for the L&R
gravimeters. For a thorough discussion of the performance of L&R
gravimeters, the reader may refer to Woollard (1963). Because the
spring constant of the zero length spring changes with temperature,
it is essential to maintain a constant gravimeter temperature. The
IL&R gravimeter is housed in a thermally insulated case. Its
temperature is maintained constant (around 50°C for most L&R
gravimeters) by a heating element and thermostat. A small 12 volt
rechargeable battery provides the electrical power. During the field
work for this project the air temperature, on occasion, rose above
38°C during a hot summer day. The gravimeter failed to regulate its
temperature because of the excessive heat transmitted to it from the
hot pavement. Measurements were not taken when the meter overheated.
The gravimeter temperature also dropped below its operating
temperature on a few occasions. 'Ihiswascausedbya‘loose
electrical connection between the battery and the gravimeter, or a
run—down battery. A sudden change in ambient temperature, as
described above, or violent motion caused by travelling on a bumpy
road, affects the performance of the gravimeter. A 'meter tare', or
a sudden jump in gravimeter reading results. These undesirable
conditions were watched for by using repeated base readings during
the day. Stations affected by these conditions were re-measured.

FIELD PROCFIURE
Gravity stations were normally located at the corner of a 1.6

km (1 mi) section, usually at a road intersection or fence line.
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When a particular section corner was not accessible by vehicle, a
nearby replacement point was taken instead. The average north-south
station spacing is 9.6 km in northeastern Kansas, 6.4 km in
southeastern and southcentral Kansas, and 3.2 km in northwestern
Kansas. Except for same stations in northeastern Kansas, which are
3.2 km apart, the average stations are spaced 1.6 km apart in the
east-west direction (see fig. 6). Approximately 27,500 gravity
measurements were taken in this study. The entire state was divided
into rectangular blocks of approximately 26 by 40 km (16 by 25 mi).
A KGS base station was established at a central location within each
block. These KGS base stations were, in turn, tied to a nearby
Department of Defense (DOD) base station, which was referenced to
the International Gravity Standardization Net 1971 (Morelli and
others, 1974).

The International Gravity Standardization Net 1971 (IGSN71) is
a world-wide net of reference gravity stations with established
absolute gravity values. A subset of the DOD base stations belong to
the IGSN71, with the rest being an extension of the net in the
United States. Typical accuracy of the DOD base stations used in
this study is 0.1 mgal. A few DOD bases have an uncertainty as large
as 0.5 mgal (e.g. one located near Red Cloud, Nebraska).

The KGS base stations used in this survey are an extension of
the DOD base station net. Because actual DOD base stations are so
sparse, many KGS base stations were established for logistical
reasons. To monitor gravimeter behavior, it is necessary to re-

occupy the reference base station every three to four hours.
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Figure 6. Gravity stations in Kansas. Average east-west station
spacing is 1.6 km (except for some stations spaced 3.2 km
apart in northeastern Kansas). Average north-south spacing
is 9.6, 6.4, 6.4, ard 3.2 km in northeastern,
southeastern, southcentral, and northwestern Kansas

respectively.
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Approximately twenty-five regular gravity stations, with about one
station per section (1.6 km) in the east-west direction, were
occupied in four hours on a normal day. A KGS base station was
located approximately every 40 km (25 mi) in the east-west direction
and 26 km (16 mi) in the north-south direction. Stations along the
eastern and western boundaries of each block were occupied twice.
These are called overlap stations. This four percent redundancy
allowed for error checking and quality control. Because it was
desirable to have at least one overlap station between successive
base readings, one overlap station for every twenty-five

United States Geological Survey (USGS) 7.5 minute topographic
maps were used in navigation and determining the station elevation.
These maps cover an area 7.5' longitude by 7.5' latitude, i.e. 7 by
8.5 miles or 11 by 13.5 km. Roads, landmarks and section lines are
also shown on these maps. They are contoured at 10 feet intervals
with elevations (accurate to the nearest foot) labelled at section
corners, midway between two adjacent section corners, as well as on
benchmarks. Once in a while, elevation was not labelled on the map
at a gravity station. In that case, the elevation was estimated by
interpolating between contour lines.

To monitor meter behavior, a base station was occupied three
times during the day, with three to four hours separating successive
readings. The first meter reading was taken at the beginning of the
work day in the morning, again in the middle of the day, and at the

conclusion of the day. To ensure the gravimeter performed properly,




30

these base readings were checked on site against theoretical tidal
drift calculated using ILongman's (1959) algorithm.

The temporal variation of gravity is due mainly to the
gravitational attraction of the sun and the moon (the earth tide),
as well as the resulting deformation of the earth (the solid earth
tide). Longman's algorithm determines the positions of the sun and
the moon at a certain time, and calculates the earth tide at the
gravity station. The earth tide is quite sensitive to time. It could
vary by as much as 0.3 mgals in six hours. The solid earth tide is
approximately 20% of the earth tide, and is acting in the opposite
sense. The camputer was programmed to calculate the combined effects
of the earth and solid earth tide, and to generate a chart of tidal

gravity variation with time.
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CHAPTER FOUR

DATA REDUCTION

THEORY

The gravity meter reading was multiplied by a meter calibration
factor (about 1.0) to convert to the mgal unit. After subtracting
the theoretical tidal acceleration from each measurement, the
remaining time dependent variation in gravity was lumped under
'meter drift', which actually contained the true meter drift and
experimental errors caused by imperfect leveling of the meter and
uncertainty in milling the meter. The maximm and average 'meter
drift' of data collected using the lacoste & Romberg meters was 0.05
and 0.01 mgal/hour respectively. This 'meter drift' was corrected by
linearly distributing the error to points between successive base
readings.

The Bouguer ancmaly was calculated by subtracting the reference
field and the Bouguer correction, and by adding the free-air
correction to the measured absolute gravity value of a station.

The theoretical gravity value of the reference field was
determined wusing the 1967 International Gravity Formula
(International Association of Geodesy, 1967). This reference field

is given, accurate to within 0.01 mgal (Mittermayer, 1969), by,

g, = 978031.85 * ( 1 + 0.005278895*sin>¢
+ 0.000023462*sin%¢) mgal,

where ¢ is the north latitude.
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The free-air correction accounts for the deviation of the
gravity station's altitude from sea level. The reference field is
calculated assuming the earth has a perfect ellipsoidal shape. The
actual sea level shape of the earth, called the geoid, deviates
slightly from this assumption. This deviation is very small (for
example 2.7 meters or 2 mgal in western United States, Simpson and
others, 1986), and is of very long wavelength. It is therefore
acceptable here to use the elevation above sea level in the free-air
and Bouguer corrections. To zero order of approximation, the gravity
field g is,

g=G*M/ (R)Z,

where G is the gravitation constant,
M is the mass of the earth,
h is the station elevation,

R is the radius of the earth at the station.

Therefore the vertical gradient of g is - 2GM/(R+h)3 at the
station. Taking only the zero order term of h/R, it becames -2*g/R.
After substituting in the mumerical values for the mean values of g
and R, the free-air correction is -0.3086*h mgal/m.

The error in ignoring the higher order term in the h/R
expansion is approximately -0.03% of the main term for the highest
station in Kansas (approximately 1300 m above sea level). Since g
and R at the gravity station should be used instead of the mean

values, this approximation resulted in an error of +0.07% of the
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main term. The zero order approximation in the h/R expansion results
in a larger gravity gradient. While the use of the mean values of g
and R, results in an under-estimation of the gravity gradient. The
cambined net error is about +0.04%, or 0.16 mgal for the highest
station in the state. Heiskanen and Vening Meinesz (1958), and
Lambert (1930) obtained the same values using the older formulas for
g and R.

The Bouguer correction corrects for the gravitational
attraction of the rock mass between the station and sea level. A
uniform slab, extending horizontally to infinity, with a density d
and thickness equal to the station elevation h, is assumed. It can

be shown that (see for example Garland, 1979),

Bouguer correction

2*mkG*d*h

0.04193*d*h mgals/m.

For a density of 2.67 gm/cc, the Bouguer correction is 0.11195%h
myals/m.

The terrain correction improves the uniform slab approximation
used in the Bouguer correction by accounting for the surrounding
topography. Even with the aid of a computer, it is a very tedious
process (Kane, 1962). Because of the gentle relief in Kansas, this

correction was not needed for most stations.
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Cambining the above corrections, Bouguer gravity is defined as

the following,

9 = 95 ~ gr-0.3086*h+0.04193*d*h

For &=2.67 gm/cc, it becames,

Y = 95 = 9. - 0.19665 * h
wheregb is the Bouguer gravity,
9, is the measured absolute gravity,
9. is the reference gravity field,
h is the elevation in meters,
d is the upper crustal density in gm/cc.

FIOW OF DATA
Gravity data written on the field data sheets were entered into

the camuter by keyboard. A camputer program "DFIT" was run for
quality control and error checking purposes. It calculated the
approximate longitude and latitude based on a section labelling
system used to identify stations. The x and y labels indicate
approximately the number of sections from the Missouri and Nebraska
borders respectively. "DFIT" also calculated the approximate Bouguer
gravity and theoretical tidal acceleration of each data point. Two
graphs were generated: an east-west profile of the day's data (fig.
7), and a plot of the theoretical tidal variation with respect to

time with the least square fit of the 1level-shifted base
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Figure 7. Bouguer gravity anomaly versus east-west line mumber (y)
for a portion of the east-west line x=179. X and y labels
indicate approximately the mmber of one mile sections
from the Kansas-Nebraska and Kansas-Missouri border.
Positive x and y denote Kansas stations, while negative
values indicate stations in Nebraska and Missouri
respectively.
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measurements superimposed (fig. 8). A typical root mean square value
of this fit is about 0.05 mgal. Erroneous measurements or
typographic errors show up as singularities on the profile (fig. 7),
while the closeness of fit of the base readings (fig. 8) to the
theoretical tidal values give an indication of the quality of the
data.

The uncertainties in station elevation, location, and absolute
gravity value of the reference base station are 1 foot (0.058 mgal),
0.00004 degree (0.004 mgyal), and 0.1 mgal respectively. So a root
mean square value on the tidal drift curve larger than 0.2 mgal was
considered unacceptable. On a few occasions, an entire day's
measurements were repeated because of poor meter performance
‘indicated by a large root mean square value.

The absolute gravity value of the KGS base stations were
calculated by the computer program "BASE TIE". KGS base stations
were tied into DOD base stations by two consecutive loops. The
program adjusted for the tidal drift and 'meter drift', and
determined an absolute gravity value for the KGS base.

The measurement station locations marked on USGS 7.5 minute
topographic maps in the field were digitized to assign a longitude
and latitude (accurate to within 0.00004 degree or about 4 meters)
to each gravity station. This station location file was then merged
with the gravity data file.

The "meter drift" between each pair of base measurements during
the day was calculated and stored in a file named "DATIY". The

absolute gravity value for each gravity station was calculated by
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Figure 8. Theoretical tidal gravity values (smooth line on graph)
for southeastern Kansas on June 12, 1980 are plotted
against Greerwich mean time in hour of the day. The 24th
hour indicates the beginning of ancther day. The level-
shifted base readings (;ongraph) are superimposed on
the tidal gravity plot. The root-mean-square of the fit
between the calculated tidal gravity and the time
deperdent base readings is 0.056 mgals.
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program "STATIE". The output file was sorted in the X and Y labels,
and overlap pairs were picked out by the program "OVERLAP". The
mismatches on the overlap stations, which averaged about 0.2 mgal,
were used to level adjacent blocks by fine tuning the KGS base
station absolute gravity values. After leveling, the average
mismatch was 0.1 mgal, which compares favorably with the 0.1 mgal
accuracy of DOD base stations. The corrected data file was then re-
formatted and re-arranged by east-west lines to be read by a program
"PROFIIE", which generated a suite of four graphs for each line.
Examples of these for western Kansas are shown in figures 9 through
12. Figure 9 is an elevation profile of line 136. The absolute
gravity values in figure 10 vary approximately inversely to
elevation. Figure 11 shows the free-air gravity, which is corrected
to sea level. The Bouguer gravity in figure 12 is corrected for the
mass of material between the station and sea level. This line is the
result of combining several blocks of measurements which are
referenced to several different base stations. These four graphs are
the final quality check of the data.

The Bouguer gravity was gridded into 1.6 by 1.6 km cells using
the Surface II (Sampson, 1978) computer program, and a map with a 1
myal contour interval was produced (fig. 13 and plate 1).
Interpretation techniques applied to this map are discussed in the
following chapters.
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Figure 9. Elevations versus longitude for east-west line 136 in

southeastern Kansas.
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Figure 10. Absolute gravity versus longitude for east-west line 136
in southeastern Kansas. A constant level of 979877.5
mgal, the average absolute gravity of these stations, has

been removed.
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Figure 11. Free-air gravity versus longitude for east-west line 136

in southeastern Kansas.
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Figure 12. Bouguer gravity versus longitude for east-west line 136
in southeastern Kansas.




MGALS

Oe
N4«

e. BOUGUER GRAVITY VS LONGITUDE

o 13
°: 11

' 22 1
N6e 1 111 .. 3
Eo. 1121 1 1221 3
Gaot 1 ! !

NBe 11
EQ. 31
Gee 21

NG s
EQe W2
Gee 11

1. 1 2321
N2e 111221
ED» 121 1
Ges 1 2132

Oe 1118

Qe 111 1

. 12 2
. H 21

1e 1
NA. 1 1
€0 1
Ger 112

[{ ]

o'- I R R R N R R N R R Y R Y Y R F R R T R I R R N R P R R N I N R R R R I R R L R R Rl YT R RN RS R AR I NS RSN E RN )

102.40 102,00 101. 60 101.20 100.80 100.40 100,00 099.60 099,20 098.80 098. 40 098.00 097.60

LONGITUDE IN DEGREES




49

Figure 13. Bouguer gravity map of Kansas with 1 mgal contour 1
interval. Bouguer gravity was calculated using gravity
formula 1967 and a density of 2.67 gm/cc, and was
referenced to the International Gravity Standardization
Net 1971 (IGSN71). Projected using Iambert conformal
projection with standard parallels at 33° and 45°.
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CHAPTER FIVE

ENHANCEMENT AND IN'I'ERPREI'ATION METHODS

In this chapter, I discuss the data enhancement and
interpretation methods used in this study. The advantages and
drawbacks of each method and the underlying physical principles and
mathematical development are presented. Discussions on the
application of these techniques to the Kansas data and their

geologic interpretations are deferred to chapter 6.

TREND SURFACE ANATYSIS
Trend surface analysis has been successfully used to separate

local ard regional anomalies (Van Voorhis and Davis, 1964; Coons and
others, 1967). The general approach is to fit a polynamial, which
represents the regional trend, to the data in the least squares
sense. A residual map, representing the local anamalies, is acbtained
by subtracting the polynamial from the original data. The advantage
of this method is that a series of low order polynomial trend and
residual maps can be generated easily and the optimal set of maps
for anomaly separation is chosen by visual inspection. It is also
reproducible and well defined mathematically, in contrast to
graphical or moving average methods. Its drawback is that it always
produces a residual map that is averaged about zero mgals,
essentially assuming that the average amplitude of the 'local!
anomalies is 2zero. Moreover, the regional trend is determined by

intuition rather than based on physical grounds.
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I fitted the Kansas gravity data grid with n-th order

polynomials of the form:

n j
T(n,x,y) = * X i3 x(371) vt
§=0 i=0

The coefficients cj_j were obtained by solving a system of 0.5 *

(n+l) * (n+2) linear equations:

k 1

d ( 2 {T(nlxa,IYb') - g(xa-Yﬁ)} 1=0

d cij a=1 =1

where k is the row number,
1 is the colum mmber, and

g(x,, yﬁ) is the gravity value at (%4, yﬁv) .

The computer program "POLYFIT" did the gravity trend surface
fitting up to ninth order. Beyorﬂtheninﬂlordertheprogramcmﬂd
not handle the large mmber of significant figures in the
calculation and gave erroneocus results. It solved the system of
linear equations by the weighted Guassian elimination method. To
alleviate round off errors, it set the origin of the grid to (0,0)

and normalized the grid spacing to 0.01 in both x ard y directions.
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SPECTRAI, FILTERING
Since the advent of the electronic digital computer and the

fast Fourier transform (FFT) algorithm, spectral filtering of
potential fields data has become a common technique for ancmaly
separation (see for example Chandler and others, 1982; Yarger, 1981,
83, 85, 86).

Convolution of two functions in the spatial domain is
equivalent to multiplication of their frequency domain transforms
(Brigham, 1974). Filter operations are most easily accomplished by
Fourier transforming the data into the frequency domain, multiplying
by a filter function, and then inverse transforming back to the
spatial damain (Gunn, 1974).

The FFT algorithm of Singleton (1969) was used in this study.
The speed and efficiency of the FFT algorithm is achieved by
reducing the mmber of mltiplications and additions in the
calculation through factoring of the transformation matrix. For a
discussion of FFT, refer to Cooley and Tukey (1965) and Brigham
(1974) .

High freguency pass, low frequency pass, upward contimation,
downward continuation, first vertical derivative, second vertical
derivative and trend pass filters were applied to the Kansas gravity
grid.

Frequency band pass filters cut off all frequencies beyond the
upper ard lower frequency bourds. Since the frequency representation
of the gravity field of a realistic anomalous body (whatever its

size and depth may be) covers the whole spectrum, it would be
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unphysical to use a step function to zero out all of the frequencies
beyond the thresholds. Moreover an abrupt cutoff will result in the
"frequency leakage" producing "ringing phenomena" on the filtered
map. To alleviate these problems, a Guassian filter tail, as shown

below, was used in the computer program.

A.l=A

i3 = Byg * e (- (Rij—Fszm)2 /2*%SIG? )

(SR

where R,. = (u2i+v2j) is the radial freguency component
in cycles/unit distance.
Aij is the amplitude at Rij'
FREQl1 is the cutoff frequency, and

SIG represents the "width" of the tail.

The trend pass filter retains anomalous trends in a designated
direction while cutting off trends that fall outside the desired
direction. This entails calculating the bearing, arctan ( ui/vi },
for each frequency pair.

Contimuation filters mathematically recalculate the gravity
values at a different altitude h units above (or below for negative
h) the observation plane. Similarly, nth order vertical derivative
filters derive the nth order vertical derivative of gravity based on
the gravity measurements. Following the derivations of Baranov
(1975) and Gurn (1974), I derive below the contimuation and vertical
derivative filter operators.

Free space is defined as a region with no mass density (or
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magnetic mament). In free space, the ILaPlace equation for the
gravitation potential, f(x,y,z) , in Cartesian coordinate is,

d? +cﬁ'+9i =0
&'2 a;z dz 2

such that,

- 46xy,2)
dz

g(x,y,2) =

Where the +x axis points east, +y axis points south, and the +z
axis points away from the earth.

If we assume a solution f(x,y,z) = X(x) * Y(y) * Z(2), where X,
Y, and Z each deperd only on %, vy, and z respectively, it is known
(see for example Jackson, 1963) that,

]

L) z'/z . .
—(uF+Vv?) 3 ~fux —ivy
¢(x’y’}) :Z Z A(U,V) e €

u:-w V="

[EQ 5-1]

is a solution of the ILaPlace equation. These symbols, u and v, will

be identified below as the wavenumbers conjugate to x and y in the




56

Fourier transformation. Therefore, the gravity, 9(x,y,2), is given
by,

2 /2
7 “(W+V) ¥ _lux-iv Vo
g(x,y;z)zzz A(u,v)ﬂ Ll y(“ +V*)
u:-oa \/::-bd

In the case of a gravity survey, the vertical derivative of the
potential, g(x,y,z=0), is known on the plane, z=0, and tends to zero
as z goes to infinity. These boundary conditions are obviocusly
satisfied by the function given above by a proper choice of
coefficients A(u,v). Such that,

gAAaiil Z Z Bame ey

g(x.y;3=0) = )3 L

Because of the Uniqueness Theorem (Kellogyg, 1954; Jackson,
1963), it is also a unique solution except for a constant term. We
dencte the Fourier transform of a function, £, by putting a ~ on top

of it. So the Fourier transform, ?(u,v;z) of (f(x,y;z) is,

f(u,v,-y: 7‘“’7"2) CiuHiv/dxd}/
XY
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Inverse Fourier transform of ¢(u,v;z) gives,

~ —iXxu = LyV
;Zs(x,)/;}) :Z;‘;f S g 75(%\/;2).@ 7 o(u dV

u v

or in discrete form,

__ix(,(——iyv

G x.y;3) = L beu,v;3) e
L”Lul\v‘/ilS

Camparing this with the equation, EQ 5-1, above gives,

Ya
™~ 2 —(u*+ v*)
Blu.viy) = 4T Aww e s

[EQ 5-2]

Therefore, g(x,y;z), the vertical derivative of ¢(x,y;z), is,

~ 2 P(xy53)
%

:JS A(u,v)(u’v‘vl)}i C—(ww /2

v {—;xu—lyv dudv

?(x,y;;) =
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The Fourier transform is,

L
~ a 2 _(ut_i_vz-)i-}
?(a,v;2)= Aw,v) (u*+Vv7) ¢

(EQ 5-3]

Substituting z=h and z=0 into equation EQ 5-3, we obtain,

l

A
I (U F v A
€

%(u,V;;zh) = Aw,v) («*+ V)

?(u,v;&zo) = Acu,V) (u"+vt)z

Therefore,

1
. ~ — (VI R
3(u,v;5=k) = g(U,V;O)

Thus continuation is easily done in the frequency domain by the
muiltiplication of a factor exp(-h*(u?+v?)”"}, where h is positive for
upward continuation, and negative for downward continuation.

For calculating the nth vertical derivative in the frequency

domain, we note,
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?n(x,y;}) = %—;1 j,()‘,)’;;) = - D}“f‘ ¢(X,)’f})

@S

g'xyi3) =(-')ng g Awn @+v) ~ e
uv

{i"“'if’ du dv

Therefore,

2

n o2l —((A"+\/")’/l
?nfu,v;;)= €1) Atwvy (v * e I

Therefore, comparing this with the expression for a'/(u,v;z)

given in EQ 5-2, gives,

AN n -%— A
g (Vi3 = F1) (wr+ V) g(u,v; 3.)
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So the nth vertical derivative of g(u,v:;z) is cbtained by
multiplying a factor (-1)n *(uz + Vl)n/ 2 to the function in the
frequency damain.

It is often useful to apply a reduction to the north pole
filter to magnetic data. Because both the remanent magnetic field
and the ambient earth field are usually not vertically polarized, a
magnetic ancmaly is generally distorted such that it does not
resemble the shape of the causative body. The reduction to the pole
filter will re-calculate the magnetic field caused by the same
ancmalous body with a vertical remanent polarization, and in a
vertically polarized ambient earth magnetic field. Following the
development in Gunn (1974), I derive this operator in the frequency
domain below.

For a single magnetic maoment, ﬁa’ at (x,y,h), the scalar

magnetic potential is,

!

Gy = mo(Lp, 3. — - :
U(x,y,l\) a LB B I (t-as (y-p> +<}_W}/

Assuming constant direction, a distribution of magnetic moments in
half space 2<0, produces a scalar magnetic potential,

~060
O

U(x,y,h) =

N N
il

(od-X%)* + (F -7)‘ + (A—;)Z}VL

\
& “~——%g

L
S Ma (et B,3) dda d3
L
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PINRIAy .
7 19X+m}y+ né}

1,m, and n are direction cosines, such that,

— -— - — — — o—t -— —
l= ma.x1/|ma\ , = ma.yl/[ma( , N = ma.zl/|ma\

X Yy and z, are unit vectors of the Cartesian coordinates. If we

imvoke the boundary condition that U (x,y,0) is defined everywhere

on a infinite half plane, z=0, and is zero as z goes to infinity. We

can expard the integral as a Fourier transform,

(]

]

a K
[j Mo (o p,3) dtdpdy

1 2 2 Vz
3, ((o(..x) + (/5—)/) + (/1—})]

-

R -(u*+ v")'/’} ~ (X -—ivy
Z Z Beu,vy € e
U=z-b \/z-n
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_Z l (+iu(+ ivm + (uz+\/z)’/z“> B(u,v) *

U(X,,)=
V3 7

_(u"+\/‘)yz; Q-—éux—ivy

The Fourier transform is,

Uluv;3) = ~(wlsim+ (w43 R) B,y

22
e—(U"v"V) 3

[EQ 5-4]
Since the magnetic field, H(x,y,z), is defined as

[:i(x,y)}) = —VU(X)}/;})

fjf(x 3) = ﬁ(zz(t‘ufﬂ‘v'ﬂ’f(ul”‘)'ﬁ”)*
/ T

bR 272‘ . .
5(a,v) ﬁ—-(u +v7) jﬁ— lb(X—LV)/)
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If L,M, and N are the direction cosines of the measured magnetic

field vector,
[ = H.X, M= H.), N=—§—_; !

o IH| ’ ]

then,

oy o D0 £ Ciuts tvm v oo
=0 Vz-“ Ciul + tvM + (utt v’)yz/\l)*

! ~ N
- 17*\/‘)/" —{ux =V
B(u,v) € ( 2-6 /

~ "

H(u,v,g) = =(cul + tvm + (a‘+v")/n>*
/

(cul +ivM + (“’TV‘)/ZN)*

2 1\/2
Bcu, v 4_—&4 PVt
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~/
—
If we dencte, H_L(u,v,z), the magnetic field due to the same

magnetic moments aligned vertically in a vertically polarized field,
then

IR

2. 2 2
2 ~-(u 7"\/);_
H (u,v,3) = —(U2+V)5(a,v) e

L

Therefore,

Hy _ Wt ove

A (il rivm o+ Py V) (cul + M W‘*V’ﬁd)

The expression on the right hand side of the equation above is
the factor (or filter) used to multiply to the measured field in the
frequency domain to give the reduced to the pole magnetic field.

Next, we develop the relationship between the magnetic and

gravity potentials. From EQ 5-1, we have,

2, A
53'2 %CX'V'P = —Z Z; A, v) e P
U v

. \ !
{"“"X —tvy (iud + cvm -—l-(u’irv)/‘h)
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Therefore,

Y (alfvl)%}
} -
— P, Vv,3) = —H{,vVv) € *

(iud + (vm + (v+U)' N

Dividing the above equation by EQ 5-4, we cbtain,

_3:_ %(a,v;}) = Aluw 5(’((,(,\/,})
97% BCU) V>

If we assume a constant density and magnetization for the common
source, then A(u,v)/B(u,v) should not depenrd on u and v, and is a
constant term. To find the constant term, A(u,v)/B(u,v), we consider
a small volume v at T’ with density d and magnetization _ﬁa’ The
potentials are given by,

§7) = Fixy,3 = G

| F-r’

T — /
Uit = Utny.ys = P 7 ()

~
|
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Therefore,

) 42 = 7 |
7?5()- CT/JAV< EX >( I?’—?"J>

Dividing the two equations above gives,

ngm _ Gf"v(;n/d;;j)(/;-?'/)
Ui> Al/fﬂ';-?( ,l — )

Therefore,
Acu,v> G p
B, v> | Ma|
or

l
Llfs
~

o

i_z,_?ﬁo;‘)

Poisson arrived at this equation in 1826 and is called Poisson's

theorem.
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MOVING WINDOW APPLICATION OF POISSON'S THREOREM

Chandler and others (1981) applied Poisson's theorem to a
multisource magnetic and gravity data set using a small moving
window. Assuming a body with a uniform magnetization and density,
the gravity (¢) and magnetic (U) potentials are related by (as
derived earlier in the discussion of spectral filtering),

Ik

For the vertical camponent of the magnetic field, it becomes,

Hy = @L(%)%

Generally, for a local anomaly superimposed on a regional trend, A,

Hyo= A2 é(’ﬁ)%

where H, is the magnetic field reduced to the pole,
G is the gravitation constant,
Am is the magnetization contrast,
Ad is the density contrast,
T{Zis the direction of magnetization,

2 9(2)/d z is the first vertical derivative of gravity.
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This assumes that there is no interference from surrounding
sources, and the regional field is adequately represented by the
term A. That means the wavelength of the regional field is much
larger than the window size. Because the vertical component of the
magnetic field is usually cbtained by the reduction to the north
pole operation, the anomalous body must be polarized in the
direction of the ambient earth field and there camnot be a remanent
magnetization for this relation to hold.

Inputs are grids of magnetic field reduced to the pole and the
first vertical derivative of gravity. A least square fit of the data
points within a small moving window estimates the intercept A and
slope (Am /Ad) of the above linear equation.

Three terms, the correlation coefficient, intercept A, and
slope (Am/ad) were determined on each grid node. The window was then
displaced 1.6 km to the next grid node and the calculation repeated.
This method allows the combined analysis of gravity and magnetic
data. Values of (Am/ad) should provide clues to rock type and
dimensions of the source. Interpretation of the results is limited
to areas of high correlation between the gravity and magnetic fields
and stable intercept values. Low correlations are assumed to come
from areas with interference from nearby sources, or from areas that
violate the assumption that the anomalies are caused by the same
body with uniform density and uniform induced magnetization.
Unstable intercept values may indicate interference from other

sources or presence of a large component of remanent magnetization.
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SYNTHETTC SUN ITIUMINATTION

Synthetic sun illumination of map data helps to identify subtle
features. The map data can be any spatially dependent physical
quantity, such as elevation, gravity, or magnetic field. Many
previous works describe this technique. Horn (1981) reviewed the
historical development and various approaches in generating shaded-
relief maps of topography. Batson and others (1975) applied the
Lommel-Seeliger law to produce reflectance maps of the topography.
While Guimmess and others (1982) used the technique on topographic,
gravity and thermal infrared image data.

Synthetic sun illumination of gravity data will allow easier
perception of relief in the data, and detection of directional
trends and patterns by varying the azimith of the sun illumination.
It is superior to the frequency trend pass filter, which tends to
elongate ancomalies in the filter direction.

Since quite different sets of trend lines are derived from the
same map by different observers, one has to be cautious in
interpreting each individual trend 1line. It is therefore more
appropriate to interpret these lineaments collectively. It has been
noted (for example Wise and others, 1985) that lineaments derived
from topographic relief appear to divide the land surface into
domains. Such that within each domain, the majority of the
lineaments are more or less aligned in a certain direction distinct
from that of the adjacent area. This localized swarm of lineaments
may reflect the large scale domain-wide stress strain pattern and

common structural grain. Categorization of the gravity lineaments
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into cumilative length per ten degrees in azimuthal angle may reveal
preferred directions of the trend 1lines and aid in the

I used the Lommel-Seeliger law to calculate the reflectance. It
states that

I=1/(1l+cose/cosi)
where I = the intensity of the reflectance
e = the angle between the cbserver and the slope normal

i = the angle between the sun and the slope normal

Figure 14 illustrates the definition of the parameters. This law was
empirically derived from a study of sun reflectance from various
earth materials (see Batson and others, 1975).

For gravity data, the slope of a surface depends on the choice
of the factor that converts gravity values to spatial dimension.
Proper selection of this factor will also give optimal exaggeration
to the relief. The factor 0.75 mgal/km (1.2 mgal/mile) was chosen in

our case to produce a maximum slope of less that 45 degrees.
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Figure 14. Lommel-Seeliger law for reflectance. The intensity

of the reflectance is 1/(l+cos(e)/cos(i)).
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ISOSTATIC CAICUIATTION

It has long been noted that the Bouguer anomaly has a strong
negative correlation with topography. The most cammonly accepted
hypotheses to explain this phenomenon were those put forth by Airy
and Pratt. In the Airy model, the mass of a colum of crust is
maintained constant by varying the depth of a root beneath the
crust, which is given by,

y
_ & ;
R o d

where dc is density of crust,
dm is density of mantle,

h is the elevation.

In the Pratt model, the density of the column of mass down to a
certain depth of campensation, D, is varied so that the pressure at
that depth is the same everywhere. For an elevation, h, the density,

do, of a colum at sea level is altered and is given by,

d, = d, # D
(D + h)

Modification to these simple local compensation models include
horizontal redistribution of the compensating mass, i.e. regional
compensation, and incorporation of the effect due to the rigidity of

the crust, i.e. partial compensation.
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The isostatic correction is the gravitational acceleration due
to the root system, which has a density contrast of (4 -d.), in the
Airy model; or that due to the column of mass, which has a density
contrast of -do*h/(h+-D), in the Pratt model. Since the sources of
the isostatic correction are at depth, it is of very long wavelength
and sometimes can be regarded as the regional trend in anomaly
separation. An isostatic anomaly is obtained by subtracting the
isostatic correction from the Bouguer anomaly.

OOMPUTER FORWARD MODELING

The modeling program uses formulae for a prism—shape body
described by Goodacre (1973), and Bhattacharyya (1964). Required
input prism parameters are density and/or susceptibility contrast,
and the Cartesian coordinates of the four vertices at the top and
bottam of the prism. The gravitational acceleration (or magnetic
field) along a data profile is calculated. Comparison can be made
between the modeled and measured values, then the prism parameters
are modified to improve on the closeness of fit. The process is
repeated until a satisfactory fit is reached. Since there can be an
infinite mmber of possible sources that could give rise to a given
ancmalous field, further constraints on the model using information
derived from geology, drill well data, magnetics, and seismic
methods will limit the mmber of feasible solutions to a few.
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CHAPTER SIX

INTERPRETATION

In this chapter, I discuss the application of the enhancement
methods to the Kansas gravity data, and my interpretation of the
enhanced maps and data. I shall present a synthesis of these
findings in chapter seven.

THE BOUGUER GRAVITY MAP

A summary of the main features apparent on the Bouguer gravity
map of Kansas (figures 13 and 15) follows. The gravity magnitudes
range from a high of +5 mgals in northcentral Kansas (labelled 'H')
to a low of =150 myals near the Kansas/Colorado border (just north
of 'L'). The most prominent features on the Bouguer gravity map of
Kansas (fig. 15) are: a steep west-dipping gravity gradient in
western Kansas, which is caused mainly by the thickening of the
crust to the west; a northeast tremding gravity high (labelled 'H')
with flanking lows in northcentral Kansas, which is the gravity
signal associated with a late Precambrian failed rift;, a broad
gravity high in southeastern Kansas (labelled 'R'), which coincides
with rhyolitic basement; and a gravity high near the southeastern
end of the Central Kansas uplift (labelled 'C'). The above anamalies

will be discussed in more detail in the following sections.
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Figure 15. Color Bouguer gravity map of Kansas. Same as figure 13.
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ISOSTATTIC REDUCTTON

It is clear that there is generally a negative correlation
between Bouguer gravity (fig. 15) and elevation (fig. 16),
particularly in western Kansas. As mentioned in chapter 5, this
negative correlation is due to an Airy isostatic root system at the
base of the crust. To better isolate the geologic signal from within
the crust, it is desirable to correct for this isostatic effect.

The computer program "ATRYROOT" developed at the United States
Geological Survey (USGS) by Simpson and others (1983) was adapted to
calculate the gravity acceleration of the Airy root system for a
region that is centered about the observation point and extends
166.7 km radially outward. The isostatic map compiled by Karki and
others (1961) was used to estimate the gravity effect of the root
system beyond 166.7 km. The sum of these calculations gives the
total isostatic correction.

The program "ATRYROOT" takes advantage of the Parker algorithm
(1972) which uses the fast Fourier transform (FFT) to calculate
potential field ancmalies. This efficient algorithm allowed me to
experiment with different Airy isostatic models, using a range of
lower crust/upper mantle (c/m) density contrasts and sea level
crustal colum depths. Since the Karki map used a c¢/m density
contrast of 0.6 gm/cc and a sea level crustal colum of 30 km, a
different set of parameters used in the "ATRYROOT" program will give
rise to a smooth, long wavelength mismatch error of several mgals,
as estimated by Simpson and others (1983). It has been noted

(Woollard, 1966) that the optimal thicknesses of the sea level
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Figure 16. Topographic map of Kansas in meters above sea level.
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crustal colums and c/m density contrasts for isostatic calculations
are not constant and depends strongly on the particular geologic
province. These parameters chosen were such that they are in
agreement with the seismically determined crustal thicknesses and
velocities of the study area. Therefore these parameters are usually
different from the Karki values given above.

Since the topographic relief in Kansas and adjacent area is
relatively gentle, a 5 by 5 minute topographic data grid was good
encugh for calculating the root depth. The maximm errors are 1 and
3 mgals when using a 3- and 5-minute topographic grid in the
isostatic calculations of the entire continental United States
(Simpson, 1983). I have also calculated the isostatic corrections
for a one degree by two degree area in central Kansas using a 1.6 by
1.6 km and 11.2 by 11.2 km topographic grid of the state. The
average, maximm and minimm differences in the two resultant
isostatic correction grids are 0.036, 0.1 and 0.00024 mgals
respectively.

Since the gravity data was collected at various elevations, the
Bouguer gravity map was leveled to an observation elevation of 1.28
km above sea level, which is about the highest point in the state. A
leveled gravity grid is needed because the AIRYROOT program
generates a correction grid at a horizontal cbservation plane, which
was chosen to be 1.28 km above sea level in this study. The
following procedure was used to prepare the leveled gravity grid.

Because our FFT program requires a grid with no_ undetermined

values, the missing values in the gravity grid were filled in with
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interpolated or estimated values. Some grid nodes have a missing
value code assigned to it for the following reasons. First, the
gravity data in southwestern Kansas have not been incorporated. This
area was filled in with crude estimates based on the few gravity
stations obtained fram the Defense Mapping Agency. Secornd, the grid
node gravity value occasionally cannot be reliably estimated from
the suwrrounding measurements because of an insufficient mmber of
data points. This usually happens near rivers, lakes, sand hills or
open ranges. Missing values in the grid were filled in with
interpolated values.

The resulting filled-in gravity grid was upward continued to
seven different horizons from 150 m (500 ft) to 1050 m (3500 ft), at
increments of 150 m. These grids were used later to differentially
upward continue the gravity data to a common datum level. Since the
original gravity data was collected at various elevations, each grid
node had to be upward contirued by a different amount to produce a
final Bouguer gravity grid upward continued to the same level, 1280
m (4200 ft) above sea level. I assumed that the gravity data were
taken at the grid nodes, and at an elevation given by the terrain
grid of the state (fig. 16), which was prepared from the data
provided by the National Oceanic and Atmospheric Administration
(NCAA) . The amount of upward continuation needed for a particular
grid node is equal to the difference between the elevation there and
1280 m. The upward continued gravity value was obtained by
interpolating between the grids at two adjacent horizons. For
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example, a grid node at an elevation of 800 m was upward continued
by 480 m, and its value was determined by interpolating between the
450 ard 600-m upward continued gravity grids. Sources of error for
this approach are that the gravity data were neither measured at the
grid node, nor at the elevation given by the terrain grid, and the
operation of upward continuation applied to data collected at
differing elevations. Although this approach of point by point
upward continuation is not rigorous, it at least brought the entire
data grid to approximately the same level of cbservation, at 1.28 km
above sea level (fig. 17). Almost all gravity grid nodes changes by
less than 0.5 mgal per 150 meters. Therefore, the error introduced
by making the above assumptions was usually less than the 0.1 mgal
accuracy of the original data.

The 1.28 km upward continued isostatic correction grid, which
was generated by the "ATRYROOT" program, was subtracted from the
leveled Bouguer gravity map to give the isostatic residual map. A
wide range of crust/mantle (c/m) density contrasts and depths for
sea level crustal columns were attempted in order to come up with a
set of optimal parameters for Kansas. Correlation coefficients
between residual isostatic gravity and elevation were calculated in
order to choose the optimal c/m density contrast.

To test these isostatic correction procedures,. I first studied
same hypothetical cases, assuming the same topographic relief as
given by the 5 by 5 minute state grid, a homogeneocus density in the
upper crust and Airy root system. The resulting isostatic residual

map was a flat zero mgals surface as expected, while the Bouguer
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Figure 17. Bouguer gravity map of Kansas leveled at 1.28 km above

sea level.
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gravity map represented the gravity effect due to the Airy root
system. A c/m density contrast of 0.45 gm/cc and 30 km sea level
crustal colum was used. Isostatic corrections corresponding to
density contrasts from 0.05 to 0.99 gm/cc were applied to this
hypothetical Bouguer gravity grid. The correlation coefficients for
these isostatic residual grids and the topographic grid are shown in
figure 18. It shows a sharp discontinuity at the correct density
contrast, 0.45 gm/cc as expected.

The success in finding the optimal c/m density contrast in the
hypothetical model above was encouraging. It prompted me to try out
a more sophisticated hypothetical model. Random noise of 10 mgal
maximm amplitude and an additional west-dipping gravity gradient of
=0.01875 mgal/km in western Kansas was introduced into the ideal
model above. The purpose for so doing was to simulate the actual
gravity measurements in Kansas. The 10 mgals noise reflects the
shallow localized density ancmalies, while the -0.01875 mgal/km west-
dipping gravity gradient reflects the thickening as well as the
lowering of the average density of the Phanerozoic sediments to the
west (Woollard, 1959). The resultant hypothetical Bouguer gravity
grid was again subjected to the same isostatic corrections as
discussed in the last paragraph. The residual isostatic gravity
grids were then correlated with the topographic grids. The plot of
the correlation coefficients against c/m density contrasts is shown
in figure 19. The distinct discontinuity at 0.45 gm/cc is no longer
observable. Instead, a smooth bend conmnects the two more or less

straight lines on the two sides. Since the location of the bend is
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Figure 18. Correlation coefficient versus lower-crust/upper-mantle
density contrast. Surface topography was correlated with
the residual isostatic gravity for various lower-crust/
upper-mantle density contrasts. A homogeneous upper
crust, a 40-km crustal column, and complete isostatic
campensation at Moho were assumed in this hypothetical
model.
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Figure 19. Correlation coefficient versus lower-crust/upper-mantle
density contrast. Surface topography was correlated with
the residual isostatic gravity for various lower-crust/
upper-mantle density contrasts. A -0.01875 mgal/km west-
dipping gravity gradient in western Kansas and random
noise with a 10 mgal peak were added to the hypothetical
model used in figure 18.
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not as well defined as the discontinuity in the case with no noise,
only an optimal density contrast with quite large uncertainties
could be determined.

One way of estimating this optimal density contrast is to fit
two straight lines to the lower and higher ends of the density
contrasts. The optimal range- of density contrast is indicated by
those points on the plot that deviate significantly from these two
. straight lines.

I next repeated the calculations using the actual Bouguer
gravity grid. Figures 20 shows the correlation coefficients plotted
against c/m density contrasts, with the sea level crustal column
held constant at 40 km. A density contrast of 0.4 to 0.45 gm/cc
apparently fits the Airy isostatic model best. The upper limit for
the density contrast is 0.6 gm/cc. The density contrast, 0.4-0.45
gn/cc, was chosen because it also approximately agrees with the
evidence from seismic refraction studies. I shall discuss this in

A similar procedure was used to estimate the optimal depth of
the sea level crustal colum. Figure 21 plots the correlation coeffi-
cients against sea level crustal colum depths for a constant c/m
density contrast of 0.45 gm/cc. The estimated optimal depth of the
sea level crustal column is around 40 to 42 km. Except for an esti-
mated crustal thickness of about 36 km near Concordia in central
Kansas, these values are in agreement with the crustal thickness of
Kansas determined from seismic refractions (Steeples, 1981; Stewart,

1968) .
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Figure 20. Correlation coefficient versus lower-crust/upper-mantle
density contrast. Surface topography was correlated with
the residual isostatic gravity for various lower-crust/
upper-mantle density contrasts. Actual gravity data (fig.
17) was used. A 40-km crustal colum was assumed.
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Figure 21. Correlation coefficient versus crustal colum depths.
Surface topography was correlated with residual isostatic
gravity for various crustal colum depths. Actual gravity
data (fig. 17) was used. A lower-crust/upper-mantle

density contrast of 0.45 gm/cc was assumed.
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Although this method of correlating residual isostatic
ancmalies with the topography was very promising for the first
hypothetical case, it failed to yield any significant new
information about the optimal c/m density contrast and depth of the
sea level crustal column for the actual measured data. The range of
c/m values estimated by this method was about the same as previously
suggested in the literature (see for example, Woollard, 1966). The
estimated range of the depth of the sea level crustal colum was 32
to 42 km.

Since the isostatic correction is smooth and of very long
wavelength, the resultant isostatic residual maps using any
reasonable density contrast and- sea level crustal depth do not
differ significantly from one ancther. Figures 22 and 23 show the
isostatic correction and residual maps for a density contrast of
0.45 gn/cc and a 40 km deep crustal colum.

The isostatic correction map (fig. 22) shows a west dipping
gravity gradient, which is steeper in western (0.18 mgals/km) than
eastern (0.05 mgals/km) Kansas. Except for a small gravity high in
southeastern Kansas, the monotonous east-west gravity gradient
dominates this map. If the isostatic root system is a true
representation of the crustal thickness, then the Mcho has a gentle
relief in eastern Kansas, and dips almost linearly to the west in
western Kansas.

The residual isostatic gravity map (fig. 23), compared to the
Bouguer map (fig. 17), reveals more details of the local ancmalies,
particularly in western Kansas. But there are still very long
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Figure 22. Airy isostatic correction gravity grid of Kansas. A 0.45
gn/cc lower-crust/upper-mantle density contrast and a 40-

km crustal colum were assumed.




AIRY ISOSTATIC CORRECTION MAP OF KANSAS, UPPER CRUST DENSITY = 2.87 GM-CC
NORMAL CRUSTAL COLUMN = 48 KM, C-M DENSITY CONTRAST = @.45 GM-CC

MGALS

86



99

Figure 23. Airy isostatic residual gravity grid of Kansas. A 0.45
gm/cc lower-crust/upper-mantle density contrast and a 40-
km crustal column were assumed.
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wavelength ancmalies that are not removed by the isostatic
correction. Broad negative ancmalies in eastern and western Kansas,
and a large gravity high in central Kansas could be caused by large
intra-crustal or sub-crustal density anamalies, or non-Airy root
behavior of the crust.

The -30 to -40 negative anomaly (fig. 23) in the east coincides
with a negative free-air anomaly (fig. 24) of similar magnitude.
McGinnis and others' (1979) free-air gravity map of the United
States shows this anomaly is part of a larger ancmaly that extends
into western Missouri. This in turn is one of a chain of free-air
gravity lows that extends from Wisconsin, Iowa and into Texas on a
long wavelength free-air gravity map.

Free-air gravity anomalies are calculated without correcting
for the mass of the rocks between the ocbservation point and sea
level, as well as the hypothetical isostatic roots at the bottom of
the crust. Long wavelength free-air negative gravity ancmalies
reveal regional mass deficiencies in the underlying crust-mantle
colum.

Rather than attribute the cause of the regional isostatic low
in eastern Kansas to an exceptionally thick crust (which would also
account for the mass deficiency indicated on the free-air map). I
prefer the explanation as depicted in figure 25. It shows an east-
west cross section of the crust before and after rifting. The east
dipping horizon at about 15 km below sea level is the bottcm of the
zone of low reflected energy cbserved by Brown and others (1983) in

their OOCORP seismic reflection 1line in northeastern Kansas. I
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Figure 24. Free-air gravity map of Kansas.
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Figure 25. Cross sectional model of the crust in eastern Kansas

before and after rifting in late Precambrian time.
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assume that this is a detachment (Wernicke and Burchfiel, 1982) that
separates the brittle upper crust from the more ductile lower crust.
Relative motion between the upper and the lower crust caused by
rifting resulted in a net eastward translation of the upper crust.
Assuming increasing density with depth (the dash line indicates
rocks of equal density), this eastward translation resulted in a
negative density anomaly at the mid-crust level. Because the surface
elevation of this block of translated upper crust was relatively
lower than the 'undisturbed' crust farther to the east, it eroded
less and consequently ended up with a thicker upper crust. I have
assumed that the rate of isostatic rebound/campensation was slower
than the rate of ervsion. I should emphasis that eastern Kansas is
now in isostatic equilibrium in spite of the negative isostatic
anamaly observed. In general, a compensated negative (positive) -
density anomaly in the upper crust will give rise to a negative
(positive) isostatic ancmaly because the gravitational attraction of
the Airy root is smaller (it depends on the inverse square of
distance) than that of the density anomaly in the upper crust.

The -15 mgal broad gravity low in western Kansas (fig. 23) is
partly due to the thickening of the lower density Phanerozoic
sedimentary rocks toward the west, which is not accounted for in the
isostatic correction. Woollard (1959) estimated this effect to be
about -6 mgals. The remaining unexplained -9 mgals appears to be a
level shift for the entire state that is caused by a deep low

density source. In summary, the isostatic correction calculated
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using an Airy model fails to account for all the long wave:!.e11gt11
anomalies, and is inadequate for purpose of ancmaly separation.

Next, I consider the question of crustal thickness in central
and western Kansas by comparing gravity results to a seismic
refraction survey. To model the gravity gradient in western Kansas,
a first order trend surface was fitted to the western Kansas Bouguer
gravity grid (profile A-A' is shown on figure 13). A west-dipping
gradient of 0.255 mgal/km was obtained (fig. 26). Steeples (1976)
evaluated a refraction profile shot by the USGS between Agate,
Colorado and Concordia, Kansas and derived a crustal thickness of 48
km at Agate and 38 km at Concordia. I used this seismically
determined dipping Mcho to model the regional gravity gradient in
western Kansas. Since a small part of the Bouguer gravity gradient
is due to the thickening (about 600 m) of the sedimentary cover to
the west (Cole, 1976; Zeller, 1968; Merriam, 1963), a correction for
the lower density Phanerozoic rocks is needed. From Vargas (1983),
the average density of shale and limestone in a normal Pernsylvanian
section was calculated to be 2.27 gm/cc and 2.51 gm/cc respectively.
If we assume these densities are representative of the entire
Phanerozoic section, the average density is estimated to be 2.43
gn/cc. This assumes that the Phanerozoic section consists of
approximately one third shale and two third limestone (as estimated
from Plate 1 in Zeller, 1968). This is 0.24 less than the density
2.67 used in the Bouguer correction, and corresponds to a 6-mgal
difference in the gravity gradient on AA'. Woollard (1959) cbtained

a similar value in his "geologic correction", which assumes a
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Figure 26. Gravity model of the Mcho in western Kansas along AA'
(fig. 13). Depth to Mcho was determined by seismic
refraction (Steeples, 1976). Density contrast between
the lower crust and upper mantle was varied to fit the

cbserved gravity gradient.






110

lateral density change on AA'. This correction was applied to the
Bouguer gravity gradient and is shown in figure 26. The density
contrast at the Mcho (between the crust and mantle) was varied until
the modeled gradient matched the corrected Bouguer gravity gradient.
A density contrast of -0.45 gm/cc was fourd to give the best fit.
This result is consistent with density values of 2.9 gm/cc in the
lower crust and 3.35 gm/cc in the upper mantle, which are normal
values for continental crust in stable cratons (see for example
Fleitout and Froidevaux, 1983; Hinze and others, 1982).

This 10 km crustal thickening to the west, as indicated by
gravity and seismic data, is not predicted by the Airy hypothesis of
isostasy. Using elevations of 0.48 km (1600 ft) at Concordia, 1.09
km (3600 ft) at Agate, an upper crustal density of 2.67, and a crust-
mantle density contrast of 0.45 gm/cc (as derived earlier) the
predicted Airy crustal thickening is approximately 4 km.

Using the crustal thicknesses derived fram refraction studies
and assuming the Airy hypothesis is correct, the equivalent sea
level crustal column thicknesses at Agate, Concordia, and near the
Kansas/Missouri border were derived and are shown in table 2. It is
cbvious that the crust is thimner by five to six kilometers at
Concordia in northcentral Kansas. It is most unlikely that isostatic
equilibrium has not been attained after 1.1 b.y. Quite possibly, the
topography is compensated partially at the Moho level and also at
the base of the lithosphere, where a large low density body may be
present. Evidence for such a body near the lithosphere/asthenoshere

boundary was reported by Hahn (1982). He detected a large low
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CRUSTAL  EIEVATION ATRY  SEA LEVEL
THICKNESS (KM) ROOT CRUSTAL
(RM) (M)  COLUMN (KM)

AGATE, as™ 1.09 6.47 41.53
Joe)
CONCORDIA, 38* 0.45 2.67 35.33
KS
KS/MS 42" 0.30 1.78 42.22
BORDER
Table 2. Crustal thicknesses, elevations, and derived Airy

isostatic roots at Agate, Concordia, and the Kansas/
(* from Steeples, 1976; ' from Stewart, 1968)
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velocity body in the upper mantle beneath central Kansas using
teleseismic P-wave residuals. Velocity and density of rocks

generally are positively correlated (Clark, 1966).
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TREND SURFA( YSIS - REGT

A second order trend surface fit (fig. 27) to the gravity map
(fig. 15) is a good representation of the regional trend within the
state. This was judged by visually inspecting the first through
ninth order residual gravity maps, as well as examining the
closeness of fit via the root mean square (RMS) values. RMS values
for the first through seventh order fit were 16.59, 11.01, 10.01,
9.36, 9.13, 8.93, and 8.82 mgals. Raising the order of fit from the
first to second improved the fit by more than 5 mgals, while
successively higher order fit only gave a moderately better fit.

The second order trend surface (fig. 27) shows a steep west-
dipping gradient in western Kansas and almost no gradient in eastern
Kansas. It crudely resembles the isostatic correction map in figure
22. They both have a relatively steep west-dipping gradient in
Westeananéas, and becames more gentle in the eastern half of the
state. But the isostatic correction in the west and east border of
the state are -120 and =32 mgals respectively; which are quite
different from the corresponding values of -135 and -59 mgals for
the second order trend of the Bouguer gravity map. While the second
order residual map essential levels the entire data set about zero
mgal, the isostatic residual map leaves a broad gravity low in both
eastern and western edges of the state (or a broad gravity high in

central Kansas).
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Figure 27. Second order trend of the Bouguer gravity map shown in
figure 13. Root mean square of the fit is 11 mgals.
Note the steep west-dipping gradient in western Kansas.
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TREND SURFACE ANALYSIS — IOCAT, ANOMALTES

For the following discussion in this section, please refer to
figure 2 for basement provinces and use plastic overlay with county
names and boundaries (in back pocket of this volume).

To emphasis the local ancmalies, a residual map (Fig. 28) was
obtained by removal of the regional field which is best represented
by a second order trend surface. The most prominent feature on this
map, which we call the Midcontinent geophysical ancmaly (MGA), is a
gravity high with flanking lows, that trends southwest through the
state from Marshall county at the Kansas-Nebraska border, to Harper
county at the Kansas-Oklahama  border. Numerous  previous
investigators (see for example Van Schmus and Hinze, 1985 for a good
source of references) have interpreted this feature, which also has
a magnetic expression (fig. 29) ard extends northeasterly to the
Great Lakes region, as an aborted late Precambrian rift. The central
gravity high and flanking lows are due, at least in part, to a rift
basin filled with Precambrian arkosic sandstone which includes a
central trough of basalt.

Previous investigators have developed a variety of cross-
sectional models for the MGA. King and Zietz (1971), based on
simultanecus gravity and magnetic modeling across the Iowa portion
of the MGA, suggest a fairly shallow basin (8 km deep) filled with
basalt that subcrops at the present Precambrian surface. Ocala and
Meyer (1973), based on gravity modeling controlled by seismic
refraction results, suggest that a large part of the gravity high is

due to the presence of a high density rock intruded into the upper
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Figure 28. Second order residual gravity map of Kansas.
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Figure 29. Aeromagnetic map of Kansas.
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crust. The cross sectional shape is also roughly that of a
symmetrical basin with depth of 25-35 km. Chase and Gilmer (1973)
suggest a vertical prism of mafic material extending to great depth
into the upper mantle. More recently, Serpa and others (1984), based
on a deep seismic COCORP line (fig. 30) in northeastern Kansas,
suggest that the basalt occurs in an asymmetrical basin. The top of
this basalt is some 4 km below the present Precambrian surface and
is overlain by several kilometers of arkosic sandstone. Somanas
(1984) reprocessed the COOORP seismic line and derived a model using
constraints from gravity, magnetic and drill data. He suggests a
rift basin filled with interbedded basalt and clastic rocks at 2-6
km beneath sea level, and flanked by two bodies of Precambrian
clastic rocks. A thin dike of intrusive rock cutting through the
clastic rock body in the east accounts for the secondary magnetic
high there. Three moderately magnetic to non-magnetic deep bodies at
16-30 km contribute the remaining portion of the gravity and
magnetic signals.

Although the afore-mentioned models are thought provoking and
have same attractive features, they are not without weaknesses and
do not exclude alternative interpretations. For instance, although
the COOORP line passes near a well located near the crest of the
gravity high that encountered Precanbrian arkosic rocks, most of the
rocks found in wells to the Precambrian along the gravity high in
Kansas are gabbroic. Arkosic rocks are found predominantly over the
flanking gravity lows. Somanas' model suggests that the central

trough of gabbro is physically separated from the flanking wedges of
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Figure 30. Location of COOCORP seismic line 1 in northeastern Kansas
overlain on the Bouguer gravity map. R, M, and O indicate
location of wells encountering Precambrian Rice

formation, mafic rocks, and granite respectively.
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arkose. Why these bodies are not in contact, but separated,
presumably by granitic rocks is unclear. Further work is needed to
distinguish between the various proposed cross-sectional models of
the MGA.

A simple cross-sectional model (fig. 31) derived fram the east-
west gravity profile BB' (fig. 13), is useful for estimating the
minimm amount of basalt and arkose within the rift zone. The cross-
sectional area of the basalt and sandstone obtained fram the model
were miltiplied by the estimated length of the prism, 350 km, to
arrive at the volume of each. Using density contrasts of +0.3 gm/cc
and -0.3 gm/cc for basalt and sandstone, respectively. The minimm
volume of basalt and sandstone in northern Kansas were found to be
36,000 cu km and 16,000 cu km respectively. This considerable volume
of Precambrian sandstone may contain giant hydrocarbon reservoirs
and is of great interest to oil companies.

The MGA is characterized in northern Kansas by a 60 mgal
gravity high. Although this positive gravity feature is easily
traced southwesterly to the Kansas-Oklahama border (fig. 28), its
amplitude abruptly decreases to approximately 20 mgals in Saline
county. An east-west gravity profile (CC' in Fig. 13) across the MGA
in southern Kansas was also studied (fig. 32). A regional trend,
indicated by the dashed line in figqure 32, was first subtracted from
the Bouguer gravity profile before modeling. This regional trend is
due to the adjacent Nemaha ridge and is not directly related to the
rift. The resulting cross-sectional model is shown in figure 33. The

predicted minimum amounts of basalt and sandstone in southern Kansas
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Figure 31. Cross-sectional gravity model of MGA along latitude

39.01° in northcentral Kansas (BB' in figure 13).
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Figure 32. The regional gravity anomaly along CC' (fig. 13) in
southcentral Kansas along latitude 37.5° was subtracted

to extract the gravity signal related to the MGA.
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Figure 33. Cross-sectional gravity model of MGA along CC' (fig. 13).
Regional gravity anomaly was subtracted from the Bouguer

gravity profile as shown in figure 32.
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were approximately 1500 cu km for each.

A broad +30 mgal ancmaly (fig. 28) containing several positive
closures is present in extreme southeastern Kansas in the counties
of Montgomery, ILabette and Cherokee. These small circular features
may be depicting magma feeder pipes which supplied the rhyolite that
makes up the basement in this area (Bickford and others, 1979). It
is unlikely that the actual sources for these positive anomalies are
rhyolitic rocks, because rhyolite is generally less dense than
granite (Clark, 1966). These anamalies may represent a more mafic
phase of the magma at depth (Mclelland, 1986) or possibly a later
intrusive event.

The Nemaha ridge shown bounded by the Humboldt fault in
northeastern Kansas (fig. 1), has little gravity expression (fig.
28). This is probably due to the lack of density contrast between
the uplifted basement rock and the surrounding sedimentary rocks
(Woollard, 1959). Also the proximity of the MGA may mask any small
signal the Nemaha ridge might produce. In southcentral Kansas, a +15
mgal northeast trending anomaly in Sumer, Sedgwick and Butler
counties overlies the Nemaha ridge. This anomaly is located on the
western part of the Wichita magnetic low, a large pronounced
magnetic low in the region (fig. 29).

To the east of the Nemaha ridge gravity high in southcentral
Kansas, but still within the Wichita magnetic low, is a triangular
shaped (=20 mgal) low in Greerwood county. The source for these
gravity anomalies is poorly understood. The change in gravity

anomaly polarity within the uniform magnetic low suggests a camplex
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Precambrian geologic history in this region.

A small positive closure in extreme northeastern Kansas
(Doniphan county) has a corresponding magnetic high, indicating a
mafic source body in the basement. Basement mafic rock underlying
the Salina basin west of the MGA in northcentral Kansas (Republic,
Jewell, Smith, and Mitchell Counties) is the probable source for the
+15 mgal anamaly in this region. This could be related to an
intrusive event that led to the formation of the.Salina basin as has
been suggested for other basins in the midcontinent (e.g. McGimnis,
1970) .

A broad +25 mgal high in Barton county and a +15 mgal high in
Norton county correlate with the southeastern and northwestern erds
of the Central Kansas uplift. A +15 mgal high coincident with the
Norton and Pl'xillips county line suggest an intra-basement mafic body
in this region. This body also gives rise to a positive magnetic
ancmaly. A positive anamaly with a very steep gradient along the
Rawlins/Decatur county 1line, in northwestern Kansas, suggests a
fairly shallow basement intrusive body.

Other significant anomalies include a 130 km by 100 km "L'-
shaped +25 mgal high centered in Wichita and Grant counties (anomaly
A in figure 28), +20 mgal high in Stanton county (ancmaly B), +15
mgal high in southwestern Hodgeman county (ancmaly C), A -15 mgal
east-west trending low in Sherman and Thomas counties (anomaly D in
northwestern Kansas), and a =15 mgal northwest trending low in
Jackson, Jefferson and Johnson counties (ancmaly E in northeastern

Kansas). Anomaly E is the northwestern end of the Missouri gravity
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low, which is probably a failed Precambrian rift (Guinness and

others, 1982).
TREND SURFACE ANATYSIS — SEVENTH ORDER RESIDUAL

To better study the shallow basement sources responsible for
the gravity ancomalies and trends, a seventh order trend surface was
removed fram the original map (fig. 15) resulting in the residual
map shown in figure 34. The symmetrical nature of the MGA (a central
high with its flanking lows in central Kansas) and the comtinuation
of the anaomaly to the Oklahama border show up more distinctly
(labelled 'MGA' in figure 34). The northeast trending positive
gravity ancmaly of the Nemsha ridge (labelled 'N') extends further
to the northeast then on previous maps. The southeastern end of the
Central Kansas uplift (labelled 'C') and the southern end of the
Nemaha ridge (labelled 'N') are simated symmetrically about the
MGA. Could they have been one entity before 1.1 b.y. ago and then
separated during rifting? The right lateral offset of the Central
Kansas uplift anamaly along a northwest trend at the concurrence of
Rush, Barton, and Pawnee counties (labelled C) coincides with the
trend of basement faulting in the area (Cole, 1976). An extensive
northwest-trending lineament that passes through the state (RR' in
figure 34) suggests the existence of an ancient (pre 1.1 b.y.) cross-
state fracture zone.
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Figure 34. Seventh order residual of the gravity map in figure 13.
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SYNTHETTC TTIUMINATTON OF GRAVITY

Synthetic illumination of the Kansas Bouguer gravity grid (fig.
15) was done for azimuths at 20° intervals from 0° to 360°. This
resulted in a suite of 18 reflectance maps for interpretation
(figures 35 and 36 are examples).

The sun horizon was chosen by trial and error. For sun angles
too high above the horizon, many interesting patterns are suppressed
by high reflectances throughout map. Similarly low sun angles
produce a map dominated by low reflectances. The gravity values were
scaled such that the steepest gravity gradient in the data would
have a pseudo topographic slope of about 1. A sun horizon of 30° and
scale of 1.2 mgal/mi (0.75 mgal/km) was found to be optimal.

The reflectance map with the sun azimuth at 120°, as shown in
figure 35, highlights the northeasterly trend in the gravity data.
This map reveals the extent of the rift zone. I estimate the eastern
and western apparent fault boundaries of the rift to be located at
Q' and PP' (fig. 35). QQ' coincides approximately with the Humboldt
fault zone (see also figure 1). No major fault zone has been mapped
along the trend of PP'.

Figure 36 shows a reflectance map with the sun azimuth at 180
degrees, which stresses the east-west trends in the gravity data. It
reveals an east-west boundary, TT', separating the state into a
northern and southern region. TT' follows approximately a chain of
high reflectances, and truncates the northeastern trending high
reflectance associated with the MGA in central Kansas. South of TT'

in eastern Kansas, the reflectance patterns exhibit longer
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Figure 35. Synthetically illuminated gravity map of Kansas. Sun
horizon = 30°, azimuth = 120°, and gravity to vertical
distance scale = 0.75 mgal/km.
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Figure 36. Synthetically illuminated gravity map of Kansas. Sun
horizon = 30°, azimuth = 180°, and gravity to vertical
distance scale = 0.75 mgal/km.
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wavelengths, lower reflectance values (black), and sharper edges
than those in northeastern Kansas. These distinctions are not as
apparent in western Kansas. The portion of TT' indicated by a dashed
line is less cbvious.

A summary of the many gravity lineaments identified on the 18
reflectance maps at different azimuths appear in figure 37. The
criteria I used in identifying lineaments were that it must be at
least 20 km long and a straight line resulting from a change of
reflectance or color. The lineaments shown in figure 37 were
identified on more than ane map, although the exact location of a
line may vary slightly on different illumination azimuths. This is
due to the width of the linear feature in the original data.

For the following discussion of figure 37, please refer to
figure 2 for basement provinces and use plastic overlay with county
boundaries (in the back pocket of this volume). Most of the linea-
ments in figure 37 are trending northeast or northwest. Two
prominent lineaments, labelled A and B in figure 37, extend south-
westerly to central Kansas, and are flanked in the west by another
rather long 1lineament, labelled C, of almost the same strike.
Lineament B coincides with the crest of the central gravity high of
the MGA. Lineaments A and C are at the minima of the flanking
gravity lows. A few shorter lineaments in south-central Kansas near
98 degree longitude are a continuation of A, B, and C. They are
marked in red and blue corresponding to the central gravity high and
the flanking lows respectively. The shorter and less aligned linea-

ments in southcentral Kansas indicate a less developed rift basin.
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Figure 37. Gravity lineaments in Kansas.
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There is a swarm of near-parallel northeast trending
lineaments, labelled D in figure 37, near the southeastern end of
the Central Kansas uplift. These lineaments could be the gravity
signature of intrusive dikes or block faulting, which are associated
with the late Precambrian rift. PP' and QQ' (fig. 35) define the
boundaries of the rift zone because most of the northeast lineaments
in figure 37 are within these bounds. Although the northeast
lineaments along PP' and QQ' are relatively short and interrupted in
many places, their continuation across the state is quite evident.
The rift seems to widen slightly from north to south, such that the
divergent angle made by PP' and QQ' is about 17 degrees. Within the
rift zone, defined by PP' and QQ', there are more northeast
lineaments in southcentral Kansas than in northcentral Kansas,
suggesting more extensive fractures or faulting in southcentral
Kansas. On the other hénd, gravity signals from any northeast
trending faults in the granitic crust in northcentral Kansas would
be attemuated by the thick layer of overlying Precambrian sediments.

Many northwest trending lineaments are found in figure 37.
Although they are interrupted in many places, they are more or less
aligned. These lineaments are interpreted as gravity expressions of
pre-rift fractures in the basement because of their cross cutting
relationship with the northeast lineaments. (The relative ages of
two sets of intersecting lineaments/faults are determined by the
assumptions that the older lineaments are interrupted by the younger
lineaments.) Since there are no apparent offsets of these lineaments

(see also RR' on the seventh order residual gravity map in fig. 34)



145

across the rift zone, it implies that no strike slip movement has
taken place along the rift. The accumlated lineament length in
eastern and western Kansas are plotted against the lineament azimuth
(fig. 38). Peaks which corresponrd to both the northeast and
northwest trending lineaments, are present in both histograms. The
northwest trending lineaments in western Kansas appear to have
rotated, relative to northwest trending lineaments in eastern
Kansas, 5 to 10 degrees clockwise. This suggests that the crustal
extension due to rifting was progressively larger from north to
south. The rift boundaries at the beginning stage of rifting may
have been parallel. A larger amount of extension in southern Kansas
resulted in the divergent rift boundaries PP' and QQ' observed.
Alternatively, the final gecmetry of the rift cbserved now could be
the result of a wider initial rift zone in the south to begin with.

I next estimate the crustal extension and the initial width of
the rift along two east-west lines, GG' and FF', as shown in figure
39. The extension ratio (b) is defined as the final width to the
initial width of the rift. I assume a constant extension ratio (b)
throughout the rift. The first 1line, GG' in northern XKansas,
overlaps the OOCORP seismic profile. Serpa amd others (1984)
estimated that the central main rift basin in northcentral Kansas
has widened from an initial width of 50 km to the present width
w=79 km. That means b is 79/50 or 1.58 for this Aportion of GG'.
Assuming the same b for the entire length of GG', the beginning
width of the rift zone is 106 km (the present width of the rift, 167

km, divided by 1.58). Therefore the extension along GG' is 61 km.
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Figure 38. Histograms of cumilative length of gravity lineaments in
eastern and western Kansas.
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Figure 39. Map of Kansas showing the boundaries of the rift zone.
The extensions and initial widths of the rift were
estimated along FF' and GG'. GG' overlaps partially with
the COCORP seismic line 1. 'W' is the width of the
central basalt filled basin which is approximately 79 km

wide in the east-west direction.
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The present width of the rift zone along FF' is 205 km. This implies
an extension of 76 km along FF', using the same extension ratio as
before.

The constant b model discussed above predicts a 4° rotation of
the northwest lineaments. It is based on the facts that the
extension along FF' is 15 km more than that along GG' ,and the
perpendicular distance between GG' and FF' is 200 km. The inverse
tangent of 15/200 is 4°.

Southern Kansas is quite different from northern Kansas in the
amount of extension across the rift, amplitudes of the MGA central
gravity and magnetic high (figs. 15 and 29), reflectance patterns on
synthetically illuminated gravity maps, and the amount of northeast
trending gravity 1lineaments. This division into northern and
southern terranes has been cbserved by Bickford and others (1981) in
radiometric dating and petrologic study of basement core samples,
and by Yarger (1983) based on aercmagnetic data. The younger
southern granitic terrane probably overlies a thinner crust and/or
lithosphere, a higher geothermal gradient, and consequently a more
ductile crust/lithosphere. The more ductile lithosphere resulted in
a wider rift zone in southern Kansas (this is equivalent to the
locked or resistance zone in Courtillot's (1982) propagating rift
model) . The attemuated gravity and magnetic signature of the MGA in
southern Kansas could be related to this change in lithospheric
character. Since the more ductile lithosphere did not actually
rupture in southern Kansas, a major central rift basin was not

formed. Injection of igneous material was of a smaller scale,
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limited to the infantile central rift basin and fissures between
tilted fault blocks. Whereas in northern Kansas, the more brittle
lithosphere was ruptured and a central rift basin was developed on
the Precambrian surface. This depression was filled with upwelling
basalt that gives rise to the observed pronounced central gravity
and magnetic highs of the MzA.

According to the crustal extension model of Artemjev and
Artyushkov (1971), the lithosphere is divided into a brittle upper
layer and a more ductile lower layer. Block faulting and rotation
occur in the upper layer during crustal extension. While the lower
layer is extended by ductile creeping. The northeast lineaments are
related to faults or fractures in the brittle upper layer of the
lithosphere. larger extension in southern Kansas resulted in more
northeast lineaments.
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SPECTRAL FIITERING

I discuss in this section the general characteristics of
filters and gravity anomalies in the frequency domain. Discussions
and interpretations of the filtered gravity map will be presented in
the next section.

The frequency spectrum of an anomaly deperds on the size,
depth, shape and density contrast of the causative body. A large,
deep body gives rise to a very long wavelength dominated spectrum.
Either a large shallow body or a deep body may produce a spectrum
daminated by long wavelengths. A small shallow body gives rise to a
short wavelength spectrum. It is possible therefore, if there is a
small population of large dimension shallow bodies, to use band pass
filters to separate gravity signals from bodies of different depths.
Since the gravity signal of any body covers the entire spectrum,
ancmaly separation using band pass filtering is never clear cut. For
example, a high pass filtered gravity map will contain mostly
signals that are due to small shallow bodies. It nevertheless has a
small contribution from sources at greater depth, or of a larger
size. A low pass filtered gravity map will cut off most of the
signals caused by small shallow sources, and retain most of the
contributions of a deep or large shallow body.

Continuation filters calculate the gravity field at a higher or
lower level. It is assumed that there is no mass density (or
magnetic moment), i.e. a free space, between the two levels of
contimuation. Because of the inverse squared dependency of the
gravity field on distance, the upward contiruation filter will

.
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atteruate signals due to shallow sources much faster than those due
to deeper sources. It stresses the long wavelength ancmalies caused
by deep sources. On the other hand, the dowrmward contimuation
filter, in effect, amplifies shorter wavelengths at the expense of
longer wavelengths. It is a very noisy operation because random
noise mixed in the signal also get enhanced. Sametimes an anamalous
body is present between the two levels, invalidating the assumption
of free space. Thus, downward contimuation should be used with great
care. Sametimes it is good practice to low pass filter the input
gravity grid before applying the dowrward contimuation filter. This
precaution will get rid of the very short wavelength noise and the
contributions due to shallow bodies. For example, a gravity survey
with a data spacing greater than 1.6 km should detect no signal with
a wavelength shorter than 3.2 km (see Brigham (1976) under Nyquist
sampling rate). Therefore, a low pass filter with a cut-off
wavelength larger than 3.2 km is appropriate for 1.6 km spacing
data.

The contimuation filter differs from the band pass filter in
that the contimuation filter is based on the physical law of
potential fields. The continuation filter is essentially the re-
calculation of the gravity field at a higher (or lower) level based
on the gravity field at the original observation plane. An upward
continuation filter is similar to a low pass filter, while a
dowrward contimnuation filter resembles a high pass filter. While a
band pass filter has a rather sharp threshold frequency (a step

function, a Guassian, or a Hanning function etc.), the frequency
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content of the output spectrum of a continuation filter depends more
on the input gravity data.

Since the reduced to the pole magnetic field is 1linearly
related to the first vertical derivative of gravity (see section on
Poisson 'analysis in Chapter 5), the first vertical derivative
gravity map is a form of pseudo magnetic map. The first vertical
derivative gravity map provides better definition of the size of an
anomalous body. It attemiates long wavelength effects and enhances
vertical or near-vertical density contrasts.

The secord vertical derivative filter is similar in function to
the first vertical derivative filter. It does a better job of
isolating anomalies and identifying vertical density contacts. It is
a more noisy operation and requires good quality data. It is
sometimes necessary to smooth the data before applying the vertical
derivative filter 1n order to reduce the noise and to improve the
appearance of the output map. Vertical derivative filters always
level the output grid about zero, and thus generate unrealistic lows
around positive closures, and vice versa. Furthermore, these filters
became unstable at the map boundary and give rise to undesirable
edge effects. The data boundary can be padded with a ribbon of
estimated gravity values to alleviate this problem.

Strike pass filters enhance the anomalies with strike in the
desired direction. It can reveal the directional patterns of
anomalies in the map, hence may reflect on the geologic structural

characteristics of an area.
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SPE h'4 GRAVITY MAPS

The input gravity grid for spectral filtering was prepared as
follows. The 1.28 km upward contimued gravity grid (fig. 17) used
for isostatic calculations was supplemented with the Defense Mapping
Agency gravity data in the area swrrounding Kansas to generate a
padded gravity grid with a ribbon of grid nodes around the state.
This helps to cut down on the edge effects caused by some filters. A
second order trend was then subtracted from this padded grid,
resulting in the residual grid in figure 40 which was used as input
grid in the following filter operations.

A low pass filtered gravity map with cutoff wavelength at 40 km
(fig. 41) was generated using a Guassian tail threshold function.
This low pass filtered map resembles the input gravity grid in
fiqure 40, which has a higher (about 10 mgals) average amplitude.
The resemblance is because most of the energy of the gravity
frequency spectrum is concentrated in the longer wavelength (lower
frequency) region and the Guassian tail threshold function used here
has a gentle slope.

The 20 km cutoff high pass filtered gravity map (fig. 42)
stresses the shallow sources. A circular positive ancmaly (labelled
's') in eastern Sumner county lies within the northeast trending
gravity high that overlies the Nemaha ridge in southcentral Kansas
(see also fig. 41). It probably is caused by a shallow pluton.

The broad positive ancmaly at the southeastern end of the
central Kansas uplift, CKU ('C' in fig. 41), has considerable fine

structure in the 20 km high pass filtered map (fig. 42). A northeast
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Figure 40. Bouguer gravity map of Kansas leveled at 1.28 km above
sea level. Second order trend removed.
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Figure 41. Low pass filtered gravity map of Kansas, cutoff
wavelength at 40 km.
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Figure 42. High pass filtered gravity map of Kansas, cutoff

wavelength at 20 km.
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trending positive anomaly ('L' in fig. 42) from Pawnee to Barton
county may be due to an intrusive dike. It appears to extend further
north to Osborne county. A similar but less evident anomaly is also
found in Stafford county ('M' in fig. 42). Two northwest trending
anomalies orthogonal to 'L' and 'M' in south Barton ('O' in fig. 42)
and central Rush counties ('P' in fig. 42) is parallel to the strike
of faults mapped in the area (Cole, 1976).

The 10 km upward continued gravity map (fig. 43) shows a broad
negative ancmaly in eastern Kansas, which is most likely due to a
negative density ancmaly in the mid-crust as discussed in an earlier
section. The central gravity high (labelled 'mga' in figure 43) and
the east flanking low of the MGA are apparent in the 10 km upward
continued gravity map. In the 40 km upward continued gravity map
(fig. 44), the central gravity is still present in northcentral
Kansas but the flanking lows are no longer visible anywhere. This
implies that the less dense Precambrian sediments on the flanks of
the central rift basin are at a shallower depth than the more dense
basalt at the central rift basin in northcentral Kansas. The
disappearance of any significant MGA trend in southcentral Kansas in
the 40 km upward continued gravity grid (fig. 44) means little or no
volcanics were emplaced at mid to lower crustal levels. The
northeast trending positive anomaly (labelled 'c' in figures 43 and
44) near the southeastern end of the central Kansas uplift appears
to be deep rooted because it persists in the 40 km upward continued
gravity map. It is possible that this anomaly could be a deep root

of the MGA which is right laterally offset near central Kansas.
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Figure 43. 10 km upward contimued gravity map of Kansas.
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Figure 44. 40 km upward continued gravity map of Kansas.
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Similarly, the MGA trend has an offset Jjust north of the
Kansas/Nebraska border (not visible on Kansas gravity map) and just
north of the Iowa/Minnesota border. Although the offsets in the
latter cases are left lateral.

The first vertical derivative gravity map (fig. 45) helps to
make individual anomalies show up better. The central gravity high
and flanking lows of the MGA are even more spectacular on this map.
The continuation of this anomaly to at least the Kansas-Oklahama
border is evident. The positive ancmaly near the southeastern end of
the central Kansas uplift (labelled 'c' in figures 43 and 44) is
right laterally offset by approximately 25-30 km. The two separate
parts of this anamaly are labelled 'cl' and 'c2' in figure 45. A
possible interpretation of this offset is that there was strike-slip
movement along a northwest trending fault zone at or shortly after
the 1.1 b.y. rifting.

There is a simuous east-west trending gravity 1low,
approximately 300 km long, in northwestern Kansas in the counties of
Sherman, Thomas, Sheridan, Graham, Rocks and Osborne (labelled 's!'
in figure 45). This trend consists of a series of individual
negative closures. It may delineate separate basement terranes to
the north and south here-to-fore unrecognized. This boundary is
substantially to the north of the boundaries proposed by previous
investigators (Bickford and others, 1981; Yarger, 1984), as well as
the boundary TT' (fig. 36) that I have determined in the last

section.



168

Figure 45. First vertical derivative gravity map of Kansas.
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To the north of this chain of gravity lows are several positive
closures in the counties of Cheyenne, Rawlins, and Decatur (labelled
', w', 'x', and 'y' in figure 45). These are interpreted as
plutons at or near the basement surface. The ancmalies labelled 'u',
‘v, and 'y' in figure 45 approximately coincide with magnetic lows
and could be emplaced when the earth's magnetic field was reversely
polarized. The ancmalies labelled 'w' and 'x' correspond to magnetic
highs and a normally polarized earth magnetic field at the time of
emplacement. The ancmaly, labelled 'z' in figure 45, at the center
of the Salina basin in Jewel county corresponds to a magnetic high
and also has the characteristic of a shallow pluton in the basement.

The composite positive ancmaly near Wichita, Scott, and Lane
counties in western Kansas has a very sharp contrast on the west and
northeast sides suggesting a fault controlled ignecus emplacement.
The positive closures in southeastern Kansas (labelled 'r' in figure
45) have exceptionally straight edges and appear to be fault
bounded.

The strike pass gravity map in figure 46 enhances gravity
anomalies trending N30°E, and attenuates ancmalies normal to this
direction. The MGA, with its central gravity high and flanking lows,
extends from north to south in central Kansas. Several northeasterly
trending gravity highs are present on the western flank of the main
MGA gravity anamaly in southcentral Kansas (labeled 'C' in figure
46).

Another strike pass gravity map (fig. 47) stresses west

northwest-east southeast trending gravity anomalies and suppresses
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Figure 46. High pass filtered (cutoff at 10 km) and strike passed

(N30°E £60°) gravity map of Kansas.
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Figure 47. High pass filtered (cutoff at 10 km) and strike passed

(N30°W £60°) gravity map of Kansas.
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anomalies normal to this direction. There are many northwesterly
trending gravity anomalies throughout the map (fig. 47), except in
central Kansas along the MGA. These northwesterly trending gravity
anomalies are interpreted as fractures in the granitic basement that

pre-date the 1.1 b.y. MGA.




176

MOVING WINDOW POISSON ANALYSIS
The first vertical derivative of gravity was correlated with

the reduced to the pole magnetic field using linear regression over
a small moving window. Preparation of the input leveled gravity grid
was discussed in the section on isostatic reduction. The second
order residual gravity grid at a common datum level of 1.28 km above
sea level (fig. 40) was used as input for calculating the first
vertical derivative of gravity (fig. 45). Because the long
wavelength regional trend is mostly due to deep sources at and below
the Moho, it is appropriate to eliminate the regional trend in order
to isolate shallower sources.

It was necessary to re-calculate the gravity and magnetic data
grids so that they were at a cammon "observation" plane. This
procedure removed any dgravity or magnetic gradients caused by
differences in the cbservation elevations.

It is also necessary to level the magnetic grid because the
aercmagnetic survey was flown at 762 m (2500 ft), 914 m (3000 ft),
and 1371 m (4500 ft) above sea 1level in eastern, central, and
western Kansas respectively. The entire magnetic grid was continued
to 1280 m (4200 ft) above sea levél by reduction to the pole first
(inclination = 65°, declination = 7°), and then upward contiming
the eastern Kansas data by 518 m (1700 ft), the central Kansas data
by 366 m (1200 ft), and downward contimuing the western Kansas data
by 91 m (300 ft). The resulting leveled magnetic grid is shown in

figure 48.
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Figure 48. Magnetic map of Kansas leveled at 1.28 km above sea

level.
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A scquare window of 3-by-3 grid nodes (4.8 by 4.8 km) was found
to give the optimal result in the moving window Poisson analysis,
which fits a straight line between the first vertical derivative of
gravity and the reduced to the pole magnetic field in the least
squares sense. Smaller window sizes give unreliable fits with large
root mean square value. Iarger window sizes produce a smoothing
effect which discriminate against smaller ancmalies. ILarger window
sizes also increase the undefined area around the edge of the map
where some interesting features are located.

Moving window Poisson analysis was performed on the 1.28 km
upward continued data. The output grids of the moving window Poisson
analysis are shown in figures 49, 50 and 51. The intercept (fig. 49)
near the Wichita magnetic low has a very low value, indicating a
regional magnetic low. The rest of the state generally has
intercepts of about 1200 to 1300 nanoteslas, which is about the
average value of the input magnetic map (fig. 48).

In figure 50, a large percentage of correlation coefficients
are near +1 or -1, indicating good direct correlation or inverse
correlation between gravity and magnetic anomalies. There are
slightly more positive correlations. Incidences of non-correlation
(correlation coefficient near zero) are relatively few. A striking
feature of the correlation coefficient map (figure 50) is the marked
difference between northern and southern Kansas, as divided by the
line TT'. South of the line TT' in figure 50, the correlation
coefficients are mostly near +1. An approximately 50 km wide band,
bounded between TT' and the dashed line in figure 50, contains a
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Figure 49. Intercept map derived from Poisson analysis of Kansas

gravity and magnetic data at 1.28 km above sea level.
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Figure 50. Correlation coefficient map derived from Poisson analysis
of Kansas gravity and magnetic data at 1.28 km above sea
level.
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Figure 51. Magnetization contrast to density contrast ratio (m/d)
map derived from Poisson analysis of Kansas gravity and

magnetic data at 1.28 km above sea level.
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high percentage of near -1 correlation coefficients. The occurrence
of high positive (white) and high negative (black) correlation
coefficients north of this 50-km—wide band are approximately equal.

Similar to the correlation coefficient map (fig. 50), the
magnetization-contrast to density-contrast (m/d) map in figure 51
also shows a marked difference in northern and southern Kansas, as
divided by the line TT'. South of the line TT', most of the m/d
values are more positive (around +0.03), correspording to
coincidence of magnetic and gravity highs. This implies that the
rocks have a larger lateral magnetization contrast. In the region
bounded between TT' and the dashed line in figure 51, there is a
higher percentage of negative m/d value. M/d values between zero and
+0.015 are comon farther north. I believe that these distinctions
in m/d values and correlation coefficients in northern and southern
Kansas corresponds to the basement rock types as discussed by
Bickford and others (1979).

Several regions in northeastern Kansas (two of these are
labelled 'b' and 'm' in figure 51) have an exceptionally high m/d
value of about +0.03. These are locations of plutons of the Big
Springs type as discussed by Yarger (1984), and Steeples and
Bickford (1981). The positive magnetic and gravity anomalies are
caused by the about 2% magnetite (by weight) in the granite. Similar
gravity and magnetic anomalies scattered throughout eastern Kansas
are probably due to the same kind of magnetite-rich granite.

The central gravity and magnetic highs of the MGA has a n/d

value of about +0.008, while the flanking lows have an m/d value of
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about zero. Scomanas' (1984) model of the interbedded rift basalt and
Precambrian sediments have an m/d value of 0.024 and 2zero
respectively. The discreparncy could be explained if the
susceptibility contrast of the interbedded basalt was cne third of
the value of 0.005 used in his model and the shallower causative
body was three times as large. This larger body of basalt,
approximately 2 to 14 km beneath sea level, would alone account for
the entire amount of observed gravity and magnetic anomalies.
Because its gravitational effect would be about three times larger
than that due to the smaller shallow body in Scamanas' model, this in
effectdo&sawaywi’duhismdel'sdeepersmrces. Serpa and others
(1984) used a model of the basalt basin similar to Somanas' and
found that only one third of the cbserved central gravity high is
accounted for.

The pronounced northeasterly trend (labelled 'mga' in figure
51), which corresponds to the central gravity high of the MGa,
appears to die out near the 38th parallel. The rift basin was not as
well developed in southern Kansas, so the rift basalt and
Precambrian sediments are not the dominant sources of the gravity
and magnetic anomalies.

The Wichita magnetic low is characterized by a central area of
near zero m/d values. This suggests that the Wichita magnetic low is
caused by a magnetite deficient granite. A coincident circular
magnetic low and gravity high in central Sumer county in
southcentral Kansas produced a corresponding circular area with a

m/d value of less than -0.025. This indicates a shallow mafic pluon
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with a strong remanent reversed magnetization. A similar m/d anomaly
is located on the Harvey and Marion county line. The first vertical
derivative gravity map clearly isolates this gravity low (labelled
'1' in figure 45). This gravity low is an eastern lobe on the east
flanking low of the MGA, and is probably caused by a big column of
Precambrian sediments, which is underlain by a magnetic pluton.

To atteruate the effect of shallow sources and to stress the
contribution of deeper sources, moving window Poisson analysis was
also performed on 5 km upward continued data grids. The resultant
m/d map (fig. 52) is less noisy because the short wavelengths, which
include most of the noise, has been filtered out.

Within the MGA there are several small regions (labelled 'h' in
figure 52) which have a 0.3 m/d value. These are probably caused by
the incamplete reduction to the pole operation caused by a large
remanent magnetic field. The Q value of the rift basalt, which is
defined as the ratio of the remanent to induced magnetic field, may
be as large as one. The inclination and declination of the remanent
magnetic field are quite different from the present ambient field
(Scmanas, 1984). Two areas (labelled 'l' in figure 52) have a large
negative m/d value. These are proubably edge effects caused by the
remanent magnetic field also.

A negative m/d anomaly (fig. 52) on the northern part of the
Rawlins/Decatur county line in northwestern Kansas corresponds to a
gravity high (fig. 40) and a magnetic low (fig. 48). It is probably
caused by a reversely magnetized mafic pluton. A m/d low in Wichita

and Scott counties in western Kansas (fig. 52) corresponds to a




189

Figure 52. Magnetization contrast to density contrast ratio (my/qd)
map derived from Poisson analysis of Kansas gravity and
magnetic data at 5 km above sea level.
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prominent gravity high (fig. 40) and a magnetic low (fig. 48). While
immediately south of it in Kimmey and Finney counties, there is a
m/d high (orange). These are probably plutons in the basement, which
occurred at two different times when the earth's magnetic field had
reversed and normal polarizations.

Other m/d highs (fig. 52) corresponding to coincident gravity
and magnetic highs in figures 40 and 48 are a north trending anomaly
(pink and red) in western Wallace, Greely, and Hamilton counties
parallel to the Colorado border, a large anomaly (pink and red)
covering the entire Doniphan county in northeastern Kansas, and two
10 to 20-km-wide anomalies (orange) in Montgomery and ILabett
counties in southeastern Kansas. The above anamalies are probably
caused by mafic plutons in the basement.

Moving wirdow Poisson analysis was next applied to the 15-km
upward continued grids to focus on the anamalous sources at greater
depth. The correlation coefficient map (fig. 53) shows a similar
distribution of correlation coefficients throughout the state. There
is no apparent terrane boundary as in the case with the 1.28-km
upward contimued data grids (fig. 50). The m/d values (figure 54)
also exhibit similar patterns throughout the state, showing no sign
of a terrane boundary. The hamogeneity of the gravity and magnetics
sources beneath the shallow basement implies that the rocks at depth
are laterally hoamogeneocus. This means that the younger rocks in
southern Kansas form only a thin veneer of a few kilameters thick,
overlying the same 1.6 b.y. mesozonal granitic rocks found in the

northern terrane. The positive m/d ancmalies (fig. 54) in the Salina
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Figure 53. Correlation coefficient map derived from Poisson analysis
of Kansas gravity and magnetic data at 15 km above sea

level.
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Figure 54. Magnetization contrast to density contrast ratio (m/d)
map derived from Poisson analysis of Kansas gravity and

magnetic data at 15 km above sea level.
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Basin and in Doniphan county are more uniform and larger that those
in the 1.28-km and 5-km upward continued m/d maps (figs. 51 and 52).
This is a result of the reduction of interference caused by shallow
sources. It appears that both the Salina and Forest City Basins are

underlain by large mafic plutons.
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CHAPTER SEVEN

DISCUSSION AND CONCIUSION

In chapter six, I focused on the data enhancement methods and
their resultant maps. In this chapter, I present a synthesis of last
chapter's findings, and discuss their implications.

CENTRAL NORTH AMERICA RIFT SYSTEM (CNARS)

It has been shown in chapter six that the gravity trend of the
MGA, which is the geophysical expression of the CNARS, extends to at
least the Kansas/Oklahoma border. The amplitude of the central
gravity high of the MGA in the second order residual gravity map
(fig. 27) abruptly decreases from more than +60 mgals to +20 mgals
near Saline county in central Kansas. This sudden change is caused
by a resistance or locked zone of more ductile crust/lithosphere in
southern Kansas. The more ductile crust/lithosphere was due to an
elevated gecthermal gradient which was caused by the ignecus
activity that produced the 1.4 b.y. granite/rhyolite in the shallow
basement in southern Kansas.

It has been speculated (for example, Van Schhmus and Hinze,
1985) that the continued extension of the incipient rift, CNARS, was
halted by a east-west compressional stress some 1.1 b.y. ago.
Because rifting or crustal extension is usually aécompanied by
normal faulting in the upper crust (for example, Wernicke and
Burchfiel, 1982), it was therefore surprising to find reverse faults

along the CNARS in the lake Superior region (Hinze and others, 1982)
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These vreverse faults could be the result of a post-rift
compressional event that moved the crustal blocks along the normal
faults associated with rifting. Hinze and others (1982) also
reported a thicker crust beneath the rift in Minnesota/Wisconsin,
which is clear evidence of crustal shortening and compressional
stress. It appears that in the northern portion of the rift near
lake Superior, the amount of crustal extension due to the CNARS was
less than the amount of subsequent crustal shortening, resulting in
a net effect of crustal shortening.

According to the interpretation of the geologic and gecphysical
data that follows, a different scenario developed at the south-
western end of CNARS in Kansas. Serpa and others (1984) reported
normal faulting in an asymmetrical basalt filled basin some 4 km
below the present Precambrian surface along COCORP seismic line 1 in
northeastern Kansas. Base on a east-west seismic refraction line in
western Kansas, Steeples (1976) found a thinner crust (38 versus 44
km) in central Kansas. The change from reverse faulting and crustal
shortening near 1lake Superior to normal faulting and crustal
thinning in Kansas may be due to a stronger coampression in the
northeastern end of CNARS. Post-rift compression was probably less
pronounced in the southwestern end in Kansas. Alternatively, it is
possible that the crustal extension was larger in the southwestern
end than the northeastern end of the (NARS. However, this is not
probable because the amplitude of the gravity trend is actually
larger in the northeastern end, which rather indicates a more

developed basalt basin near Wisconsin/Minnesota.
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It was shown in chapter six that central Kansas is isostatical-
ly partially compensated at and below the Moho. The low velocity
body observed by Hahn (1982) at about 125 km depth is a prime
candidate for the low density body below the Moho. Assuming this
body is a northeast trending prism having a rectangular cross-
section, and is about 2% lighter than the normal upper mantle
density of 3.35 gm/cc (i.e. -0.06 gm/cc), this prism needs to be
about 45 km thick in order to maintain isostatic equilibrium. If we
further assumes the width of the rectanqular prism is 60 km and its
center of mass is 125 km below sea level in central Kansas, then the
negative gravity anomalies caused by this body are 9 and 30 mgals
near the Kansas/Colorado border and at central Kansas respectively.
Therefore, the 9 mgal unexplained difference between the isostatic
correction grid and the second order trend of the Bouguer gravity
grid near the Kansas/Colorado border discussed in chapter six could
be attributed to this deep body.

PRECAMERTAN BASFMENT TERRANES

Although many investigators (for example Bickford and others,
1982; Yarger, 1984) have identified an east-west Precambrian base~
ment terrane boundary in Kansas, the origin of the 1.4 b.y.
granite/rhyolite terrane in southern Kansas is still unknown. Van
Schmus and others (1986) and Bickford and others (1986) favor an
anorogenic intrusive event, while Emslie (1978) and Anderson (1983)
propose an incipient continental rift as its cause. It is also

possible that this 1.4 b.y. terrane was accreted to the continental

\d
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crust to the north in a process similar to the present day Pacific
continental margin of north America.

Nelson and DePaclo (1985), based on Nd isotopic evidence, found
that westcentral United States is made up of continental crust that
was separated from the mantle 1.7-1.9 b.y. ago, which is
considerably older then the 1.4 and 1.6 b.y. U-Pb, Rb-Sr, and K-Ar
crystallization age. (The ages determined from U-Pb, Rb-Sr, and K-Ar
isotopic studies give the date when the igneous rock solidified or
underwent a re-crystallization event, while the Nd date is the crust
formation time or the time when the magma was initially separated
fram the mantle.) They believe that the undeformed 1.4 b.y. granite/
rhyolite were derived from a mixture of magma from the mantle and
the isotopically heterogenecus continental crust, and the rocks with
a later crystallization age only make up of a thin layer several
kiicmeters thick. These younger rocks cover an older 1.9 b.y.
continental crust and is probably the inland anorogenic consequence
of a subduction zone associated with formation of the ~1.4 b.y.
Llano crust in southern United States.

The results of the moving window Poisson analyses of gravity
and magnetic data in chapter six strongly support the above model.
Potential fields data indicate that the shallow basement rocks are
distinct in northern and southern Kansas, having different
correlation coefficients and derived magnetization-contrast/density-
contrasts. Upward contimued gravity and magnetic data show a more
homogeneous distribution of correlation coefficients and m/d ratios,

indicating a homogenecus crust at depth.
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CROSS SECTIONS OF ITTHOSPHERE IN KANSAS

Plate 1 through 5 (in back pocket of this volume) are five east-
west cross sections showing the structure and rock types from the
surface down to ~200 km below sea level. Gravity and magnetic data
along these profiles are also displayed on top of the cross section.
The uppermost line is the measured magnetic field, followed by the
second order residual gravity, and then the Bouguer gravity values.
The surface elevation is based on the NOAA data, and the top of
Mississippian and Precambrian basement were digitized from Merriam
(1963) and Cole (1976). The depth to the Mcho is constrained by
seismic refraction results from Steeples (1976) and Stewart (1965).
Deeper structures were interpreted from gravity and magnetic data
and teleseismic study (Hahn, 1982).

Plate 2 is an east-west profile at latitude 39.59° that
overlaps the COCORP seismic line 1 in northcentral Kansas. The
intrusive dike on the eastern flank of the MGA is based on Scmanas'
(1984) interpretation. The mafic body on the extreme east end of the
profile is related to the formation of the Forest City basin.

Plate 3 is an east-west profile at latitude 38.68° that tran-
sects the southeastern end of the Central Kansas uplift. The basalt
intrusion at mid-crust level is the probable source of the cbserved
gravity high. Dike intrusions trending northeasterly are present at
shallow basement. On the east end of the profile is a Big Spring
type epizonal granite intrusion near the basement surface.

Plate 4 is an east-west profile at latitude 38.24° that

transects the northern edge of Wichita magnetic low. The Wichita
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magnetic low is underlain by a non-magnetic granitic body at mid-
crust. The Rice formation at the Precambrian surface is underlain by
a northeast trending mafic body which gives rise to the positive
gravity ancmaly. There are two epizonal granitic plutons in
southeastern Kansas and two mafic intrusions in western Kansas. The
two positive spikes on the Precambrian surface in central Kansas are
related to dike intrusion or faults.

Plate 5 is an east-west profile at latitude 37.81° that cuts
through the central part of the Wichita magnetic low. There is a
reversely magnetized mafic intrusion near the basement surface.

Plate 6 is an east-west profile along latitude 37.11°. There is
no gravity data in the western half of the profile. The shallow
basement in southeastern Kansas is made up of 1.36 b.y.
granite/rhyolite. The Humboldt fault is 1less apparent on the
structural profiles. Neither is there any cbvious gravity signature.
The positive gravity anomalies in southeastern Kansas are caused by

intrusions that lie below the granite/rhyolite layer.

CONCIUSION

The new Kansas gravity data reveal many previocusly unidentified
anomalies and basement trends. This regional survey should be
followed up with more detailed surveys of local ancmalies such as
the Wichita magnetic low, the positive anomalies in southeastern
Kansas, and the MGA near Saline county in central Kansas where the

gravity signal decreases abruptly.
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