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Abstract

The Humboldt Fault zone defines the eastern edge of the Nemaha uplift. The Humboldt Fault
zone/Nemaha uplift system is the most structurally complex geologic feature of Kansas. This
northeast-trending, regionally linear feature can be traced across the entire state. Seismic and drill
data suggest a complex set of high-angle reverse and normal faults that posses over 600 m of
cumulative displacement of the Precambrian granitic basement. In northeastern Kansas, the uplift
separates the Salina basin — Forest City basin.

An integrated geophysical survey was conducted in northern Wabaunsee and southern Riley
counties, Kansas to gain a better understanding of the structural nature and geological history of
the Humboldt Fault zone/Nemaha uplift system. A high resolution seismic profile, a magnetic
profile, and gravity profile traversed the uplifts and bounding fault zones.

Seismic data defined two major phases of faulting on the Humboldt Fault zone. A
compressional stress regime resulted in high angle reverse faults with large offset (up to 300 m on
a single fault) in Late Devonian — Early Pennsylvanian time. Smaller-scale (<50 m) normal
faulting occurred after deposition of the Shawnee group (Virgilian stage) requiring either a shift to
an extensional stress regime or relaxation of the previous compressional stress environment. A
reversal in fault movement from reverse in pre-Pennsylvanian sedimentary rocks to normal
faulting in Pennsylvanian aged sedimentary rocks suggests most normal faults occurred along pre-
existing joints or small-scale reverse faults that formed during the compressional phase.

Eleven kilometers west of the Humboldt Fault zone and bounding the western edge of the
Nemaha uplift is the newly interpreted Zeandale Fault zone. Cumulative offset across this fault
zone is in excess of 300 m. Two episodes of faulting are interpreted that appear to coincide with
the two phases of faulting interpreted on the Humboldt Fault zone. All faulting in this fault zone is
interpreted to be normal, however. Based on drill, seismic, magnetic, and gravity data, the
Zeandale Fault zone is a localized feature roughly 15 km in total length and subparallel to the
Humboldt Fault zone.
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1. Introduction

To better understand the structure and geological history of the Humboldt Fault zone / Nemaha
uplift system, several geophysical surveys were conducted in northern Wabaunsee and southern
Riley counties, Kansas. The surveys traversed the Humboldt Fault zone and the Nemaha uplift at
nearly right angles as determined by drill holes the encounter Precambrian basement. Three
imaging methods were utilized:

1)  Near Surface Seismic Profile

2)  Gravity Profile

3) Magnetic Profile

Each data set was acquired along the same profile with parameters designed to compliment each
other as closely as possible.

The Nemaha uplift is a 500 km long, N20E-trending, structural feature that stretches from
southeastern Nebraska to just north of Oklahoma City, OK (Fig. 1.1). It extends across Kansas
from Nemaha County in the north, to Sumner County in the south. The structure has only limited
surface expression but dramatic presence in the subsurface. At the crest of the uplift, Precambrian
basement is as shallow as 250 m at the Kansas-Nebraska border increasing to 1400 m at the
Kansas-Oklahoma border. The uplift also narrows to the south, from as wide as 50 km in
northeastern Kansas down to 3 km near the Oklahoma border (Fig. 1.1).

The Humboldt fault zone marks the eastern edge of the Nemaha uplift. Though originally
interpreted as one long discontinuous normal fault (e.g. Cole, 1976), recent geologic and
geophysical studies have suggested that it is really a zone of faults (e.g., Dubois, 1978; Steeples et
al., 1979; Steeples, 1982) with compound offsets totalling as much as 800m (Berendsen and
Blair,1995). If a wrench environment were present during Mississippian and Pennsylvanian time
in association with the Ouachita Orogeny, it is reasonable to interpret a series of NE and NW
trending anastomizing faults along the uplift (Berendsen and Blair, 1986; Berendsen and Blair,
1996). No physical evidence currently exists that supports this interpretation.

Interpretations presented in this paper are based on the three geophysical data sets as well as
drill data, published geologic reports, and personal communications. The profile under study by
this paper intersects as eight interpreted faults (Berendsen and Blair, 1996), with control provided
by 8 boreholes that penetrate Precambrian basement within 2 miles of the 2-D cross-section.
Imaging multiple faults, this study may offer direct support of the wrench environment
interpretation of the Humboldt fault zone. The nature and location of all the faults along this
profile have been better defined with the previous uniform block fault interpretations significantly

enhanced.



Figure 1.1 Map showing major structural features of Kansas. Of major concern
to this study is the Nemaha uplift. (Modified from, Merriam, 1963)
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2, Background

To fully understand the significance of this study it is important to review the regional
stratigraphy and chronological sequence of events in the region. Complimenting this review will
be a look at previous geophysical studies in the region of the Nemaha uplift/Humboldt Fault zone.
2.1 Geology

The Humboldt Fault zone bounds the eastern edge of the Nemaha uplift, and both combine to
represent one of the most significant structural features in Kansas. This significance relates to the
role it plays bounding the western edge of the Forest City basin and the Cherokee basin, and the
castern edge of the Salina basin and the Sedgwick basin. The Nemaha uplift is a geographically
extensive feature traceable across the entire state of Kansas, from Nemaha County, KS in the
north, to Sumner County, KS in the south. The uplift is regionally a linear feature trending N20E
across the state (Fig. 1.1).

In the area of this study, the Nemaha uplift separates the Salina and Forest City basins, making
the generalized stratigraphy of these two basins relevant to this study. Understanding the timing
of the Nemaha uplift, especially as it relates to Paleozoic displacement on the Humboldt fault, is
key to appreciating the temporal development of the two basins as well as the structure of the
interbasinal area.

2.1.1 Generalized Stratigraphy and Major Unconformities

The thickness of the Paleozoic section varies dramatically along the profile studied. The Forest
City basin is imaged under the first 7 km on the east end of the profile where the Paleozoic section
is essentially 900 m (3000 ft) thick (Cole and Watney, 1985). Several miles to the west, at the
crest of the Nemaha uplift and in the middle of the profile, the Paleozoic section is as thin as 300
m (1000 ft) (Cole and Watney, 1985). This several hundred-meter change in depth to basement
occurs over 10 km based on drill data. Thinning of the Paleozoic section resulted from erosion or
non-deposition of units along the crest of the uplift, which was a positive feature at the time of
deposition. The western end of the profile is within the Salina basin. Based on drill data,
thickness of the Paleozoic section at this end of the profile is around 600 m (2000 ft).

It should be noted that 25 km further to the west the tops of the Precambrian rocks switch from
granite to a mixed assemblage of sandstone and volcanics named the Rice formation deposited in a
rift environment (Berendsen and Blair, 1996) and are estimated to be 1100 Ma to 535 Ma in age
(Berendsen, 1994). Roughly 40 km to the west a suite of mafic intrusives and extrusives
(Berendsen and Blair, 1996) characterizes the Precambrian surface. These rocks are postulated to
represent the remnants of a failed rift. The age of these mafic rocks, and thus the rift, is 1100 Ma.




Paleozoic rocks along the profile of the study are sedimentary. Most are shallow marine in
nature, primarily carbonates and shales, with some intermittent sandstones (Zeller, 1968; Baars
and Maples, 1995).

The Precambrian surface is a major unconformity. Along the profile, all of the wells to the
Precambrian have yielded granitic rock (Cole and Watney, 1985) 1.45-1.7 billion years in age
(Bickford and others, 1979). Basinward, this unconformity marks 600 m.y. of missing
sedimentary rocks, while at the crest of the uplift, as much as 800 m.y. of stratigraphic section
cannot be accounted for (Berendsen, 1996). The first major unit overlying the Precambrian
unconformity in this area is a Cambro-Ordovician dolomitic limestone of the Arbuckle Group.
Another major unconformity is present at the top of the Arbuckle. This unconformity is early to
middle Ordovician in age and is regionally extensive. On top of this unconformity is the middle
Ordovician Simpson group consisting primarily of sandstone grading upwards into a shale. Lying
on top of the Simpson is the Viola limestone (Middle Ordovician), the Maquoketa shale (upper
Ordovician), and the dolomitic limestone dominated Hunton Group (Silurian-Devonian). A
regional extensive unconformity defines the boundary between Silurian and the Devonian
(Steeples, 1989).

Major uplift occurred along the Nemaha anticline during the Mississippian. This uplift is
consistent with a major unconformity in the Salina and Forest City basins. A major discrepancy
exits between the two basin’s Mississippian sediment packages. In the Forest City basin,
Mississippian aged sediments are roughly 120 m in total thickness. However, Mississippian rocks
are absent in the Salina basin (Merriam, 1963). Along the axis of the Nemaha uplift,
Pennsylvanian units lie in direct contact with the Precambrian basement. The Lansing and Kansas
City groups (Pennsylvanian) are a contiguous series of interbedded sandstones, limestones, and
shales. Surface rocks along the profile range in age from Pennsylvanian to Permian, with
Pennsylvanian aged bedrock in the Forest City basin and Permian aged bedrock in the Salina basin
and across the Nemaha uplift. With no post-Permian sedimentary rocks present, the geological
record of the last 245 m.y. has been lost or obscured.

2.1.2 Structure and Timing of Events

A major geologic feature and geophysical anomaly (MGA) of the mid-continent is a 1.1 Ga
failed rift which runs from Lake Superior south-westward into north-central Kansas (Fig. 2.1).
The feature possess a pronounced gravity and magnetic signature and has been well documented
over the last 50 years (e.g. Wollard, 1943; Lyons, 1959). The Nemaha uplift lies on the eastern
flank of the rift zone, with the Humboldt Fault zone making up an integral part of the Mid-
continent rift system (Berendsen and Blair, 1995). Early reports (e.g. Lee, 1956; Merriam, 1963)
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Figure 2.1 Map showing general trend of Mid-continent rift system. (After Cannon et al. 1989)



note the presence of the South East Nebraska Arch (Fig. 2.2), a Precambrian arch that extended as
far south as Wabaunsee county, Kansas.

Interpretations of what happened after the formation of the Southeast Nebraska arch vary
between downdrop and uplift. After the deposition of the St. Peter Sandstone (Middle
Ordovician) but before the Desmoinian, the traditionally held viewpoint (e.g. Lee, 1943; Lee,
1956, Merriam, 1963) suggests the entire region went through a down-warping phase. This
downwarping formed the North Kansas Basin (Fig. 2.2). The Nemaha uplift was then uplifted
post-Mississippian and pre-Desmoinian. This uplift divided the North Kansas Basin roughly in
half creating the present day Salina and Forest City basins (Fig 2.3). Oolites and oxidized shale
present within the Chattanooga Shale (Upper Devonian — Lower Mississippian) along parts of the
Nemaha uplift, have been used as evidence to suggest that at during at the time of deposition of
the Chattanooga Shale, the Nemaha uplift was a positive feature (Berendsen and Blair, 1995).
Because the oolites and oxidized shale occur during a time consistent with the occurrence of the
downwarping phase, the existence of the North Kansas basin has been questioned (Berendsen and
Blair, 1996). This implies that the Nemaha uplift and the South East Nebraska arch may be the
same feature that has been a positive feature since Precambrian time (Berendsen, personal
communication, 1999).

It is generally accepted that the majority of uplift presently observed on the Nemaha uplift
occurred during late Mississippian time and extended into the Pennsylvanian. This movement was
coincident with the Ouachita orogeny and seems to be directly related to the orogeny (Berendsen
and Blair, 1995). Collision of the two plates in present day southern Oklahoma resulted in a stress
field that reactivated existing NE and NW trending faults that formed during rifting. A wrenching
motion has been interpreted by some researchers (i.e., Seyrafian, 1978; Berendsen and Blair,
1986) along the Nemaha uplift/Humboldt Fault zone. This wrenching motion has yielded a set of
anastomizing faults that have created sets of fault blocks all along the Nemaha uplift with left
lateral displacement occurring along NW trending faults (Fig. 2.4). Because the Humboldt Fault
zone represents the majority of displacement along the eastern edge of the uplift, the wrenching
motion has supplied the driving force for the majority of displacement of the Humboldt Fault
zone.

It is important to note that figure 2.4 is the latest interpretation of the regional basement
faulting in northeastern Kansas (Bernedsen and Blair, 1996). Originally, the eastern edge of the
Nemaha uplift was interpreted to be bound by essentially one long discontinuous fault, named the
Humboldt fault. In his map of the Precambrian surface, Cole (1976) interpreted no faults crossing
the profile of study. More recent studies have defined the Humboldt Fault as a zone or swarm of
faults (e.g. Dubois, 1978; Steeples et al., 1979, Steeples, 1982). However, with the limited
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number of geophysical surveys in this area, most of the faults associated with the Nemaha uplift,
most notably the Humboldt Fault zone, have been interpreted from well data with none of the fault
planes having been cut by the wells (Fig. 2.4). Geophysical imaging increases the confidence in
structural interpretation inferred from drilling.

2.2 Geophysical Investigations

Regional and localized geophysical studies have provided insight into the structural
significance and framework of the Humboldt Fault zone. From a regional perspective, the rifting
process has left a major structural imprint on the basement in North-Central Kansas. Many site-
specific geophysical investigations of the Humboldt fault zone in North-Central Kansas have
provided unique images of local features.

2.2.1 Regional Studies

The most geophysically enlightening of the regional geophysical studies was Consortium for
Continental Reflection Profiling (COCORP) which collected over 300 km of deep seismic-
reflection data in northeastern Kansas between 1979 and 1981. Data were collected along an east-
west profile traversing the Humboldt fault zone and the Mid-continent rift (Fig. 2.4). Original
interpretations of this data postulated that the rifting caused primarily down to the east normal
faults. As these faults attained greater throw, the faults rotated thus producing low angle normal
faults (Fig. 2.5) (Serpa and others, 1989).

In 1984-85 the Texaco 1 Poersch borehole was drilled to a depth of 3440 m in Washington
County, KS (Fig. 2.4). This borehole sampled crustal rocks associated with the Mid-continent rift
system (Berendsen and others, 1988) encountering a possible reverse fault. Utilizing these data
along with gravity and magnetic profiles, the COCORP data were reinterpreted (Woelk and Hinze,
1991). Basin bounding reverse faults were interpreted on either side of the rift (Fig. 2.6).
Suggesting an initial period of extension created down to the basin normal faulting which was
followed by a compressional stress regime. The compressional stress caused existing normal
faults to reverse throw several thousands of feet. This interpretation is not only consistent with the
borehole data is consistent with other interpretations of the rift further north (e.g. Cannon and
others, 1989). Models fit reasonably well with observations on gravity and magnetic profiles (Fig.
2.6).

2.2.2 Detailed Studies of the Nemaha uplift/Humboldt Fault zone

A 55km long magnetic profile in Pottawatomie county, roughly 35 km to the north of this
study, used 100 m station spacing over the length of the profile, but concluded that 500 m station
spacing was sufficient to see the “necessary detail” (Konig, 1971). However, only one fault was
interpreted with a second possible fault being suggested. Berendsen and Blair (1996), interpret as

many as five faults across Konig’s profile. This may simply show a shift in geoscientist bias as to

10
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the nature of the Humboldt fault zone or a limitation on the magnetic data because of the small
throw (< 80 m maximum in the basement) on three of the faults.

Early researchers interpreted the Humboldt fault as a single fault (Cole, 1976). Though
Konig’s interpretation may be correct, if the current study suggests multiple faults in the
Wabaunsee and Riley county areas, the reinterpretation of Konig’s data (Berendsen and Blair,
1996) may be given more credence with even a more detailed re-examination in order.

Another study (Baysinger, 1963) magnetically mapped large portions of Wabaunsee, Riley, and
Geary counties. This study, however, is of limited use for detailed interpretation of smaller
structures because of the large station spacing (1/2 mile) along the traverses and the traverses
occur rather sporadically over the study area with sections as large as 8 square miles which do not
include stations.

A few very localized seismic studies have been conducted over the Humboldt Fault zone (e.g.
Steeples, 1982; Steeples, 1989; Stander, 1981; Stander, 1989). Seismic sections from Nemaha
county (Fig 2.4) collected and processed by Cities Service show a series of faults dipping
northwest and southeast with one possible reverse fault (Steeples, 1982). This interpretation
strongly suggests that the Humboldt fault zone is a complex set of faults with changing stress
regimes. Seismic data from northern Nemaha county (Fig. 2.4) suggests a single large east
dipping normal fault (Stander, 1981). These different but compatible interpretations may suggest
significant lateral variations in the fault character. However, the northern Nemaha county seismic
data does not penetrate the pre-Pennsylvanian sedimentary section. Therefore, interpretations of
this data cannot comment on the pre-Pennsylvanian stress field.

3. Potential Field Data Acquisition and Processing

A gravity and magnetic profile were collected along the seismic profile using a Lacoste and
Romberg model D gravity meter and a Geometrix G856 Proton precession magnetometer (Fig.
3.1). Stations spacing is at 0.32 km (0.2 mi) on the ends of the profile and 0.16 km (0.1 mi) in the
center (Fig. 3.1). One base station was used for the entire survey (Fig. 3.1) with visitations once
every hour and a half. No attempt was made to tie these data into known gravity and magnetic
stations, thus this survey was purely relative. A U.S.G.S. 7.5 min. topographic map provided
north-south directional control and elevation information. The majority of the profile is flat with
maximum slopes on the order of 40 m/km occurring at the east end of the survey, but with average
slopes around 1m/km along the western % of the profile (Fig. 3.2) making topographic map-read
clevations accurate within 1.5 meters (5 ft) using this method. A vehicle odometer was used for
for east-west location control. Data were collected along Kansas highway 18.

With only 140 stations in each data set, Microsoft Excel was easily capable of processing these
data. Corrections applied to the gravity data (Fig. 3.3) were:

13
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Figure 3.1 Base map of data collected for this study. Line 1, the purple line, represents one of the seismic
profiles, and line 2, red and green lines, represents the other seismic profile, as well as the magnetic and
gravity profiles. The red portions of line 2 show where potential field data was acquired at 0.2 mile (0.32
km) station spacing, and the green portion of line 2 represents 0.1 mile (0.16 km) station spacing for the
potential field data. The yellow dot shows the location of the sole base station used in the magnetic and
gravity surveys.
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Figure 3.2 Elevation along the gravity and magnetic profile. Vertical exaggeration is about 100.
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1)  Drift correction
2) Latitude correction
3)  Free-Air correction

4)  Bouguer correction

The magnetic data were only corrected for drift. These corrections and error associated with each
correction are consistent with currently accepted practice (i.e. Burger, 1992; Sharma 1986)
(Appendix A).
Error estimation for the magnetic data (Fig. 3.4) was limited since only drift was corrected. The
error associated with the magnetic drift was calculated in the same manner as the drift error
associated with the gravity data. As a check of the validity of using linear interpolation to correct
for drift in the magnetic data, GIN data were retrieved from the Golden, Colorado site via the
internet. GIN data are magnetic readings taken once per minute at a stationary magnetometer in
Boulder, Colorado. Many localities are available though the Golden GIN, however, the Boulder
site was selected due to its close geographical proximity to the study area. Linear interpolation
between base station readings is a very good approximation for drift corrections (Fig. 3.5).
Additional processing designed to aid in the interpretation of the data. Because data were
collected at two different station spacings (0.2 mile spacing at the ends of the line, and at 0.1 miles
spacing along the center of the line) data at the ends of the line were linearly interpolated down to
0.16 km (0.1 mi) spacing. Following the linear interpolation, first derivatives of both data sets |
were calculated using a middle derivative method:
Dy _ Y "V
" 2x
x = station spacing

y, =data value at station n

Using first derivative data, instantaneous slopes of the data become better defined and even subtle
changes in slope are easier to recognize (Figs. 3.6 & 3.7).

A 3-term running average was calculated for both data sets to minimize significant amounts of
small wavelength noise existing in the data, especially the magnetic data. The running average
has the effect of filtering high wavenumbers from the data and thus has a smoothing effect. Lower
wavenumbers that remain are more indicative of the gross regional structures. After the running
averages were calculated, middle derivatives were again calculated for the data (Figs. 3.8 —3.11).

The first order trend was removed to extract regional effects on the data (Fig. 3.12 & 3.13). A
linear trend fit to the gravity data suggests slopes that are upward to the east (Fig. 3.3). This
observation is expected from for the Moho in this part of the state (Xia and Sprowl, 1995). The
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Figure 3.5 Magnetic field changes at Boulder, Colorado on April 12, 1999. The magnetometer
used to collect this data was at a stationary location, and data were recorded once per minute.
Red lines indicate times when base station readings were acquired. As can be seen, linear
interpolation among base station readings will yield a good approximation for the drift
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Figure 3.8 Three term running average of Bouguer gravity data. Data correspond to figure 3.3.
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Figure 3.9 Three term running average of magnetic data. Data correspond to figure 3.5.
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Figure 3.10 First derivative of Bouguer gravity data three term running average. Data correspond to figure 3.8.



'6°¢ 931 0] puodsoriod ele 93eIOAR SUIUUNLI ULID) J9IY) BIep O1joUSew JO 9ANBALISD ISIL] []°¢ 231

49quinN dIND

009-

r——

00¥-

—
—

4016
41
4212

<.\ B//\, \[ 00z

6368
5466

4
:fzg?
4800
4898
4996
5094
5192
|
5388
5486
55
5682
5780
976
074
6122

R7GQ
Bass8
6956
7152
Z2E0.

<6564
slwy/Lu

/@ 00¢

ooy

009

25



"OYOJN 21 01 y3dap o ur sagueyd Jo dONSLIIORIRYD
SI puSI) J9PIO ISILY S} AsNEIAq Iep ay) ur Judredde s1ow yonwr sawooaq JIjdn eyewoN Y, "PIAOWIAI puaI) JOPIO ISILY YIm elep ANARID 7] € I3y

JaquinN diND

> AA

N .
N ¥ = 0 10 ° NN O ©WlO 1 MO AN O N ~— O O ~ ¥ M ~~ O W O W 0o/ O O N O ™ dg
T O © ~ MO - O O Ol ¥ AN O 0 © ¥ —~— O O N M ~ & © < AN OoJO & ~—~ o~ +~ U
N I 1 N O O O O -~ |ANp®O < 10 1D © N 0 ® O O —~ N N MO < v © N © O O ~ o
A S S U S S (N Vo B Vo I NT¢) x..‘ N OV v Vv v v v v ©O© ©O© © © O O O © © ©O© ©O© ©O© ©~ N
NN NN T NN L e v N e i

NV \J
N

3 M

lebw

26



“Juaredde s1ouwr 9w099q ‘OUOZ [NE, Ip[oquUINY Sy S [[oM St ‘Yrjdn BYBWON Y], ‘POAOWSI PUSI} ISPIO ISIJ YIIM BIRp ONSUSeIN €1 ¢ oIngig

1BWINN dWO

00¢-

0St-

AL
S

< 0S-

4914 =

8 Q0 uw (2] @ O n NNl N - O © = < [ I o O o |l v N o O I~ © ™ g
D [42] D O © O < 3] Ol ©O© < = D O W M = D T o (o] N~ [©> T S [Y¢
o8 p D OlpAr-r AN O <« n n © KN 0 O O O [SU Y] <t W © N @O O O ™
Al it <t W0 0 w w wjilion v w n 1w v ©O© ©O© O o o o ©Oof©O© © © O N~ ™
I 1111 N SRR N AR RN SRS ESENSERENEY SNEE] ) 0T T N N W T v A B A L R1 111 Lkl LA L L0t rb bbb

1u

V d r\ < °

(W, s
\ iy

00t

< 0St

00¢

27



linear trend of the magnetic data slopes in the opposite direction. Removing this trend enhances
shallow events helping to illuminate the Nemaha uplift (Fig. 3.12 & 3.13).
4. Seismic Data

Two east-west near-surface 2-D seismic profiles were collected in Wabaunsee and Riley
counties (Fig. 3.1) in July and August 1997 to image the Humboldt fault zone. The profiles were
collected with an east/west overlap of about 1.6 kilometers and separated by roughly 2.4
kilometers. The asymmetric split-spread profiles were designed to represent a single dip-line
traverse across the Humdoldt Fault zone. The offset was necessary due to a limited number of
east-west roads traversing the entire proposed profile area. Cumulative length of the two profiles
is 35 km with the longer western profile passing through the towns of Wabaunsee and Zeandale,
Kansas, hence this seismic data set has been referred to as the Zeandale line. The shorter eastern
profile is referred to as line 1, the western profile as line 2. Because line 1 is entirely in the Forest
City Basin, it is not interpreted or dealt with in the text. It does, however, appear un-interpreted as
Plate A.

An IVI Minivib-1 seismic vibrator was used as a source (Geyer, 1969). The vibrator sweep
was a 20-200 Hz 10 second upsweep. Three upsweeps were run at each source point. Source
spacing along the length of the profile was 55 feet. Geophone arrays were one meter across and
consisted of three forty Hertz vertical geophones wired in series spaced on 55-foot centers.
Because source points were located between geophone stations the nearest source offset was 27.5
feet. The nominal fold for the data across the profile was forty, but the fold varies from twenty to
sixty along the west half of line 2.

Winseis® processing software developed at the Kansas Geological Survey for use on PC’s was
used to process (Table 4.1) the Zeandale seismic data.

Powerline noise was prevalent along many parts of the line. A Hum filter was used to attenuate
much of the 60 Hz power-line noise (Xia and Miller, 1997). This filter is designed to remove
sinusoidal noise from the data. Data quality was improved 100% of the time the Hum filter was
applied regardless of where the Hum filter was applied in the processing flow. However, testing
of the application the Hum filter pre-correlation and post-correlation on different vibroseis data
sets indicated 75% of the time the pre-correlation application of the filter would produce better
results than the post-correlation application. The Hum filter uses a pre-first arrival quiet zone to
estimate the amplitude and phase of sinusoidal noise. Sources of noise other than cyclical
powerline noise are present pre-first arrival in most of the instances that the Hum filter was
ineffective. These other noise sources (i.e. trucks driving by, somebody walking on the line, an
airplane flying over, etc...) likely cause a misestimation of the sinusoids amplitude and phase.
The Hum filter was run on the uncorrelated data at 60, 120, and 180 Hz. Howeyver, a test section
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Hum Filter (Power Line Noise Eliminator)
Cross-Correlation
Trace Editing
Vertical Stacking
Setup of Field Geometry
Band Pass Filter
Scaling
Elevation Statics
Muting
Sorting into Common Mid-Points
Velocity Analysis
Normal Moveout Correction
Surface Consistent Residual Statics
Residual Statics
Datum Statics
Trace Stacking
Migration Filter (Random Noise Attenuator)
Automatic Gain Control (AGC) Scaling

Table 4.1 Processing sequence for the Zeandale seismic profile.
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was processed using exactly the same processing steps and parameters except the Hum filter was
applied after correlation as opposed to before. No difference was evident in the final stacked
sections. Since uncorrelated data contains considerably more samples than correlated data,
application the Hum filter is most efficient with post-correlated data.

Also analyzed was the correlation method and optimum pilot. Traditionally, vibroseis data has
been cross correlated with a synthetic sweep. This usually works reasonably well, however there
are problems associated with this approach. Vibrators do not behave exactly as they are
programmed to. The resultant sweep that is imparted to the ground has phase and amplitude
differences with the synthetic sweep (Lerwill, 1981). Harmonic distortions also occur (Seriff and
Kim, 1970). Because the sweep used in this survey went from low frequencies to high frequencies
(upsweep), any harmonic distortion will be a forerunner. This means that noise due to harmonic
distortion will occur in negative time and thus should not degrade the final section (Seriff and
Kim, 1970). However, this harmonic distortion can still be considered signal; it is present in the
energy that goes into the ground at the vibrator pad contact point. If we can correlation with a
sweep which includes the proper harmonic distortion component and the true phase and amplitude
component of the sweep, data quality should be improved from correlation with a synthetic or
theoretically close (Allen et. al., 1998).

The IVI Minivib is equipped with a single accelerometer on the mass and one on the baseplate.
Each time the vibrator sweeps, a file is stored with each accelerometer represented as a trace and
the ground force trace. The ground force trace is a weighted average of the baseplate
accelerometer and mass accelerometer. In an effort optimize the final correlated shot gathers, tests
were run comparing correlation the mass accelerometer trace, the baseplate accelerometer trace,
the ground force trace, and a synthetic trace with the data.

Mathematically, the correlation routine may take two forms. Traditional cross-correlation
multiplies the amplitude spectra of the out put data and the pilot trace, and the phase spectra are
subtracted. The pilot trace may be inverted from the data, though. This procedure consists of
dividing the amplitude spectra and subtracting the phase spectra (Smith and Jenkersen, 1998).

The resultant data is minimum phase as opposed to cross-correlation that yields mixed-phase data
(Yilmaz, 1987). The complete correlation test yielded eight methods of correlation:
Cross-correlation with the baseplate accelerometer

Inversion of the baseplate accelerometer

Cross-correlation with the ground force

Inversion of the ground force

Cross-correlation with the mass accelerometer

SR G A

Inversion of the mass accelerometer
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7. Cross-correlation with a synthetic

8. Inversion of a synthetic

After correlation, each data set was then processed using identical parameters into CMP section
(Fig. 4.1a-4.1h). Inversion with the mass accelerometer trace or cross correlation with the mass
accelerometer yielded the most coherent reflectors coupled with a high frequency content (Fig.
4.1c, 4.1d). The lowest frequency content was given by the inversion with baseplate
accelerometer (Fig. 4.1b), and the least coherent reflectors were produced by cross-correlation
with the baseplate accelerometer (Fig. 4.1a). Since the ground force is made up of a combination
of the mass and baseplate accelerometer data, it appears that the baseplate portion of the data
corrupts or at least degrades the quality of data more than with the mass accelerometer or the
synthetic. Unfortunately, only about half of the mass accelerometer files were available for
processing. It was therefore necessary to use the next best processing option. Cross-correlation
with the synthetic was used to process the entire line.

Elevations of geophone stations and source stations need to be known to determine elevation
statics. When the original elevation data was compared with USGS 7.5 minute topographic maps, |
it was noted that this cumulative error proved to be significant over the course of several miles.
Along line 2, this was well over 200 feet. In order to compensate for this error, tie points were
chosen along the line and the elevation readings were normalized using elevations read from the
topographic maps. This helped to alleviate any error accumulating to any great quantity over the
length of the profile.

Migration was not applied to the data three reasons. First, fault diffractions did not appear to
be a problem, and in places aided in interpretation of faulting events. Second, migration acts as a
low pass filter, narrowing the bandwidth of the data and thus reduces resolution (Ivanov et al.,
1998). Third, the maximum dip of reflecting events was about 13 degrees. The relationship
between a reflector pre- and post-migration is given by the following equation (Chun and
Jacewitz, 1981):

sin(a) = tan(f3)

a = reflector dip pre — migration

B = reflector dip post — migration

With maximum dips in the range of thirteen degrees, migration will shift events only a fraction of

a degree.

Although migration was not applied, migration filtering was used. Migration filtering

attenuates high frequency random noise by grossly undermigrating seismic data causing reflection
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events to be migrated only fractions of a degree. Events of low dip are affected the least. Dips of
less than 15 degrees are noted on the Zeandale seismic profile and thus the maximum dip change
of reflecting events due to migration filtering is 0.03 degrees (Ivanov et al., 1998). After the
migration filter was applied, it was necessary to apply automatic gain control (AGC) scaling with
a window of 375 ms in order to see deeper events. The migration filter enhanced the entire
seismic profile, but deeper reflections noted the most improvement (Fig 4.2).
S. Seismic Attributes

Dominant frequency of the Zeandale seismic line is 50 Hz (Fig. 5.1). Based on velocities
obtained from a sonic log in a nearby well (Fig. 5.2), this represent a dominant wavelength of 37
m at 100 ms and 70 m at 550 ms. The resolution limits of this data are constrained by these
wavelengths. Seismic data resolvability has been determined to be 1/20 of the dominant
wavelength (Gochioco, 1991), ¥ of the dominant wavelength (Widess, 1973), and 1/3 of the
dominant wavelength (Miller et al., 1995). However, these values represent the limits of
resolution. As data become noisy or ringy, or both, the threshold of resolution is increased. To
determine the true resolution of the Zeandale seismic data, at least two wells would have to be
placed directly on the line to determine thicknesses of rock units along the profile and how these
thicknesses change along the profile. Some estimation of the resolution can be made, though.
Resolution of % the dominant wavelength has been suggested for noisy data (Widess, 1973) and if
used for the Zeandale data yields a minimum bed resolution of 19.5m at 100 ms to 35 m at 550
ms. These values are assumed to be a reasonable estimate for the seismic data.

The basis for most of the geological correlations is a synthetic seismogram computed from well
data and a Ricker wavelet (Fig. 5.3). The synthetic data were calculated from a sonic and density
log acquired roughly 5 km (3 mi) east of the profile in section 26 of township 10 S, range 11 E.
This was the closest sonic log to the survey. From sonic and density data, velocity and reflection
coefficients were calculated. Finally, a Ricker wavelet of decreasing fundamental frequency (60-
45Hz) was convolved with the reflection coefficient trace to yield the synthetic seismogram. A 50
Hz. Ricker wavelet displays very similar spectral characteristics to the spectrum of a stacked data
trace (Fig. 5.1). The synthetic correlates reasonably well to the eastern end of the profile (Fig 5.4).
This sonic log does not penetrate the basement, other nearby well data indicate a thickness of 60 m
(200 ft) between the top of the Viola and the top of the Precambrian. Because this is nearly twice
as large as the assumed minimum resolvable bed thickness at this depth, the triplet that correlates
with the Viola reflection is interpreted to be the Viola limestone-Precambrian surface package of
reflectors. Because collection of sonic data began at 77 m (255 ft), a static shift of about 70 ms
was applied to the synthetic traces.
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Figure 5.1 Spectrum of CMP 4800 stacked trace. Data trace occurs in the Forest City basin.
Dominant frequency appears to be about 50 Hz. Dashed line outlines the spectrum of a
50 Hz Ricker wavelet.
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At around 870 ms in the Forest City basin, a seismic triplet occurs discontinuously. Utilizing a
velocity of 3500 m/s (11500 ft/s), and 870 ms as a two-way traveltime, depth to this reflector is
1.5 km (5000 ft). Because 3500 m/s is the velocity at 550 ms, the RMS velocity at 870 ms is
expected to be much greater than 3500 m/s so this value represents a minimum value and the
calculated depth thus represents a minimum depth. Regardless, this value is much deeper than 900
m (3000 ft) at which drill data has confirmed granitic basement. When a hyperbola is fit to this
event (Fig. 5.5), a velocity of 2400 m/s (8000 ft/s) results, much less than the expected value of
>3500 m/s. The 2400 m/s velocity is expected at 290 ms. Because deep event seems to mimic the
event at 290 ms (i.e. dips change along both events at similar locations) and has a very similar
velocity, the 870 ms event is probably multiple of the 290 ms event, implying that there is also
multiple energy at 580 ms, roughly at the location of the Viola. Because only a fraction of an
acoustic waves energy is reflected at an interface and the multiple event has been reflected three
times, it is likely much smaller in amplitude than the Viola reflection which has been reflected
only once. An additional amount of the multiple energy is attenuated because it spends twice as
long in the near surface materials than does the primary reflection. Thus, the Viola reflection is
not obscured, but the added multiple energy may at a coincident time may contribute to
degradation of the event.

6. Interpretations

The profile (Plates B & C) can is divided into five distinct parts from east to west: (1) the
Forest City basin (CMP’s 4000-4800), (2) the Humboldt fault zone (CMP’s 4800-5100), (3) the
Nemaha uplift (CMP’s 5100-6420), (4) Zeandale Fault zone (CMP’s 6420-6640), and (5) the
Salina basin (CMP’s 6640-7150).

6.1 Forest City basin

Seismic data in the Forest City basin (CMP’s 4000-4800) suggest very little structure,
undulation of only a few milliseconds, small scale faulting (CMP’s 4450 and 4580), and one
graben (CMP’s 4520-4575) are apparent. The graben is also suggested by the gravity data.
Pennsylvanian aged reflecting events appear lower amplitude and less continuous across the
graben when compared to the same set of reflecting events just outside the graben (i.e. CMP’s
4450-4490). All of the faulting is normal and appears to be related to structural disturbances in
the basement. At least some of the offset has occurred in Pennsylvanian or later times because the
three western faults have some expression in the Pennsylvanian sedimentary section.

6.2 Humboldt Fault zone

The Humboldt Fault zone (CMP 4800-5100) in the Paleozoic sedimentary rocks is a complex set
of reverse and normal faults. The largest fault (CMP 5040) is a high angle west dipping reverse
fault with 200 ms (1000 ft) of offset and occurs on the westernmost edge of the fault zone. This
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of 2400 m/s, much slower than anticipated.
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fault shows major movement before the deposition of the Kansas City group (Missourian Stage),
and based on other published material occurred pre-Desmoinian (i.e. Merriam, 1963). Some offset
and folding is present in the Pennsylvanian sedimentary strata, but this is minor relative to the pre-
Missourian movement. One other sizable (200 ft) reverse fault is noted at CMP 4900, but this
fault dips to the east. This fault shows a reverse sense of movement in pre-Missourian sediments.
However, this same fault has a normal sense of movement in the overlying Pennsylvanian
sedimentary rocks. For this to occur the reverse faulting must have occurred prior to deposition of
the Pennsylvanian sediments. Then after the deposition of the Pennsylvanian sediments, the fault
was reactivated, but with a normal sense of movement. This normal slip was much less than the
reverse slip or the fault would appear to be a normal fault throughout the section retaining no
record of the reverse slip. Slightly to the east of the reverse faulting (CMP 4920-4800) several
normal faults of small throw are present. Not all of these faults penetrate the Pennsylvanian
sediments, however several do (i.e. CMP 4830, 4875). Individual normal faults appear to have
constant throw. This suggests that all of the normal faulting has taken place after the deposition of
Shawnee Group sediments, or post-Missourian. It is probable that these normal faults occur along
joints or reverse faults of small throw set up in the compressional stress field of the main phase of
reverse faulting. At a later time, the stress field became extensional and the normal faulting took
place (Fig. 6.1).
6.3 Nemaha uplift

The Nemaha uplift portion of the profile (CMP’s 5100-6420) is a reasonably flat feature that
extends 11 km (7 mi) across the profile. The Kansas City group lies directly on the Precambrian
granite along the length of the uplift since pre-Pennsylvanian sediments have been eroded or not
deposited. The reflections present on the Nemaha uplift from the Shawnee group to the base of
the Kansas City show excellent correlation to the same package of reflections in the Forest City
basin (Fig. 6.2) and this correlation aided in the interpretation of the Nemaha ridge. Across the
length of the profile, several small faults and grabens occur with fault offsets on the order of 15-30
m (50-100 ft). Itis impossible to interpret if any of the movement of the faults along the length of
the uplift took place pre-Pennsylvanian because pre-Pennsylvanian sediments are not present. All
interpreted faulting along the length of the uplift is normal, suggesting an extensional regime at
the time of faulting.
6.4 Zeandale Fault zone

The western edge of the uplift (CMP 6420-6620) is defined by another fault zone that will be
referred to as the Zeandale Fault zone. This fault zone represents the boundary of the Nemaha
uplift and the Salina basin. This structure appears to be much simpler than the Humboldt Fault
zone, and all interpreted faulting in this zone is normal. The majority of fault displacement in the
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(a) Pre-Hunton (Silurian-Devonain)Deposition
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Post-Hunton (Silurian-Devion) Depostion,
Pre-Kansas City (Pennsylvanian, Missourian
Stage) Deposition

(©)

(d) Pennsylvanian, Missourian-Virgilian Stage

e ' (e) Post-Shawnee (Pennsylvanian, Virgilian

Stage) Deposition

Figure 6.1 Cartoon schematic of sequence of events that produced the Humboldt Fault zone.

In pre-Mississippian time (a) sediments are deposited on top of Precambrain granitc basement.
Faulting (b) and erosion(c) occur post-Hunto deposition, pre-Kansas City deposition (Upper
Devonian - Middle Pennsylvanian). This faulting is reverse and thus in a compressional stress
regime. Deposition of Pennsylvanian aged sediments then takes place (d). Finally, normal faults
form (e) after the deposition of Shawnee sediments (Virgilian stage). Because at least one reverse
fault shows a reversal of throw in Penssylvanian aged sediments, it is possible that many of these
normal faults may have formed along existing joints or reverse faults of small throw the formed
during (b). This may show a change in the stress field from compressional to extensional, or simply
a relaxation of the prior compressional stresses.
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Zeandale Fault zone is interpreted to have occurred pre-Pennsylvanian because only one of the
faults penetrates the Pennsylvanian aged sediments over this Zeandale Fault zone. Folding is
noted in the Pennsylvanian sediments that could account for the displacement across the four
western faults in this zone (CMP’s 6550-6640). However, because of the occurrence of a wedge
Hunton group rocks (CMP’s 6570-6640) that is either onlapping or truncated, some uplift had to
have occurred pre-Pennsylvanian (Fig. 6.3 & 6.4). For instance, if the rocks are onlapping, then
CMP’s 6570-6640 must have been a positive feature during the time of deposition. If the rocks
are eroded, then they must have been exposed prior to the deposition of the Pennsylvanian
sedimentary rocks. A graben with large throw on the bounding faults is present at CMP 6430-
6520. There are no coherent events above Viola triplet and beneath the Pennsylvanian sediments
(280-360 ms) so it is impossible to say with confidence what type of sediment package makes up
this area. Since the base of the Kansas City group is not traceable across this graben at least some
of the movement probably occurred in upper Pennsylvanian time.

6.5 Salina basin

The package of Mississippian sediments that is present in the Forest City basin is absent in the
Salina basin side of the profile (Merriam, 1963). The pre-and post-Mississippian sedimentary
rock columns are very similar in lithology and thicknesses based on well data. Reflections from
the Hunton group through the Viola limestone in the Salina basin possess remarkable similarity to
the same package of reflections in the Forest City basin (Fig. 6.5). The Shawnee group through
the base of the Kansas City group can also be correlated directly with high confidence across the
uplift (Fig. 6.2). These observations were used to help guide larger scale interpretations.

The Salina basin (CMP’s 6640-7150) shows little structure in post Ordovician sedimentary
rocks other than one graben occurs at CMP’s 6990 —7030. This graben is normally faulted and
the bounding faults appear to be of small (< 20 m) throw. A sizeable set of normal faults (CMP’s
7050-7120) that penetrate only pre-Hunton sedimentary rocks have been interpreted at the far west
end of the line. Timing of this activity is thus constrained to upper Ordovician to Silurian (post-
Viola, Pre-Hunton). Little confidence may be had in this interpretation because no previous
studies have suggested large amounts of offset (> 200 m) pre-Hunton deposition and post-Viola
limestone deposition. No drill data exists to confirm this interpretation. It is also suspect that this
event occurs at the end of the line where fold becomes increasingly low. It has been offered only
to suggest a further area of study.

7. Conclusions

This study successfully defined the character and structural complexity of the Humboldt fault
zone/Nemaha uplift system within the Paleozoic sedimentary rocks in northern Wabaunsee county
and southern Riley county. In the place the seismic profile crosses the Humboldt Fault zone the
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(2)

—— —

Post-Viola (Middle Ordovician) Deposition
— (b) - Pre-Hunton (Silurian-Devonian)
Deposition

(c)

(d) Deposition of Hunton (Silurian - Devonian)

Pennsylvanian - Post Pennsylvanian,
(e) continued uplift observed as folding in
Pennsylvanian sedimentary rocks.

Figure 6.3 Cartoon schematic of one possible sequence of events that produced the Zeandale Fault zone
and faulting imaged in the Salina basin. Post Viola deposition and pre-Hunto deposition, noraml faulting
occurs, followed by erosion (a-c). Hunton group sedimentary rocks are deposited, onlapping the Nemaha
uplift (d). Finally, Pennsylvanian aged sedimentary rocks are deposited (¢). Some uplift is noted post-
Pennsylvanian because of the folding noted in the Pennsylvanian aged sedimentary rocks.
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Figure 6.4 Cartoon schematic of second possible sequence of events that produced the Zeandale fault zone
and faulting imaged in the Salina basin. Faulting in the Salina basin occurs post-Viola deposition, pre-
Hunton deopsition( a-b). In Silurian-Devonain time, Hunton group rocks are deposited (c). Faulting of the
Zeandale Fault zone followed by erosion occurs post-Hunton deposition, pre-Pennsylvanian (d-e).
Pennsylvanian sedimentary rocks are deposited (f). Someuplift is noted pst-Pennsylvanian because of the
folding noted in the Pennsylvanian aged sedimentary rocks.
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Paleozoic sedimentary rocks can be characterized as a complex set of reverse and normal faults
with a cumulative offset of over 600 m (2000 ft). Two episodes of faulting are evident. The first
phase of faulting occurred pre-Desmoinesian and produced reverse faulting with large fault
offsets. The fault with the largest apparent offset (CMP 5040) was formed during this phase and
has 300 m (1000 ft) of apparent displacement based on the seismic data. After the deposition of
the Shawnee Group (Virgilian stage), the stress field shifted into an extensional regime. Because
at least one fault in the fault zone shows a reversal of displacement (CMP 4900), the formation of
normal faults probably took place along existing small faults and joints that formed during the
earlier phase of faulting. Because observed offsets in the normal faults are relatively small (less
then 50 m), it is possible this normal phase of faulting was a relaxation of the compressional field
(Gay, 1999).

Two other seismic studies of the Humboldt fault in Northeastern Kansas have been published.
One in northern Nemaha county showed a single normally dipping fault (Stander, 1981; Stander
1989). Because this seismic data did not image sedimentary rocks older than Cherokee group
(Pennsylvanian, Desmoinian stage) the observed normal faulting is consistent with the
interpretation offered in this paper. It is possible that if deeper sedimentary rocks had been
imaged a reverse faulting would have been noted. The other in central Nemaha county shows a
multitude of faulting, including one fault interpreted by the author as “a near vertical fault ...
[that] suggests reverse faulting.” It is finally stated that any interpretation of this fault other than
vertical of reverse would be difficult (Steeples, 1982; Steeples, 1989). Furthermore, it might be
possible to reinterpret some of the normal faults as reverse faults such that any differences
between this data set and the Zeandale line are resolved.

The Zeandale Fault zone occurs on the western edge of the Nemaha uplift. This fault zone is a
complex set of normal faults with over 300 m (1000 ft) of cumulative displacement. Most of the
faulting has expression that is limited to pre-Pennsylvanian sediments on the seismic data.
However, a couple of the interpreted faults seem to extend into the overlying Pennsylvanian
sediments but with much smaller throws than observed from the faulting evident in the deeper
sediments. Because of the onlap/truncation of Hunton sedimentary rocks at CMP 6600, the
majority of the uplift occurring on this fault zone is interpreted to be pre-Pennsylvanian, but the
small scale faulting and gently folding of Pennsylvanian sedimentary rocks suggests a second
period of movement post-Shawnee.

Interpretation of the potential field data is not as detailed as hoped. What originally had been
thought to be faults in this potential field data do not seem to match the seismic data. For the
gravity data this may simply be due to a low density contrast (0.2 g/cm®) between the Paleozoic
section and the Precambrian granite. As can be seen in (Fig. 7.1), Pennsylvanian aged and
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younger rocks have an average density of 2.4-2.5 g/cm’ and pre-Pennsylvanian sedimentary rocks
have an average density of 2.6 g/cm®. Xia and Sprowl (1995) report an average crustal density in
Kansas of 2.63 g/cm’, and Xia (1992) reports a value of 2.67 g/cm®. Because of this low-density
contrast, small-scale features simply are not resolved.

A magnetic data low at mile 8.9, CMP 5500 (Fig. 3.5 & 3.13) does not correspond to any major
change in depth to basement. A small graben has been interpreted on the seismic data from this
region, but nothing is evident that would explain low of this magnitude. The magnetic data are
either being influenced by deeper bodies, or changes in the internal magnetic susceptibility of the
granite are present. Neither possibility can be confirmed or refuted without physical sampling.

Potential field data acquired on 0.16 km (0.1 mi) spacing do not appear to be sufficient to map
small scale (15-30 m) faulting in this region. The Humboldt fault zone/Nemaha uplift system are
mappable using potential field methods, especially when residuals are calculated, but larger station
spacing (1 km) would probably be sufficient, and data near this scale (1.6 X 1.6 km) already exist
(Xiaet. al., 1995). It may be possible that potential field data collected on a grid with tight
spacing would show a better correlation with seismic data after residuals are calculated. This is
essentially the method suggested by Gay (1995) to map basement in Kansas.

By plotting the location of the Humboldt Fault zone on a topographic map (Plate D), a definite
relation between the fault zone and a change in surficial topography is apparent, from hilly terrain
on the eastern side into Kansas river valley sediments on the western side. The bedrock also
changes near this point from Pennsylvania aged rocks east of the fault zone to Permian aged
sedimentary rocks of the west side of the fault zone, though the exact contact is obscured by the
river sediments (Mudge and Burton, 1959). A northwesterly linear trend is apparent for several
miles to the north along the river sediment/Pennsylvanian aged rock contact, and also be can
traced in the course of the Kansas river (Plate D) (U.S.G.S., 1990). This trend probably
represents the strike of the Humboldt fault zone.

It is not possible with one two-dimensional seismic profile to determine strike of fault planes or
much oblique character exists in the faults. Some oblique character is expected if the Humboldt
fault zone/Nemaha uplift system is a wrench system, some oblique character is to be expected.
These data neither confirm nor deny that hypothesis. A few kilometer square 3-D survey over the
Humboldt Fault zone would help to delineate the strike of the fault zone and any horizontal or
rotational motion is present in the fault zone.
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Appendix A
The following equations were taken primarily from Burger (1992) and Sharma (1986).
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After corrections were applied to the data, maximum error was calculated for each data set.
Error in the gravity data was calculated in the following manner. As stated in section 3, the
maximum elevation error was assumed to be 1.5 m. This value affects both the free-air and

Bouguer corrections. An equation representing the free air correction is:

FA, =(0.3086 +0.00023 cos 2¢ —0.00000002z)z mGal

z = meters from datum elevation(positive if greater than datum)
¢ = latitude

Because the last two terms are very small, the value for the free air correction is essentially 0.3086

mGal/m. The Bouguer correction is given by the following equation:

B, =(-0.04193p z) mGal

z = meters from datum elevation(positive if greater than datum)
p = density of rock (g/cm?)

Density was assumed to be 2.67 g/cm®. Variations from this value for the density were not
figured into the error. This value has been shown to be a valid density to use in Kansas (e.g. Xia,

1992). Thus, the total elevation correction applied to this data may be represented by:

E,=FA,-B,

Eg =(0.3086-0.04193p)z mGal

Utilizing + 0.762 m, the total error associated with the elevation corrections is thus +0.1498 mGal.
Correction for a shift in latitude is given by the following equation:

C, =(0.812sin2¢ )y,, mGal

¢ = latitude of base station

Vi = kilometers north or south of base station(positive indicates south of base station)
or, in meters:

C, =(0.000812sin 2¢ )y, mGal

Y, =same as y, above but in meters

For the base station used in this survey, $=0.6832818, in radians. This value was taken from the
topographic map. Because all values are relative to this base station, very large variations in phi
will have little effect on the final latitude correction value. If this phi value is varied by a full
degree, the C, varies by only 0.00053 mGal/km. Certainly the base station is locatable to much
less than a degree (probably to within minutes or even seconds), thus the phi value was considered

to have no noticeable error associated with it. Using the above value for phi, the correction is:

C, =795y, mGal
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Again, y., should be positive if the reading was south of the base station, and negative if the
reading was north of the base station. I assumed that each station was locatable to within + 0.1 cm
on the topographic map. The topographic maps used were all 1:24000 scale, so + 0.1 cm error on
the map translates into + 24 m of error associated with each latitude reading. This value was used
to estimate the latitude correction error, which is thus + 0.019 mGal.

As an estimation of the drift error, it was assumed that the absolute difference between the base
station readings represented the error. In other words, if one base station reading was A,, and the
next base station reading was B, the error associated with this data collected in the time in-
between the collection of A, and By, is the absolute value of A,-B,.

The gravity survey has three sources of error associated with it. They are:

o, = Error associated with elevation estimation.
o, = Error associated with latitude estimation.

o, = Error associated with drift correction estimation

The total error was calculated as a RMS error, and is given by the following equation:

_ 2 2 2
Ororar =4O TO0L +0p .

59






