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ABSTRACT

A geophysical model of the Midcontinent Geophysical
Anomaly (MGA) in northeastern Kansas is derived to fit
gravity and magnetic data using an initial model
suggested from CQCORP seismic sections, combined with
available drill data. An asymmetric basin filled with
interbedded basaltic and clastic rocks at shallow crust
is mainly responsible for the primary positive magnetic
anomaly of the MGA. The favorable direction of net
magnetization indicates that the remnant magnetization
is significant with an estimated Q value of 1.

The presence of deeper mafic intrusion, with low
magnetic effects, at midcrustal levels and extending to
the deep crust is.required in order to match the posi-
tive gravity anomaly. Nonmagnetic Rice Formation basins
of low density on both sides of the MGA are proposed to
fit the flanking lows of the gravity anomaly.

Reprocessing part of COCORP seismic data reveals a
possible mafic intrusion in the shallow crust beneath a
secondary magnetic high. According to its magnetization
direction determined from magnetic modeling, paleopoles
studies support its younger age compared to the central
basaltic rift basin., Because it has a cross-cutting
relationship with the Rice Formation, it is younger than

the Rice Formation.
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INTRODUCTION

The Midcontinent Geophysical Anomaly (MGA) is a
zone of pronounced positive gravity anomalies averaging
60 km wide with flanking gravity lows (figure 1) and
associated magnegic highs, which extend from Lake
Superior over 1000 km southerly to Kansas (King and
Zietz, 1971) and into Oklahoma (Yarger, 1981). 1It is
generally inferred to be related to an aborted
continental rift in late Precambrian time (Chase and
Gilmer, 1973; Ocola and Meyer, 1973). Exposures of
Keweenawan mafic igneous and sedimentary rocks in the
Lake Superior region provide a locality for both
- geological and geophysical investigations (Halls, 13966
and 1978; White, 1966). This area serves as a model for
interpretation of gravity and magnetic anomalies further
south where the Precambrian crust is entirely covered by
Phanerozoic sediments.

The purpose of this study is to investigate the
| geophysical model responsible for the MGA in
" northeastern Kansas using information from the area
including gravity data (Yarger and others, 1980),
aeromagnetic data (Yarger and others, 1981), and COCORP
(Consortium for Continental Reflection Profiling)
seismic data (Serpa and others, 1984; Brown and others,

1983). Drilling to the basement in this area also

1
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provides generalized geologic information of the
uppermost Precambrian crust (Bickford and others, 1379).

The initial model suggested from the COCORP seismic
sections is tested against the observed gravity and
magnetic daté through potential fields modeling. This
improves the model shape and expands available
information on density and net magnetization of the
model. |

Reprocessiné part of COCORP seismic data is done
along the 10 km long east-west profile on the east side
of the MGA. Seismic sections of improved quality in
this area are needed in order to interpret the
corresponding gravity and magnetic anomaly, especially
the secondary magnetié anomaly high which trends along
the southeastern flank of the MGA. Finally, the derived
model is improved by requiring correspondence with the
gravity and magnetic data.

This geophysical model illustrates correlations of
gravity, magnetic, and seismic data along with drill
hole information. The simultaneous use of these data
sets should yield a more reltiable geoclogic and tectonic

model of this ancient continental rift.



GEOLOGICAL AND GEOPHYSICAL BACKGROUND

In Kansas, Precambrian basement rocks are entirely
covered by a relatively thin veneer of Phanerozoic
sediments. The region has not been significantly
deformed since ag least late Paleozoic time, and
therefore is part of the Central Stable Region in the
Midcontinent (Snyder, 1968). However, with regards to
several prominent basement structures such as the late
Precambrian rift associated with the MGA, the Nemaha
ridge, and the Central Kansas Uplift (figure 2), its
geologic history is more complex than the simplicity of
flat-lying beds. Microearthquake activity, indicating
the possible active fault trends, mainly lies along the
same structural trend of these major basement structures
(figure 3) (Steeples and others, 1983).

The Nemaha Ridge is a linear trend of basement
uplift in eastern Kansas parallel to the MGA. It was
intermittently active during Paleozoic time separating
the Forest City and Salina basins (Merriam, 1963). It
is bounded on the eastern flank by the Humboldt Fault
ione which has microearthquake activity (Steeples and
others, 1979). Based on drill data (Cole, 1976), the
crystalline basement rocks on the western side are
upfhrown to within 200 meters of the surface in the area

of study. Along the ridge, basement granitic rocks are
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mostly cataclastically deformed, indicative of a major
crustal fracture zone (Bickford and others, 1979).

Between and subparallel to both the MGA and the
Nemaha Ridge is the Abilene anticline, a secondary
basement uplift of possibly similar age to the Nemaha
Ridge and Central Kansas Uplift (Jewett, 1941; Shenkél,
19539). Along the same structural trend of the Abilene
anticline there are exposuréé of the Upper Cretaceous
kimberlite intrusive rocks in Riley County (Brookins,
1970). Chelikowsky (1972) suggested they are related to
right lateral strike-slip on a fault buried along the
east flank of the Abilene anticline. However, their
origin is still in doubt because the long axis of
intrusions is perpendicular, instead of parallel, to the
axis of the Abilene anticline (Steeples, 1982, pp. 58-
59).

The Central Kansas Uplift is a northwesterly trend
- of basement uplift which formed the southern and western
boundary of the Salina basin. 1Its trend does not
suggest a relationship to the MGA, the Nemaha Ridge, and
the Abilene anticline, but this possibility cannot be
completely ruled out without further information.

The distribution of Precambrian basement rocks
within the uppermost crust is inferred primarily from

shallow basement well samples and geophysical data. In



northern Kansas, except in the area of the MGA, the
basement terrane is dominated by 1.6 b.y. old mesozonal
granite (Bickford and others, 1981; Bickford and others,
- 1979) containing isolated intrusions of 1.3 b.y. old |
epizonal granite (Steeples and Bickford, 1881; Yargef,
1983). The younger basement terrane in southern Kansas
is characterized by 1.4 b.y. old epizonal granite and
silicic volcanic rocks (Bickford and others, 1981).
This seems to subgest that geologic events during late
Precambrian time included extensive periods of igneous
activity (Snyder, 1968). The last major period of
igneous activity correlates with the development of the
initial stages of a continental rift. The MGA is the
geophysical expression of this aborted rift.

In Kansas, within the trend of the MGA, mafic
igneous and arkosic sedimentary rocks are encountered in
basement wells (Bickford and others, 1979) (figure 4).
These rocks are generally inferred to be related to the
" exposed 1.1 b.y. old Keweenawan mafic igneous and
associated sedimentary rocks in the Lake Superior
"region. This is based on the lithologic similarity and
the geophysical éontinuity of gravity and magnetic data
from Kansas to that area (King and Zietz, 1971).

The Keweenawan geology”of ihe Lake Superior region

is reviewed by Halls (1966). There are three
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Figure 4. Structural contours (in kilofeet) at top of the Precambrian

basement in northeastern Kansas (after Cole, 1976). Dark
shading shows the inferred extent of mafic rocks and dots

area represents the Rice formation (after Bickford and others,
1979). A = Olivine-bearing gabbroic rocks (Bickford, personal
communication, 1984).

A = Riley County kimberlites (Brookins, 1970).

Location of COCORP profiles are shown with vibration points.
(From Brown and others, 1983).



lithological divisions for Keweenawan rocks: the Lower
Keweenawan of reversely magnetized sediments, the Middle
Keweenawan of normally magnetized basaltic lavas with
- interbedded sediments, and the Upper Keweenawan of
normally magnetized fine-grained sandstones and shales
overlying a thick conglomerate. Keweenawan intrusions
of sills, dikes, and irregular bodies of generally
basaltic composition are abundant in the Lake Superior
region. It is ihferred that igneous activity during
Keweenawan time was characterized by an episode of
volcanism and subsequent intrusions, where volcanism was
punctuated by short pauses that allowed formation of
thin interflow sediments (Halls, 1978). 1In the Lake
Superior region, an enormous quantity of basic volcanics
is estimated to exist. At the end of igneous activity,
subsidence of the mafic rift basin followed and allowed
the deposition of a thick sequence of conglomerates and
sandstones.

In a preliminary result of a study of thin sections
from basement well samples Bickford and others (1979)
reported mafic rocks, in Kansas, of mostly olivine-
bearing gabbroic rocks. Seven of the twelve wells that
encountered mafic rocks lie along the southeastern flank
of the MGA (Bickford, personal communication, 1984).

Precambrian arkosic rocks and siltstones in Kansas

10



comprise the Rice Formation (Scott, 1966). They were
apparently formed from immature sediments derived from
the faulted edges of the rift basin and deposited within
it. Sedimentary rock is usually considered to be of
relatively low density and nonmagnetic compared to mafic
rock. Therefore, the presence of Rice Formation basins
surrounding the mafic igneous rift basin can be inferred
from the flanking lows of the gravity anomaly. Also,
analysis of aerohagnetic data in Kansas have shown a
magnetic quiet zone, where the Rice formation is
suspected, surrounding the magnetic high of the MGA
(Yarger, 1983) (figure 5).

Earlier work using gravity and magnetic modeling of
the MGA in northeastern Kansas was done by Yarger (1980,
in Hahn, 1980) and is shown in figure 6. Analysis of
teleseismic (Hahn, 1980) and microearthquake waves
arriving in eastern Kansas (Lui,1981; Miller, 1983) also
suggests the presence of a high velocity crustal body
beneath the MGA relating to the mafic igneous body.
Miller (1983) also suggests the existence of a low
velocity crustal body on the northwest flank of the MGA
which is possibly related to the arkosic sedimentary
Rice Formation.

Recently, deep seismic reflection data from COCORP

across the MGA in northeastern Kansas revealed a thick

11
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“

layéred wedge of hoderately west-dipping strong
reflections grading upward into a zone of weak
reflections beneéth the base of Paleozoic strata (Serpa
and others, 1984) (figure 7). It is interpreted as
being a highly asymmetric basin filled with the Middle
Keweenawan Unit of interbedded basalt and clastic rocks
grading upward into the Upper Keweenawan Unit of late

Precambrian sedimentary rocks. The rift basin is

" bounded by asymmetric faults, a result of block rotation

during crustal extension. Its dimensions are
approximately 40 km east-west wide and about 8 km deep,
with its center at the gravity maxima. Gravity modeling
calls for the existence of a deeper mafic intrusion
beneath the rift basin (Serpa, personal communication,
1384).

From preliminary COCORP results in northeastern
Kansas (Brown and others, 1983), except in the MGA area,
the generalized picture of the continental crust beneath
the Paleozoic strata is that of a shallow crustal zone
relatively free ?f reflections, a midcrustal zone with
numerous reflections and diffractions, and a transition
zone of rapid decrease in reflections at the expected
arrival time of the Moho-discontinuity. However,
beneath the MGA area the mid-crustal reflections and

diffractions are absent. This unusual midcrustal zone

14
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COCORP seismic section (migrated) across the MGA
from VP 1360 to VP 2334, interpreted by Serpa and
others (1984).

(From Serpa and others, 1984).



may be related to the presence of deep mafic intrusions
beneatﬁ the MGA, as required from the gravity modeling
by Serpa (persongl communication, 1984).

A seismic refraction study in northwestern Kansas
combined with the regional gravity gradient (Steeples,
1976) indicates a gently west dipping Moho at about 34-
38 km deep in north-central Kansas. Hahn (1980), Lui
(1981), and Miller (1983), based on analysis of
k earthquake waves, also independently predicted an

anomalously low velocity body in the upper mantle

beneath the MGA due to the delay of seismic waves across

the MGA as they travel along the top of the mantle.

16




POTENTIAL FIELDS
Gravity Data

Bouguer gravity data in northeastern Kansas have
been compiled by Yarger and others (1980) (figure 8).
Most of these data were acquired by the Kansas
Geological Survey using a Worden gravimeter of +0.01
@gal sensitivity. 1In the area of study, the measurement
‘pattern was an east-west traverse with 1.6 to 3.2 km (1
to 2 miles) spacing between stations and a north-south
spacing of 6.4 to 9.6 km (4 to 6 miles) between
traverses. Field work procedures were generally similar
to more recent gravity surveys in other parts of.the
state described by Yarger and Lam (1382).

A base station was established for each divided
survey area and was tied to a nearby Department of
Defense base station (the International Gravity
Standardization Net 1971), which permitted the
determination of absolute gravity values. In daily
-work, repeated base station readings were used for
correction of the earth's tidal variation and meter
drift. Meter drift is expected to be approximately
linear within a period of 3-4 hours. However, a
somewhat nonlinear drift sometimes occurred because of

poor temperature compensation in the Worden gravimeter

17
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(Yarger and Jarju:, 1972, p. 6). 1In northeastern Kansas
the estimated station measurement error is 0.3 mgal
(Yarger and others, 1980).

The Gravity Formula 1967 for the reference spheroid

(see for example, Telford and others, 1976, p. 15),

thch is a function of latitude, was calculated at each
measurement locaﬁion and subtracted from the measured
qravity field, Terrain corrections were not required
" because of the low relief topography in Kansas. Bouguer
gravity values were calculated at sea level using a
aensity of 2.67 gm/cm3,
These final corrected data were then gridded into
1.6 km by 1.6 km (1 mile by 1 mile) nodes using a
computer contouring program., The root-mean-square
difference between the final corrected data and the
interpolated grid values was similar to recent work for
southeastern Kansas data (Yarger and Lam, 1982) which is
approximately 0.5 mgal. The accuracy of these gridded
. data is adequate for gravity modeling in this study
since the anomaly amplitude of the MGA in the area of
study is about 100 mgal. In the potential field
modeling which follows, calculations were made at 1.6 km
(1 mile) intervals along the east-west profile.
The east-west gravity profiles of gridded data

across the MGA are shown in figure 9, where solid lines

19
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are the anomaly profiles close to the original
measurement profiles in the MGA area. The profile used
in gravity modeling is chosen closest to the east-west
COCORP seismic line which is across the MGA at 39.625 N
latitude. The anomaly amplitude is 82 mgal, where the

high level is at 8 mgalvwith a flanking low of -74 mgal.

21




Aeromagnetic Data

The aeromagnetic survey in Kansas was completed by
the Kansas Geological Survey in 1379. The relative
total intensity of the magnetic field in northeastern
Kansas is shown in figure 10 (Yarger and others, 1981).
Details in data acquisition and data reduction, along
with regional interpretation of aeromagnetic data, are
. described by Yarger (1983). Measurements of the total
intensity of the earth's magnetic field were taken using
a proton precession magnetometer of 1 gamma
sensitivity.

In eastern Kansas, the flight elevation was 760
meters above sea level. The flight lines were spaced
3.2 km (2 miles) apart and the tie lines were spaced 32
km (20 miles) apart. The temporal variation in magnetic
field (diurnal drift) was removed by analysis of the
mismatches of magnetic field values at the tie line-
flight line intersections (Yarger and others, 1978).
This procedure does not require a recording base station
and assumes’the diurnal drift during flight to be a
smoo:gly varying low order polynomial in time. The
procedure is therefore valid during a magnetically quiet
day where magnetic variation is smooth, regular and low
in amplitude. Care was taken to cancel the flight on

days of severe magnetic fluctuation.

22
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The International Geomagnetic Reference Field 1975

was computed at each measurement location at the
appropriate day and subtracted from the measured total-
intensity-magnetic field. The resulting data represent
the relative total intensity of the earth’'s magnetic
field. These data were then gridded at a 0.16 km (0.1
mile) east-west spacing and 3.2 km (2 miles) north-south
spacing, which is nearly equivalent to the original
‘measurement spacing. From this initial fine grid the
1.6 km by 1.6 km (one mile by one mile) gridded data
were generated and are shown in figure 11 as east-west
profiles across the MGA, where solid lines represent
profiles close to the oriéinal measurement préfiles.
The interpolated profile at the same latitude of the
east-west COCORP seismic line is used in magnetic
modeling. Across the MGA, the anomaly amplitude is

about 600 gammas.

24
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Modeling Technique

Modeling is the method of deriving a model whose
computed effects are in satisfactory agreement with the
observations. In potential fields modeling, agreement
between observations and computed values does not prove
that the model represents the actual situation because
of ﬁhe_lack of uniqueness. Therefore, in order to

. obtain a more reliable and realistic model, other
information is needed to constrain and minimize the
variety of solutions. 1In this study the initial model
shape is suggested from the interpretation of seismic
sections in the same area, combined with available drill
hole data. The appropriate gravity and magnetic
parameters are assigned ﬁo this model. The model is
then tested and modified to give its calculated gravity
and magnetic values that best fit the observed gravity
and magnetic data.

Calculations in gravity and magnetic modeling are
based on the gravity and magnetic formulae for a prism-
shaped body given by Goodacre (1973) and Bhattacharyya
(1964), respectively. The mathematical formulae and
computing iterations for ‘one prism are given-in Appendix
I. In this study, the model shape is approximated by
adding many small prisms. The gravity and magnetic

values are computed for each prism at the observation

26



point. Results from all prisms are then added and
compared with the observed data at the observation
point. Computation is then done for the next
observation point and so on, along the selected profile.

Gravity modéling is based on calculation of the
vertical component of the gravity field at the point of
observation due to the density contrast of the rock
- body. The densify contrast used here is the lateral
change in density which would give rise to the gravity
anomaly. For example, in an area where density 1is
increasing with depth without lateral changes in
density, the corresponding gravity anomaly will be
constant.

Magnetic modeling is based on the calculation of
the total-intensity magnetic field at the observation
point due to net magnetization contrast of the‘rock bedy
and the effect of the earth's inclined ambient magnetic
field. According to the concept of magnetic dipoles,
the rock body is assumed to have a continuous
distribution of dipoles resulting in a net magnetization
vector. The magnetic field due to the net magnetization
of the dipoles is calculated along the earth's field
direction at the observation point. The calculation is
more complicated than for gravity because the magnetic

fields are both attractive and repulsive. Magnetization
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is thé fundamental parameter in magnetic modeling as
density is in gravity modeling. However, magnetization
is a vector quantity, whereas density is a scalar one.

Usually, magnetization is induced by the earth's
magnetic field wﬁere the dipoles of magnetic material
line up with the earth's magnetic field. The degree to
which the rock is magnetized by induction is determined
- by its magnetic Susceptibility ki defined as

J. = ki H ,

i i
where 3{ is the induced magnetization vector and K is
the earth's magnetic field vector.

In caseg where only induction by the earth's
magnetic field is assumed, the magnetic susceptibility
contrast is the only magnetization parameter required in
magnetic modeling. The term "contrast” used here is
lateral as in the case of density contrast. Figure 12
illustrates simple cases of the residual magnetic
anomalies due to rock bodies of induced magnetization at
different latitudes. The long axis of buried magnetic-
body is perpendicular to the page. At flight elevation,
the anomaly is positive, negative, and zero when the
field of the magnetized body reinforces, opposes, and is
perpendicular to the earth's field, respectively.

However, for the study of Precambrian rocks, the

remnant magnetization must be taken into account in
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(After Dobrin, 1976).
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addition to the induced magnetization. Remnant
magnetization is governed by the earth's magnetic field
that existed when the rock was formed, provided that no
later changes occurred. For igneous rock, the direction
of remnant magnetization will be that of the earth's
field at the time it cooled down from its initial molten
state to a temperature below the Curie point, However,
. later changes in magnetization direction may occur such
as in the case of reheating to its Curie temperature in
a different earth's field direction.
Net magnetization due to both induced and remnant

magnetizations in a magnetic body can be written as

31'\ = 31*3,,
where En and 3r are net and remnant magnetization

vectors, respectively. It can also be written as

[+
3
[}

kI8 (T, + @1,

or

[
\

k, f&l T, .

where ?1"Tr andlinare unit vectors of EL' 3} and Eﬁ,

respectively, Iﬁl is magnitude of the earth's magnetic

field, k, is net magnetic susceptibility, and Q is

the ratio of remnant to induced magnetization magnitude.
It is this last relationship ﬁhat is used in

magnetic modeling which allows k,, and in to be the input

parameters in testing of net magnetization 3; of the
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model,
The ratio k /k; can be derived, based on the law of

cosines, as

k

Sno= ( 1+ 2qeos(l; 1 Q%%

which shows that kn/ki depends on the angle (ii,ir) and
the Q value. However, for the angle (ii,ir) between
-12'- and g, kn/ki is greater than 1 for any positive Q.

kn/ki can also be derived as follows:

kn|H| 1 = kilHl (1; + Q)
A ’~ ”~ N Pal

kn 1i 1n = ki ( 1i *Q 1r ) 1n

kn

" = ({+QL)u + (m+rQM)v + (n+QN)w

i

where ({,m,n), (L,M,N), and (u,v,w) are direction cosines

of ii’ ir’ and in, respectively.
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Preliminary Modeling - Background

Prior to potential fields modeling, it is
appropriate to note some interpretive results from the
Bouguer gravity and aeromagnetic maps, along with drill
hole data., Effects of the modeling parameters,
especially the inclination and declination angles of net
magnetization, are also examined. Then, according to
. the results, the initial model suggested from the COCORP
seismic sections is tested and modified to give a best
fit to the observed residual gravity and magnetic
anomalies.

The interpretation of gravity data is usually
straightforward due to the simplicity of the earth's
gravity field which is always attractive and vertically
downward. Therefore, a positive gravity anomaly
generally indicates more dense rocks directly beneath
it. A negative gravity anomaly is caused by a negative-
density-contrast source; that is, rock that has lower
density than that of average crust. The longer
J wévelength anomaly is usually caused by a deeper source,
whereas the sharper anomaly is due to a source at
shallower depth,

The Bouguer gravity map (figure 8) shows an average
gravity value in the range’of -60 to -70 mgal in

northeastern Kansas. The northeasterly gravity high of
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the MGA ranges from about -60 mgal up to +10 mgal. The
 flanking lows on both sides are lower than -65 to -70
mgal. Therefore, it can be expected that rocks of
positive density contrast lie along the northeasterly
trend of the gravity high, and rocks of negative density
contrast lie along the trends of gravity lows.

The aeromagnetic map in northeastern Kansas (figure
. 10) shows averagé magnetic fields between 1200 and 1400
gammas. The magnetic high of the MGA across the study
profile is up to 1650 gammas, and its lows down to about
1000 gammas.

The interpretation of magnetic map is not as
straightforward as the gravity because the magnetic
fields are both attractive and repulsive. Also,
measurements are taken in the earth's field direction
that is not vertical.

In the northern hemisphere, a magnetic anomaly high
implies a high-magnetic body with its net magnetic field
downward. However, the source rock is not necessary
. located directly beneath the peak of the anomaly high
(see for example, figure 1l2c). Therefore, it can be
expected, at least, that the magnetic high of the MGA is
due to a high-magnetic body that has its net magnetic
field downward. Specific values of inclination and

declination are to be tested by modeling based on
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available information of magnetization measurements.

The lower-than-average anomaly may be due to the extreme
depth to magnetic basement, or a source rock with little
or no net magnetization, or the edge effect of the high-
magnetic body, or the magnetic field reversal at parts
of the source rock which results in alternate highs and
lows as in case of the mid-oceanic ridge.

Comparison of the aeromagnetic map (figure 10) with
the Bouguer gravity map (figure 8) in northeastern
Kansas, especially in the MGA area, reveals obvious
correlations, even though in detail the magnetic anomaly
is more irregular than the gravity. The axes of both
gravity and magnetic anomaly highs lie along the same
northeasterly trend of about 30 clockwise from north.
However, the peak of the magnetic high is slightly
shifted from that of the gravity high. Along the east-
west COCORP seismic line, the peak of the magnetic high
is located at about VP (vibration points) 1650-1750,
while the gravity peak is at about VP 1700-1800.

The magnetic anomaly of the MGA has a shorter
wavelength than the gravity ancmaly. There is a
secondary magnetic high (at about VP 1450-1470) that
lies parallel to the primary high along the southeastern
side of the MGA. Its northeasterly trend, 30 clockwise

from the north-south direction, coincides with the
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boundary between the gravity high and the eastern
gravity low. Thin section studies from Precambrian well
cuttings (Bickford, personal communication, 1984)
indicate 7 wells of olivine-bearing gabbroic rocks along
"the trend of this secondary magnetic high.

On the northwestern side of the MGA, the trend of
magnetic low (at about VP 2000-2100) also coincides with
:_thé boundary between the gravity high and the
northwestern gravity low. This trend is approximately
45 clockwise from the north.

Thin section studies also reveal abundant wells of
Rice formation in the MGA area, especially on its
eastern flank in the study area. Along the COCORP line,
the wells are located between VP 1250 and VP 1500 which
is in the area of the eastern gravity and magnetic lows
of the MGA. However, from VP 1250 eastward to beyond
the Nemaha Ridge, well cuttings are dominated by sheared
granites that characterize the basement terrane in
Kansas.

Ground surface in the area of study is regionally
flat, about 400 m above sea level. The Precambrian
basement surface revealed by drill data (Cole, 1976) is
slightly dipping to the west. The Paleozoic sediments
are about 1 km thick, except over the Abilene anticline

(about 700 m) and the Nemaha Ridge (about 200 m). The
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gravitational effect of the Paleozoic section in the MGA
zone is negligible due to its small and approximately
constant thickness. The strata are also considered to
be non-magnetic because of the negligible magnetite
content in sediméntary rocks compared to mafic igneous

rocks.
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Preliminary Modeling - Mcdeling Parameters

In gravity and magnetic modeling, the modeling
parameters are size, location, orientation, density, and
net magnetization of the model. Given the same model
shape, a deeper body results in a longer wavelength and
lower amplitude anomaly. Increasing density and
susceptibility contrasts result in higher amplitudes of
- the gravity and'magnetic anomalies, respectively.

We now consider the effect of different net
magnetization directions. Net magnetization direction
is expressed in terms of inclination and declination
angles. Inclination angle (I) is measured positively
downward, and negatively upward, relative to the
horizontal plane. Declination angle (D) is measured
positively clockwise, and negatively counterclockwise,
on the horizontal plane from the north direction.
Figures 13 and 14 show the effect of varied inclinations
at D = 0" and -40°, respectively. And figure 15 shows
50 . The

the effect of varied declinations at I
orientation of the profile and the magnetized body is
the similar to that of the MGA and the east-west study
profile. The north direction is inwardly perpendicular
to the page. The long axis of prismatic body is 30°
clockwise from the north. The earth's field is 68 of

inclination and 7° of declination.
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Figure 13. Total magnetic field anomalies in Kansas
for varied inclinations at zero declination.
Net susceptibility contrast = 0.004 cgs.
(a) Positive or downward inclinations.
(b) Negative or upward inclinations.
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Figure 14. Total magnetic field anomalies in Kansas
for varied inclinations at -40° declination.
Net susceptibility contrast = 0.004 cgs.
(a) Positive or downward inclinations.
(b) Negative or upward inclinations.
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Total magnetic field anomalies in Kansas

for varied declinations at +50° inclination.
Net susceptibility contrast = 0.004 cgs.
(a) Fourth quadrant declinations.

(b) First quadrant declinations.
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"Varied inclinations result in amplitude changes of
the anomaly. This is obvious in figure 13 where the
anomaly amplitude increases toward I = 90" and decreases
toward I =~ 0 . In figure 14, similar changes in
amplitude can be seen, even though the anomaly at the
egdes of the body looks irreqular due to a nonzero
declination.

varied declinations (figure 15) affect the anomaly
-at the edges of magnetized body. At the center of the
body the anomaly remains at the same level, in contrast
to figures 13 and 14.

In short, inclination affects anomaly amplitude,
especially at the central part of the body. Declination

affects anomaly shape at and near the edge of the body.
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Preliminary Modeling - Result

In this section, both gravity and magnetic modeling
are used to test the model suggested from the COCORP
seismic section. The profile of study.is the 160 km
(100 mile) long east-west line along the COCORP seismic
profile across the MGA, at 39.625° N latitude. For
gravity modeling, the acceptable range of density
- contrast for mafic rocks compared with granitic rocks is
0.2-0.3 gm/cm3, where the density of graniie is
normally 2.6-2.7 gm/cm3 and that of mafic rocks is 2.9-
3.0 gm/cm3 (see for example, Telford and others, 1976,
p. 26; white, 1966, p. E5).

The regional trend of gravity is subtracted from
the observed Bouguer gravity anomaly, resulting in the
observed residual anomaly to be used in modeling. The
linear regional trend, along the study profile, has a
base level of -60 to -70 mgal, and is slightly dipping
to the east with a gradient of .07 to .12 mgal/km (which
may be due to some other sources of different density on
both sides beyond the MGA, or by crustal thinning to the
west, or both). The eastern boundary of Rice formation
(at about VP 1250 - 1300) on the east end of the study
profile is revealed by drill cuttings (Bickford and
others, 1979). It can be used to define the regional

trend by allowing the negative anomaly to extend
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eastward not far beyond the limit of the Rice formation.

Mafic rocks such as basalts and gabbro have much
higher magnetizations than silicic rocks such as granite
and rhyolite (see for example, Telford and others, 1976,
p. 21; Yarger, 1983, pp. 20,23), so that, in terms of
magnetization contrast, the granitic crust is assumed to
be nonmagnetic compared to mafic rocks. The induced
. magnetic suscepfibility contrast Ak; of mafic rocké is
in the range of 0.001 to 0.003 cgs. The net susceptibili-
ty contrast &k will be higher than &k, forlplc}, where §
is an angle between induced and remnant vectors (p. 31).

The magnetization of Keweenawan mafic rocks near
Duluth, Minnesota (Jahren, 1965), corresponds to an
apparent paleopole pbsition around latitude 30" to 34" N
and longitude 175" to 180" W. Based on this Keweenawan
pole position, the earth's magnetiﬁ field in Kansas
during Keweenawan time pointed west-northwest and
downward, with average inclination of 40° and
declination of 290°. This calculation also assumes that
since Keweenawan time, Kansas and Minnesota have not
drifted apart from one another but maintained the same
relative positions as parts of the North American
tectonic plate.

Therefore, based on the assumption above, the

direction of remnant magnetization in Kansas during the
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Keweenawan period would be around 40° inclination and
290° declination. The resultant vector of net
magnetization, to be used in magnetic modeling, will
then be approximately in the fourth quadrant, that is,
in between directions of remnant and inducgd
magnetizations depending on the Q value. Thus, the net
inclination should be from 40° downward to 68  and the
. net declination from -70° clockwise to 7 .

A flat magnetic regional trend of 1250 gammas was
subtracted from the observed magnetic anomaly, resulting
in the residual magnetic anomaly used in the magnetic
modeling.

Finally,»with the acceptable range of input
parameters mentioned above, the asymmetric basin filled
with interbedded basalts and clastic rocks, interpreted
from COCORP seismic section across the MGA (Serpa and
others, 1984) (figure 7), is tested and modified. The
east-west cross section of the model and anomalies are
shown in figure 16. The long axis (about 80 miles) of
the model is rotated 30° clockwise from the north
direction which is inwardly perpendicular to the page,
and the east-west profile is across the center of the
model. The datum elevation is at sea level for gravity
modeling, and at the flight elevation of 760 m above sea

level for magnetic modeling. The parameters that yield
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Figure 16. Gravity and magnetic modeling of an asymmetric basin filled with

interbedded basaltic and clastic rocks, interpreted from COCORP
seismic section. The horizontal scale is in miles eastward from
98° W longitude.

<wam~w= = Modeled anomaly, ocoaacco = Measured anomaly.
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best agreement between the simultaneously modeled and
measured profiles are: &p= 0.25 gm/cm’, Ak, = 0.0045
cgs., I = 60°, and D = -40°,

It is obvious that the gravity anomaly due to the
basaltic rift basin is about half the amplitude of the
MGA and also has a shorter wavelength. An unacceptably
high density contrast of at least 0.5 gm/cm3 is required
,.to match the amplitude of the MGA but not the
wavelength, as mentioned by Serpa (personal
communication, 1984).

The magnetic effect of the basaltic rift basin is
interesting. Its wavelength fits that of the primary
magnetic high of the MGA, and nearly does for its
"amplitude. The favorable direction of net magnetization
is in the fourth quadrant, at I = 60° and D = -40°.

. The net magnetization direction at I = 60" and D =
-40° infers that remnant magnetization is important in
addition to induced magnetization. According to the
induced direction of Ii = +68 and Di = +7', by using
the remnant direction of I = +40"and D_= -70° with
Q = 1, the net magnetization direction can be calculated
to be in agreement with the one derived from.modeling
(I, = +60", D = -40"). The calculated ratio &k /AK,

is about 2. Therefore, the high value of Akn, which is
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reqﬁired to match the magnetic anomaly (ak, = 0.0045cgs.
in this modeling), is acceptable.

It should be noted also that the east end of the
basaltic rift basin is at about VP 1560. Therefore, the
seismic data seem not to infer the source of the |
secondary magnetic high (at VP 1460) to be due to a
magnetic reversal (as in case of the mid—oceanic ridge),
- or to be due to £he thin edge effect of a large magnetic
body at shallow depth (as in case of modeling by Yarger
(1980), shown in figure 6), because in such cases the
east end of the basaltic rift basin is required to
extend eastwardly to at least at VP 1460.

Reprocessing part of the seismic data in this area,
which is discussed in the following sections, was done
in order to bring out the possible interpretation of
this secondary magnetic high. After that, the derived
model was tested again through potential field modeling.
Discussion of the deeper mafic source suggested from
gravity modeling (Serpa and others, 1984) and the
arkosic sedimentary basins on both sides of the MGA is

also postponed to that section.

47



SEISMIC REFLECTIONS
Data Acquisition Parameters

The Consortium for Continental Reflection Profiling
(COCORP) survey has acquired deep seismic reflection
.data in northeastern Kansas during 1979-1981. The east-
west profile is 194 km long across the Nemaha Ridge and
the MGA. Preliminary results, using standard COCORP
“"data processing (Schilt and others, 1979), were reported
by Brown and others (1983), and Serpa and others (1984).

The objective of the survey is to detect and image
deep geologic structures in the continental érust
through the seismic reflection technique. By generating
seismic waves at ground surface, the attempt is to
digitally record waves reflected back from interfaces of
rock layers that have different acoustic properties.

The acoustic properties of rocks, ie. seismic wave
velocity and rock density (whose product is acoustic
impedance), are related primarily to the mineralogic
composition and rock type.

The energy source used to generate seismic waves is
Vibroseis (trade mark of Continental 0il Company)
employing five large truck-mounted vibrators that emit
oscillatory energy of continuously increasing

frequencies from 8 to 32 Hz during the 32-second sweep.
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Subsequent data processing, by cross-correlation of the
received signal with the source signal itself, reduce -
the data so that the source appears to have been an
impulse.

The emitted signal from the Vibroseis source has a
much lower amplitude than that from an explosive source,
which makes it desirable in populated areas. 1In
gddition, it has high penetratidn due to the duration
‘over many seconds of the source, and the low frequencies
of the emitted signal which decay slower with distance
than higher frequencies (see for example, Telford and
others, 1976, pp. 240-242). The penetrated distances of
energy to the deep crust, and possibly to sub-Moho
discontinuity depths in northeastern Kansas (about 35-40
km), are indicated in seismic sections interpreted by
Brown and others (1983).

A 96 channel digital recording system is used, with
a low-pass filter of 31.25 Hz and sample rate of 8
milliseconds. At each receiver group 24 geophones, each
with natural frequency of 7.5 Hz, are connected in
series along the profile. The configuration of geophone
grouping between VP 1360 - 2234 is shown in figure 17b,
where the spacing of adjacent geophones is 4.3 m.
Addition of signals detected by fhese geophones within

the group, when the source is in line with the geophone
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array, results in some cancellation of unwanted grouhd
roll due to low-velocity and low-frequency surface or
near-surface waves (see for example, Dobrin, 13976, pp.
100-107). Random or incoherent noise, due to energy
scattering from near-surface irreqularities, will also
vbe attenuated within the geophone group.

The geometric arrangement of source and receivers
(fjgure 17a) is .an "end on" spread type, where the
‘source is located at one end of the spread, 402 m (1320
ft) from the first receiver. The distance between
adjacent receivers is 100.6 m (330 ft). The spread
covers 6.1875 miles, approximately 10 km,

The common—depth—ﬁoint (CDP) method (Mayne, 1962)
is used. The entire spread and the vibration trucks are
shifted 100.6 m along the profile after each source
vibration. The advantage is that each common subsurface
reflection point is sampled up to 48 times with
different source-to-receiver distances (figure 18). One
CDP-gather has up to 48 seismic traces or 48 fold.

These traces are processed so that they would appear to
have a zero source-to-receiver distance, and are summed
to form a single stacked trace.

The final seismic section consists of orderly CDP-
stacked traces. It looks very ﬁuch like a cross section

of the earth underneath the seismic line, where the
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vertical scale is two-way travel time. Information of
geologic structure and rock type can be interpreted
mainly from reflection time and sometimes from amplitude

and frequency information shown in the seismic record

_sections. Y

53



Reprocessing

In this study, reprocessing part of the COCORP
seismic data (VP 1400 - 1500) was done along the profile
on the east side of the MGA, across the Abilene
anticline. There are two primary reasons for this.
Pirst, the secondary magnetic high in this area, which
marks the southeastern flank of the MGA (figure 10)

_ indicates the presence of highly magnetic rocks in the
upper crust. The steep horizontal gradient of the
anomaly suggests that these rocks could be fairly
shallow. The magnetic properties of the rocks are not
related directly to their acoustic properties; however,
seismic sections of improved quality in this area might
reveal clues for the possible interpretation of this
secondary magnetic high.

Second, there are procedures to improve qﬁality of
the seismic sections. In the vicinity of the secondary
magnetic high, the seismic profile is shifted 1.6 km (1
mile) southward at VP 1454. As a result, there are data
recorded when the source is in the north line and
receivers are in the south line. The CDP-profile for
such data lies midway between and parallel to both the
north and the south lines (figure 13). Each CDP-gather
" consists of different source-to-receiver directions‘

(figure 19), instead of one direction as in the usual
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case (figure 18a). Therefore these data were
reprocessed separately from the north and the south CDP~
profiles.

Also, due to such field arrangement, the unwanted
ground roll and other noise are not properly cancelled
within the geophone group, especially for the near
receivers in the south line when the source is near in
. the north line. The seismic section across the area,
shown in figure 20, displays the severe disturbance of
ground roll noise between VP 1440 - 1480 and times 0.6 -
1.8 seconds. Therefore, reprocessing was done in order
to carefully minimize this ground roll problem.

COCORP seismic data between VP 1400 and VP 1500 for
the upper 3 seconds of two-way travel time were
reprocessed at the Kansas Geological Survey, using the
SPEX (Seismic Processing EXecutive, Sytech Corporation)
seismic processing system.

After entering information_from field notes (eg.
ground surface elevation and location of vibration
points, pattern of source and receivers, etc.), the
seismic data were sorted into CDP-gathers in 3 separated
CDP-profiles: the north, the middle, and the south CDP-
profiles. The middle CDP-profile consists of data
recorded when the source is on the north line and

receivers on the south line.
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The reprocessing sequence, starting from the
correlated data, included: CDP sorting, datum static
cdrrection, trace equalization, first arrivals and
ground roll muting, stacking velocity analysis, normal
move out correction, CDP stacking, and band-pass
filtering. The resulting reprocessing parameters are in
Appendix II.

Careful repfocessing is emphasized on the middle
CDP-profile since it is severely disturbed by ground
roll noise. Also, it is the profile of interest where
the peak of secondary magnatic high approximately
bisects the center of the profile (at VP 1462). Samples
of CDP-gathers within this middle CDP-profile are shown
in figures 21 and 22 for CDP 2904 to CDP 2908 (VP 1452
to VP 1454) and CDP 2916 to CDP 2920 (VP 1458 to VP
1460), respectively. Reprocessing, with careful muting
(or zeroing) of gfound roll next to the first arrival
zone, significantly improves the result. The first
arrivals and ground roll muting zone is shown in figure
21 for CDP 2908 (VP 1454). The final CDP-stacked
section is shown in figure 23. The dipping strong
reflector, indicated by arrows in the figure, appears at
a time of about 1.8 s at VP 1450 and 2.1 s at VP 1480.

It is interesting to note the disappearance of the

same reflector between VP 1455 and VP 1465 (at time 1.8

58






NN
._“ !

\b’an).ﬂ.lr»ﬂn.h.\hﬂ.l\.n%f)

:.%;O\ANMI F R

ninnunEnnnnin

B A i I Fe e e e e e e .- e
5a 2 Sy S S e s e T I B e S e e s e e R e E ] e e e e 5

3 3
Figure 22.



R

1455 k
, 23 1 KM —= E
IREGRN S8 L 1 T ; 1 "—0
T T L8 T T 1
T SRS A Y T . | Ly Y ™1
sty - ’
MR NN
—t ol "
s Aty — ! et - r——y
—— N T - HEDE! I MR T
NSNS SRENS} T T ' T ; ey ~—-+
+ . T T + et
. o I e I i ——d .
ey T L " T : T T Tt e
NN SN A SaRE) : et T T .
T I EABERERE 1 L — BRSNS —
T R H T T T T
et . I 1 —_ i
B M T i RS 13 T
bttt s . : ‘LL\‘ﬁIJ,l — NSNEER: o
N AN NEARSSESESREN y : e T SRSREENsAATEY
e s + . i t : e
B T I I + I .
et * s e ‘J)f” VVyr ; ~ —
JERERN. OSSR TN BRREE WNDEN SR RN T Instane T :
lll'.llrmlmzm;::H:xmizm:T:r{;.,:g)) T T RIEAIR T T
S ANAARNSSSRIARE 0 T IRABA S BN RSN ANENE! D Jasne . ™
SRS R RS RRA L B RN ‘mlt’)
EeSASESEREREM ra— ~— r g 3 P
AN EARRSABENESENESE ASEABESREARD Pt T foe gt
— — + - SRS anEnwS! = }ICTEYBAT 15 3N TY § FNEYY
T - T BRSS! ' At 3n17*.‘ 1 e  1d.4

S L WLy ALY
TSN B A W RS
T Rd A Y AL SR ST

= L )
Z o]
m 2
.-..._-au.“u‘é‘f."%""' s Rac¥ Lo 'W
N MRS AW, mo-. A

l .’I \\.l-"- mmm /Ea m
m‘lm .1-‘ W v )4,

: RPAVEANTEAINS
k) "-.l"‘.-o SREVS 3 M‘A-‘. 3. I‘\
. AT TESYIL

| SO GRS .00 LE.S WA WIWI.A'.I-’“
BATAVD S VY i | BA A e Ve LEan “u\m y o T Ty e )
2 NoAman: N G0 ~Y F e T8 iy ) s Soxevia m‘au-unjuua
N Y \i —— - P& u
15 Y T
CRTELSYES s e va 6hY mw
:-’é'u-:‘-}.ﬁ‘\mv- Y1 -'i.‘.a."'uw M :
1 VP IAN ST INEA T NEY WA VLSS SRR )
'w“vm LMYV St N Y D A RPAY.
< 208K l‘— JANSEYIS B0 T ?'g- )
84 AinivE® tE ..-‘nmu -.A-l. m.=/. Yy )

Figure 23. Seismic section of the middle CDP-profile.

61



- 2.0 s). At first, it seems that the seismic character

in this range is dominated by high-amplitude noise like
that appearing in CDP-gathers 2916 to 2520 (VP 1458 to
VP 1460) shown in figure 22. There the noise is evident-
between about time 1.5 to 2.5 s for the 12 near-traces.
However, this same character also appears in other CDP-
gathers such as CDP 2904 to 2908 (VP 1452 to VP 1454)

- shown in figure 21. But such noise is not dominant in
these CDPs in the final stacked section of figure 23
(CDP number is twice VP number). Instead, a strong
reflector appears at these CDPs. Therefore, it is
likely that the disappearance of a strong reflector
between VP 1455 and VP 1465 (at time 1.8 - 2.0 s) is not
due to the disturbance of high-amplitude noise.

Note that the amount of fold for each CDP-stacked
trace in the middle CDP-profile reduces toward both ends
of the profile. The central part of the profile (VP
1447 - 1462) has a higher fold number, including both
near and far source-to-receiver distances within each
CDP-gather. Toward both ends of the profile, each CDP-
gather has only far traces. It is interesting to
equalize the fold amount along the profile by neglecting
near traces that contain high-amplitude noise (eg. first
12 near-traces in each CDP-gather shown in figure 21 and

22). The CDP-gathers will be equalized both in number

62



of fold and source-to-receiver distances so that the
resulting stacked traces in the section are
statistically balanced. 1In doing this, shallow
information is lost. The result is shown in figure 24
for 6-fold data, where only the 25th to 36th channels
(total is 12 channels) for each vibration are used. The
discontinuity of reflector at time 1.8 to 2.0 s between
. VP 1455 and VP 1465 is also affirmed in this section.

In addition, the automatic residual static
correction is applied to the middle CDP-profile to
remove residual static after datum static and normal
move out corrections. The same reflector is used as a
center of the 600-millisecond window. Because of the
dipping of the reflector, only 3 CDPs are used to sum at
a time to form the pilot trace for cross-correlation
purpose. The maximum allowable static correction is 20
ms. The result is shown in figure 25. The zone of
discontinuity (time 1.8 - 2.0 s between VP 1455 and VP
1465) shown in this figure indicates that it is not due
to the static problem.

Therefore, the discontinuity of the reflector is
more likely to be due to geologic structure rather than
processing artifacts. The layered reflection of strong
impedance contrast could be disconnected by mafic

intrusion of a later event which, due to its high
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magnetite content and shallow depth, produces a magnetic

high above it. According to the seismic section, ;he
intrusion is located between VP 1455 and VP 1465, so ‘
that its center (VP 1460) is at the same location of the
secondary magnetic high. Seven wells of olivine-bearing
gabbro revealed from thin section studies (Bickford,
personal communication, 1984) are indicated along the

. trend of the seéondary magnetic high and may be related
to the interpreted mafic intrusion.

Final sections of the north and south CDP-profiles
are shown in figures 26 and 27, respectively. The
sections do not show significant improvement compared
with figure 20. Note the small number of fold at the
west énd the east ends of the north and the south CDP-
profiles, respectively. The reflector appears at time
1.85 s at the west end of the north CDP-profile. It
also appears in the south CDOP-profile from VP 1500 at
time 2.2 s, with gentle slope, up to VP 1470 at time
1.9 s. Even though the west end of the profile has
small fold number, however, the fading of the reflector
may be due to intrusion as interpreted from the middle

CDP-profile.
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REMODELING

' The discontinuity of layered reflectors shown in
seismic sections (figures 23, 24, and 25) suggests a
possible mafic intrusion beneath the secondary magnetic
high of the MGA.  The mafic intrusive body located
between VP 1455 and 1465 has an east-west width of about
1 km. The zone of discontinuity shown in seismic
_sections beneath VP 1460 at two-way time 1.8 - 2.0 s is
-equivalent to about 5 km depth, assuming an average
crustal velocity of 6 km/s (see for example, Brown and
others (1983), p. 27). Therefore, the intrusive body is
at least 5 km deep. The top of the body is not
indicated in the seismic sections, but according to the
anomaly sharpness of the secondary magnetic high and
mafic wells encountered in the related area, it could be
at shallow depth, possibly near the Precambrian surface.

The mafic intrusive body is modeled by a highly
magnetic sheet-like shape, with its long axis 30°
clockwise from the north. The result of this addition
to the originél basaltic rift basin model of figure 16
is shown in figure 28. The magnetization direction of

the mafic intrusive body is in the first quadrant (I

+70°, D = +40°). The difference in magnetization
direction from the basaltic rift basin infers that the

intrusive event occurred at a different ambient earth's
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Figure 28.

Gravity and magnetic modeling of basaltic rift basin model (of fig. 16)
plus an isolated mafic intrusive model (at VP 1460) interpreted from
reprocessing of seismic data.

The horizontal scale is in miles eastward from 98 W longitude.

=s=e~=~a~x Modeled anomaly, ccococmoos = Measured anomaly.

70




field., That is, it is a different age.

" Based on the study of paleopoles of North America
since Precambrian time by Irving (1979) using the
minimum polar path, the ambient magnetic earth's field
in eastern Kansas can be calculated and is shown in
figure 29 for normal polarity (Yarger, personal
communication, 1984). Due to paleoinclinations shown in
the figure, the drifting path of Kansas, as part of the
*North American tectonic plate, was from the southern
hemisphere at 1.20 b.y. ago and passed the equator at
1.05 b.y. ago into the northern hemisphere. The
Keweenawan ambient field, measured by Jahren (1965) to
be downward (I=+40°,D=-70 ), requires the reversal of
polarity in figure 29 between at least 1.15 to 1.10 b.y.
old. It is interesting that at the later time of 1.0
b.y. ago, for normal polarity, the ambient earth's field
is in the first quadrant (I=+SO° to +70° and D=+60° to
+80°). If this is used as remnant magnetization
direction of the shallow mafic intrusive model (at VP
1460), in addition to induced magnetization (I=+68°,
D=+7"), the net magnetization direction will be in
agreement with the resulting parameters (I=+70°, D=+40")
required by magnetic modeling. Therefore, based on
paleopoles study, it is possible that mafic intrusion at

VP 1460 is younger than the basaltic rift basin.
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29,
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Paleoinclination (above) and paleodeclination
(below) in northeastern Kansas for normal
polarity, based on paleopoles study of North
America by Irving (1979), where vertical bar
represents the possible range of inclination
or declination angle according to the width of
apparent polar path at the corresponding time,
(After Yarger, personal communication, 1984).
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The final derived mcdel is shown in figure 30 where
the deeper source of mafic intrusion is at mid-crustal
depth beneath the MGA. Sedimentary basins of negative
density contrast on both sides of the MGA, which have
not been suggested by Serpa and others (1984), are also
needed in order to match the flanking lows on both sides
of the MGA,

The boundary between the Rice formation and‘
"granitic basement rocks on the east side of the MGA is
determined by drill data. The seismic section of the
same area (see figure 7) suggests a gentle west-dipping
reflector beneath VP 1400 at time 1.3 s, which can be
(imaginatively) traced eastward to the base of Paleozoic
strata at about VP 1200 -1250. The reflector may be the
base of the arkosic sedimentary basin, as the acoustic
properties are expected to change from sedimentary rocks
to granitic basement rocks. On the west side of the
profile, there is a similar east-dipping reflector
beneath VP 2100 at time 2.0 s. This may also be the
base of Precambrian sedimentary basin on the west side
of the MGA.

The model in figure 30 also suggests that the
shallow mafic intrusion at VP 1460 is younger in age
than or at least concurrent with the ending of

deposition of the eastern Rice formation.
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The deeper source model of figure 30 regquires a
‘small magnetic effect at mid-crustal levels, and becomes
nonmagnetic at greater depth. This is possibly related
to a high temperature, near or above the Curie point, at
great depth. The small magnetic effects of the deeper
source may also be due to the extreme low susceptibility
contrast corresponding to the magnetic complexity of
deep crust, or to the reversed polarity within part of
-the deep source rock resulting in cancellation of its
magnetic effect.

The presence of deeper mafic intrusion beneath the
rift basin is originally required to match the gravity
angmaly. Deep seismic sections indicate the absence of
numerous mid-crustal reflections and diffractions
beneath the MGA (Serpa and others, 1984). The seismic
quiet zone may be caused by the strong reflection of
energy at layered reflectors in the upper crust,
resulting in weak energy penetration to deeper crust.
However, a few reflections and diffractions still appear
in parts of the seismic quiet zone. Therefore, this
abnormally quiet zone at mid-crustal depth is possibly
related to the mafic intrusion required by the gravity
mcdeling beneath the rift basin.

The observed magnetic profile in figure 30 shows

the lows at VP 1400 and VP 2050 on the east and west
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sides of the MGA, respectively. Such lows may be due to
the extreme depth to the magnetic basement according to
the overlying basin of nonmagnetic Rice formation, or
the edge effect of other anomalous body beyond both

sides of the MGA, or both.
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CONCLUSION

In this study, correlations of different
geophysical data (gravity, aeromagnetic, and seismic
reflection data) and drill data were used to derive a
geophysical model of the MGA.

An asymmetric basin filled with interbedded
basaltic and clastic rocks, interpreted from the COCORP
’seismic sections (Serpa and others, . 1984), is mainly
responsible for the primary positive magnetic anomaly of
the MGA due to the high magnetite content of basaltic
lava in the shallow crust. The significant remnant
magnetization with a Q value of |, derived from the
magnetic modeling, is in accordance with magnetization
measurement of Keweenawan mafic rocks in the Northern
Region (Jahren, 1965) which reported remnant
magnetization to be an important factor.

The deeper mafic intrusion, at midcrustal levels
and extending to the deep crust, is required in order to
match the positive gravity anomaly. The absence of
numerous mid-crustal reflections and diffractions in the
seismic sections may be related to this anomalous
material. According to magnetic modeling, the intrusive
body at midcrustal levels has only a slight magnetic
effect which adds to the anoﬁaly amplitude. At greater

depth, it becomes nonmagnetic due to the high
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temperature, probably near or above the Curie point, or
to a poor susceptibility contrast with surrounding
rocks, or the polarity reversal within parts of the
sources.

The presence of Rice basins on both sides of the
MGA is proposed to fit the flanking lows of the gravity
anomaly. Basement well cuttings reveal abundant
Precambrian sedimentary rocks in this zone. There is
‘seismic evidence, possibly related to the base of
sedimentary basin, where the seismic reflections are
gently dipping toward the center of the central mafic
rift basin. The magnetic second vertical derivative map
also shows the magnetic quiet zone on both sides of the
MGA to the same extent.

Reprocessing part of COCORP seismic data in the
area of the secondary magnetic high, and magnetic
modeling, reveal a possible mafic intrusion near the
Precambrian basement surface where mafic wells are
encountefed. The intrusion is a later event, after
deposition of the Rice formation, as evidenced by the
cross-cutting relationship. Its magnetization direction
suggests it occurred in a different ambient earth's
magnetic field than the field the basaltic rift basin
was formed. Paleopole studies support the younger age

of this mafic intrusion,
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APPENDIX 1

Calculation of the Gravity and Magnetic Fields

of a Homogeneous Rectangular Prism

Consider the three-dimensional Cartesian coordinate
system with the positive x-axis to the north, the
positive y-axis to the east, and the positive z-axis
downward (see figure I-1). The profile of calculation
is along the y-axis, ie. the observation point is
i(O,yﬂO). The rectangular prisﬁ of interest, beneath the
xy-plane, is oriented such that its upper and lower
faces are horizontal at depth 4, and di , respectively,
below the level of observaton. The long axis of a prism
rotates clockwise from the north with an angle f§. 1Its
length and width are a and b, respectively.

The computing iterations are as follows.

i) Translation of coordinates along the y-axis so that
the new origin is directly over the center of the
east-west width of a prism.

1i) Rotation of coordinates, clockwise from the north
with an angle §, so that the new x- and y- axes are
parallel to the vertical sides of a prism (see‘figure
I-1).

iii) Calculation of the gravity and magnetic fields due
to a prism in the new coordinates system according to

formulae (1) and (2) given below, respectively, ie.
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(0,00) 0y’ 0)

Figure I-1. Plan view showing an east-west profile of
calculation along the y-axis above the
rectangular prism. The long axis of a prism

makes an angle § clockwise from the north.
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the observation point is (x,y,0) corresponding to
" this new coordinate system (see figure I-2).

iv) Calculation for the next observation point along the
y-axis in figure I-1 is done by repeating steps.i) to
iii) above.

According tb the coordinate system of figure

II-2, the vertical component of gravitational attraction

due to a prism of homogeneous density p at an

‘observation point (x,y,0), as expréssed in equation 3 of

Goodacre (1973), is

9. (z,y,0) = —Gp = Inlp +(P‘l+ﬁt+3l)l’1]

1,0t e gr)r] - § o X8 :
wpdnler et ea®) : Ol +p™+ 392

«=%-2 B=4-2 T=-dy

(1)
*=22-5) leay-(3) lya-d

where
G is the gravitational constant,
«, p, and J are coordinates of volume element,
and the minus sign accounts for the attraction.

Let the direction of the earth's magnetic field be
specified by the direction cosines 1, m, and n; and the
direction of the net magnetization vector of a prism, L,

M, and N, according to the coordinate system of figure
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Figure I-2. A rectangular prism with its horizontal

upper and lower faces at depth d, and dy,
respectively, beneath the level of
observation on the xy-plane,.

Its length
and width are a and b,

respectively.



I-2. The intensity of the total magnetic field due to a
pfism of net magnetic susceptibility k, measured in the
earth's field direction, according to Bhattacharyya

(1964)'s equation 10, is

Fee,4,0) = %H (Mn + Nwm) - %
mninT Ln(w )

4+ (Ln+Np) ]g,\(fﬁfi‘) —(Lm+M2) In(%+T)
2 o+

— ¢ tom ( &, B, \)__ &Avn:VWf(};~giéL—;>
\’(‘rb"*a % +1;U'°‘.|l

«=2 @b ¥=d,
+ Nn ot b (2)
1]
ot:—’?_;‘_- p:-% 3=d2
where
X, = K -3,
Pi= P - %>
A ) ,

and H is the magnitude of the earth's field (using

56,000 gammas).
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APPENDIX II

Reprocessing Parameters of COCORP Seismic Data
between VP 1400-1500 and the Upper 3 Seconds of
Two-way Travel Time

Sampling rate 8 milliseconds,
1. CDP gather.
2. Datum static: Datum velocity 2600 meter/second
Datum (line 1) 385 m (above sea level)
(line 2) 397 m
(line 3) 417 m

3. Trace equalization window 750 milliseconds.
4., First arrival muting schedule: (line 2)
CDP 2908 " Time(ms) Distance(m)
0 0
400 1660
540 13850
800 2000
1100 2570
1700 33950
3000 8720

5. Stacking velocity:
Time(ms) Velocity(m/s)

Line 1, CDP 2810 0 3750
460 4000

1560 5250

CDP 2885 0 3750

450 4000

1220 5000

1800 5500

Line 2, CDP 2905 0 4250
640 4250

910 5000

1800 5600

2050 5650

Line 3, CDP 2950 0 3750
420 4000

900 5000

1830 5200

CDP 2975 0 3750

430 4000

1300 5100

2100 5400

. Normal moveout.
Stack.
Filter: bandpass 4-8-32-50 Hz.

@~
L] L]
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