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Geophysical Model from Potential-field Data in Montgomery County, Kansas

Abstract

Potential-field data (gravity and aeromagnetic data with precision of 0.1 mGal and 3 nT,
respectively) are inverted into density/magnetization distribution in the Precambrian basement of
Montgomery County, Kansas, by a method of the iterative forward modeling of Xia and Sprowl
(1992). The depth to the top of the Precambrian layer is determined by well data. The thickness
of the layer is determined by trial-and-error such that the calculated density/magnetization models
show reasonable correspondence with known geology. The inverted models agree with observed
data to the root-mean-square error and the maximum deviation of 0.16 mGal and 1.4 mGal,
respectively for gravity data, and of 5.3 nT and 18.8 nT, respectively, for magnetic data. The
observed anomalies have been topographically corrected (for gravity data) and separated from the
original anomaly (for gravity and magnetic data). The anomalies used for the inversion are
obtained after subtracting the original anomaly’s contribution by the subsurface terrane, which is
modeled by well data. The inverted results show distribution of higher-than-average density/
magnetization in the southwestern basement rock of the county, possibly due to an intrusion of
granodiorite containing more than 3% of magnetite.

Introduction

Density and magnetization are physical properties that can change significantly
from one rock type to another. Knowledge of the distribution of these properties within
the ground can convey information about subsurface geology. Because each of these
two properties is a source of potential-field anomalies, measuring potential fields at the
surface makes it possible to infer the subsurface geology through an appropriate
inversion process.

The inversion of potential-field data does not have a unique solution because any
observed potential-field data can be produced by an infinite number of possible sources
(Dobrin and Savit, 1988). Therefore, the inversion consists essentially in finding a
source in which certain parameter(s) may be adjusted to fit the observations. One
technique for inversion of potential-field data is “inversion by iterative forward model-
ing.” This technique repeats a sequence of direct calculation of the potential-field
anomaly from a given model, comparison of the calculated and observed values, and
modification of the model until a satisfactory agreement is reached between observed
and calculated values (Dobrin and Savit, 1988). A number of methods have been
developed for the forward calculation of potential fields from a model in two and three
dimensions. Talwani et al. (1959) provides an efficient means of calculation for a two-
dimensional model. Cady (1980) provides the modified Talwani method for so-called
two-and-one-half-dimensional models, and Plouff (1976) described the method for
three-dimensional models. Parker (1973) described a fast algorithm employing the
Fourier-transform technique which can handle laterally varying density/magnetization
distribution in a fixed layer. Because of the fast speed of the algorithm, this method is
efficient to invert large data sets. Furthermore, Xia and Sprowl (1992) presented an
approach for the iterative inversion which converges fast and stably and produces

reliable solutions in most cases. They used Parker’s formula for calculation of modeled

anomaly, and Bouguer-slab and two-dimensional vertical dike formulas for modification
of gravity and magnetic models, respectively. This project uses their method to invert
the gravity and aeromagnetic data in Montgomery County, Kansas, into density/
magnetization distribution of the Precambrian basement rock whose top and bottom
surfaces, respectively, are defined by well data and known geology.
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Potential-field data should be properly processed before any quantitative interpreta-
tion is attempted. One of the purposes of processing is to remove from the data all of the
extraneous disturbances irrelevant to geological interpretations; such disturbances are
due to changes in both elevation and latitude of stations, to meter drift, and to various
other causes. Another purpose of processing is to isolate the (residual) anomaly from
the target source of primary importance. This process is called regional-residual
separation.

The gravity data that have been corrected for the effects from changes in elevation
and latitude are usually called the Bouguer anomaly and often are used for geologic
interpretations. However, this anomaly still contains extraneous disturbances due to
topographic relief at the surface of measurement. Correction for these extraneous
disturbances involves a vertical continuation of the data onto a common horizontal plane
and is called topographic correction (Xia and Sprowl, 1991). A number of methods have
been developed by several authors. Dampney (1969) described how to derive from the
Bouguer anomaly an equivalent source of point masses on a horizontal plane (one point
mass beneath each surface station) to reduce the data to that plane. However, he found
that the error involved in this method is a function of depth of the equivalent source.
Recently, Xia and Sprowl (1991) pointed out that the optimum depth of the equivalent
source is that which maximizes the smoothness of the calculated anomaly between the
data points. In addition, Xia et al. (1991) presented a fast and accurate technique using
the fast Fourier transform to determine the equivalent source for a large data set. The
gravity data used for this project are topographically corrected using Xia et al.’s tech-
nique (1991).

Extraction of the residual from the regional is done both with graphical and compu-
tational methods. The graphical method has the merit of allowing the interpreter to
incorporate into the process his personal sense of “rightness” about the forms of the
regional-residual anomalies (Dobrin and Savit, 1988). However, this method works well
only under some limited situations and most of the processing work must be done
manually. On the other hand, computational methods are fast and accurate without such
a great reliance upon the exercise of judgment during the process. The most straightfor-
ward and commonly used approach is the polynomial-fitting method, the most flexible
of the computational techniques. Here the observed data are fitted, usually by least
squares, to the mathematically describable surface (regional surface) that most closely
fits the data within a specified degree of detail. A method to determine, among various
possible ones, the optimum order of polynomial that fits the regional surface was
discussed by Abdelrahman et al. (1985). This project uses their method to separate the
regional anomaly from the Bouguer anomaly and aeromagnetic data.

Data Processing

Gravity data were collected on the topographic surface with a spacing of 1.6 X 1.6
km (1 x 1 mi) in most of eastern Kansas and 1.6 x 3.2 km (1 X 2 mi) in western Kansas.
The data are available in the data base at Kansas Geological Survey (Lam and Yarger,
1989). The precision of the data is about 0.1 mGal. Figure 1A shows the Bouguer
gravity map in Montgomery County. The first correction to the data is topographic (Xia
and Sprowl, 1991) in order to reduce the data onto a horizontal plane. Figure 1B is a
topographically corrected Bouguer anomaly map using a method discussed by Xia et al.
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FIGURE 1—(A) BOUGUER ANOMALY IN MONTGOMERY COUNTY, KANsAs. Contour interval is 1 mGal.
(B) Topographically corrected Bouguer anomaly on the level 700 m (2,297 ft) above sea
level. Coordinates in figs. 1-15 are latitudes and longitudes.
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(1991). After the correction, the data are on a horizontal plane of 700 m (2,297 ft) above
sea level.

The second step of processing is to separate the anomaly. Abdelrahman et al.’s
method (1985) is used to determine the optimum order of polynomial to separate the
regional anomaly from the Bouguer anomaly. The overall similarity between each two
successive residual maps was determined by calculating a correlation factor between the
mapped variables. The correlation factors were computed using a formula given by
Davis (1986, p. 40, Eq. 2.24, and p. 448). The lower order of two successive residual
maps with the maximum value of the correlation factor was the optimum order of the
polynomial to fit the regional surface. The correlation factor between the first-order and
the second-order residuals is 0.9258, between the second-order and the third-order is
0.8102, and between the third-order and the fourth-order is 0.7468. Therefore, the
optimum order of polynomial to fit the regional anomaly is 1. Figure 2 is the regional
gravity map of the first-order polynomial trend, and fig. 3 is the residual Bouguer
anomaly.

Aeromagnetic data were collected with a flight-line spacing of 3.2 km (2 mi) and a
tie-line spacing of 32 km (20 mi). In eastern Kansas the airplane was flown at a fixed
elevation 762 m (2,500 ft) above sea level. In western Kansas the flight elevation was
915 m (3,002 ft) above sea level in the eastern portion and 1,372 m (4,502 ft) above sea
level in the westernmost quarter of the state. The precision of the data is about 3 nT.
Details of the data were described by Yarger (1983, 1989). Figure 4 is the aeromagnetic
map in Montgomery County. The datum in the county is 762 m (2,500 ft) above sea
level. For the magnetic data, one step of processing is needed: anomaly separation. The
correlation factor between the first-order and second-order residuals is 0.9027, between
the second-order and third-order is 0.9605, and between the third-order and fourth-order
is 0.8945. Therefore, the optimum order of polynomial to fit the regional anomaly is 2.
Figure 5 is the regional magnetic map of the second-order polynomial trend, and fig. 6 is
the residual magnetic anomaly.

In our study, all data are gridded into 24 x 23 matrix by SURFACE III (Sampson,
1988).

37.30

37.201

37.10¢

95l90 . 95.80 96:70 95.60 95.50

FIGURE 2—FIRST-ORDER POLYNOMIAL REPRESENTS THE REGIONAL GRAVITY ANOMALY. Contour interval
is 1 mGal.

Anomalies Due to the Basement Terrane

Based on the well data (fig. 7B), we calculated potential-field anomalies caused by
the modified Precambrian subsurface terrane shown in fig. 7A. Assuming that the rocks
of the Precambrian basement are mostly granitic, the average density of the basement
was chosen as 2.70 g/cm3 (Garland, 1979). The rocks above the basement are shale,
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FIGURE 3—RESIDUAL GRAVITY ANOMALY. Contour interval is 1 mGal.
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FIGURE 4—AEROMAGNETIC ANOMALY IN MONTGOMERY COUNTY, KANsas. Elevation of survey is 762
m (2,500 ft) above sea level; contour interval is 20 nT.
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limestone, and sandstone, and the average density of these rocks is 2.43g/cm3 (Garland,
1979) if the thickness of each is the same. Therefore, the density contrast of the
interface would be 0.27g/cm3 (= 2.70 — 2.43). We also assumed that the granitic rocks
in the basement contained one percent of magnetite with the effective susceptibility K =
0.031 (SI units). Magnetization by the earth field of H = 40 A/m yields a magnetization
of about 1.25 A/m (125 nT), which is an order-of-magnitude figure for polarization of
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FiGURE 5—SECOND-ORDER POLYNOMIAL REPRESENTS THE REGIONAL MAGNETIC ANOMALY. Contour
interval is 20 nT.
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FIGURE 6—RESIDUAL MAGNETIC ANOMALY. Contour interval is 20 nT.
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basement rocks commonly used in magnetic-model calculations (Nettleton, 1976).
Because sedimentary rocks are usually nonmagnetic, we used 125 nT as the magnetiza-
tion in modeling the magnetic interface.

Figure 8 is the modeled gravity anomaly based on the basement model (fig. 7) with
the density contrast of 0.27g/cm3. Figure 9 is the modeled magnetic anomaly of the
basement structure (fig. 7) with the magnetization of 125 nT. Parker’s (1973) formula
(Eq. 1) was used to calculate the anomalies. The inclination and declination of magneti-
zation of the modeled magnetic anomaly are 65° and 7°, respectively, which are the
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FIGURE 7— (A) MODEL OF DEPTH TO THE PRECAMBRIAN BASEMENT. Contour interval is 50 ft (15
km). (B) LOCATIONS OF THE WELL DATA; units are in feet.

direction of the normal earth field in Kansas. These modeled anomalies show that the
main anomalies in the county are not caused by the Precambrian basement structure,
The modeled anomalies (figs. 8 and 9) are subtracted from the residual gravity anomaly
(fig. 3) and residual magnetic anomaly (fig. 6). Then we obtain remaining anomalies
shown in figs. 10 and 11, respectively, which are assumed to have been caused by
lithological changes in the basement. We try to invert the anomalies into density/
magnetization distribution in the basement.
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FIGURE 8—MODELED GRAVITY ANOMALY FROM THE BASEMENT MODEL (fig. 7A). Density contrast is
0.27 g/cm3. Contour interval is 0.2 mGal.
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FIGURE 9—MODELED MAGNETIC ANOMALY FROM THE BASEMENT MODEL (fig. 7A). Magnetization is
125 nT, and inclination and declination of the magnetization are 65° and 7°, respectively.
Contour interval is 10 nT.
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Inversion of Potential-field Data

Xia and Sprowl’s (1992) approach used in this study to invert the potential-field
data is density/magnetization distribution within a layer. The computer program is
described by Xia (1991). Calculation of a gravity anomaly field due to a material layer
using Parker’s formula (Eq. 1) requires three known functions: 1) the depth to the top of
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FIGURE 10—GRAVITY ANOMALY CAUSED BY LITHOLOGICAL CHANGE IN THE BASEMENT, which is equal
to the residual gravity anomaly (fig. 3) subtracting the modeled anomaly from the basement
structure (fig 8). Contour interval is 1.0 mGal.
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FIGURE 11—MAGNETIC ANOMALY CAUSED BY LITHOLOGICAL CHANGE IN THE BASEMENT, which is equal
to the residual magnetic anomaly (fig. 6) subtracting the modeled anomaly from the baserment
structure (fig. 9). Contour interval is 20 nT.
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the layer (ZT = z;j), 2) the depth to the bottom of the layer (ZB = z;), and 3) the density
distribution m:

= _[gp! M
F[h@,yﬂ=2ﬂGn§1——;——x

{e— a ’fw[m(x, Ve, y) - &) - e € lslp{m(x, y)eix, y) - 81)”]},

where G is the gravitational constant; X is a wave number vector; 8; and &, are the
average value of z; and z, respectively; and F is the Fourier transformation. For
calculating magnetic anomalies, the formula is little different from Eq. 1 and m is
magnetization distribution, the direction of which must be known. The forward series
expansion of Parker’s formula is uniformly convergent for any reasonable topographic
relief functions, ZT and ZB (Parker, 1973).

Given ZT and ZB, the goal of inversion is to determine distribution function of
density/magnetization m in the layer defined by ZT and ZB. The formulas that are used
to modify the model after each iteration are listed below.

Case 1. Modifying the distribution of density in the layer:

Apl= (g—hb) | 2nG(ZB~ZT). @)

where superscript k stands for the kth iteration and subscript i for the ith data point; g;
and hik are the measured and calculated gravity anomalies, respectively; G is the
gravitational constant; and Ap is the density contrast.

Case 2. Modifying the distribution of magnetization in the layer:

AT ik=(Ti_hik) / 4tan™! (AL / 2ZT}), @

where ZT,-k, the depth of ZT below point i at the kth iteration; hik and T are the
calculated and measured total magnetic field anomalies, respectivelgf; and AL is the
average distance between data points, AJ ,-k is the modification to J i » the magnetization
below point / at the kth iteration.

Formula (2) is based on the Bouguer-slab formula. The formula (3) is simplified
from the 2D vertical dike (Telford et al., 1982, p.166).

Two errors used to trace the iterative procedure are a root-mean-square error
RMS(k) at the kth iteration:

i 4)
RMS (k) = \/ NLZ (hff)?
=1

and the maximum deviation MAXD(k) at the kth iteration

MAXD (&) = max |nk—f] )
1<i<N

where f; is the measured anomaly at the ith point, and N is the total number of data
points. These two errors can tell the differences between a modeled anomaly and a real

anomaly. At least, one of them should be reduced after each iteration in order to obtain

stable convergence of the inverse procedure.

The inversion approach consists of three steps:

1) Determine an initial model: initialize the model p (or J) to an average value and
define ZT and ZB for the case 1 (or case 2), both of which are kept unchanged while
solving for density (or magnetization) distribution;

2) Calculate the anomaly A(x,y) by Parker’s formula and estimate the RMS and MAXD
by Egs. 4 and 5; if neither of these errors is reduced or the RMS reaches the accuracy
threshold, the iterative procedure will be terminated, otherwise;

3) Modify the model by either Eq. 2 or Eq. 3, according to the type of anomaly, and then
g0 to step 2.

Density/Magnetization Distribution in the Basement

The uniqueness of the inverse model of density/magnetization distribution is
restricted by the uncertainty in the functions ZT and ZB. Obviously, the thinner the layer
is, the larger the value of density/magnetization. In our study, depth to the bottom of
layer ZB in the inverse procedure is flexible. This uncertainty is reduced by known rock
types on several well stations. The inverse models should be consistent with these well
data. Actually, we choose several different depths for each anomaly to find an accept-
able model in geology because the inverse model should honor the rock types shown by
the well data. We found that 2,500 m (8,202 ft) below sea level for gravity inversion
and 1,200 m (3,937 ft) below sea level for magnetic inversion are reasonable choices of
ZB.

Density distribution. We invert fig. 10 (gravity anomaly caused by lithological
change) into density distribution within the basement. The upper surface of the layer ZT'
is the basement and the bottom surface ZB is chosen as 2,500 m (8,202 ft) below sea
level. The two surfaces are kept unchanged while solving for density distribution. We
initialize the density 2.67 g/cm3, which is the average density of the continental crust.
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FIGURE 12—INVERSE MODEL FROM GRAVITY ANOMALY (fig. 10): density distribution in the basement
rocks. Mapping interval is 0.2 g/cm3.
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The initial RMS and DMAX errors are 11.4 mGal and 28.5 mGal, respectively. After 20
iterations, the errors RMS is reduced to 0.16 mGal and MAXD is reduced to 1.4 mGal.
The final result, which represents the modified density distribution in the layer, is shown
in fig. 12. The modeled gravity anomaly by lithological change is shown in fig. 13.

Magnetization distribution. We invert fig. 11 (magnetic anomaly caused by
lithological change) into magnetization distribution. In this case, we define the upper
surface of the layer ZT as the basement and the bottom ZB surface as 1,200 m (3,937 ft)
below sea level. The two surfaces are kept unchanged while solving for magnetization
distribution. The inclination and declination of the magnetization are 65° and 7°,
respectively. We initialize magnetization 125 nT, which is the value of magnetization of
the granitic rocks containing about 1% magnetite. RMS and MAXD of the initial model
are 97.2 nT and 393.3 nT, respectively. After 33 iterations, RMS is reduced to 5.3 nT
and MAXD is reduced to 18.8 nT. The final result, representing the modified magnetiza-
tion distribution, is shown in fig. 14. The modeled magnetic anomaly by lithological
change is shown in fig. 15.

Inverse procedure shows that two errors are reduced quickly and convergence of the
iterations is stable. This shows that the formulas used to modify density/magnetization
models work well.

Figures 12 and 14 show the inverse results. Density in most areas of fig. 12 is less
than 2.80 g/cm3, but in the southeastern part density is above 2.80 g/cm3. According to
Carmichael (1989, p. 163), densities greater than 2.80 g/cm3 will separate basalt from
granite. In the same area of fig. 14, the magnetization is above 400 nT, which is about
three times the content of magnetite (3%) in the rocks in this area as in the normal
granitic basement. According to Carmichael (1989) and Nettleton (1976), the fact of
higher density and higher magnetization in the area could be caused by basaltic rocks.
However, Steeples and Bickford (1981) pointed out that the Miami County core, which
is granite, contains about 2% of magnetite by weight. The source rocks, therefore, that
cause the potential-field anomaly in southwestern Montgomery County are probably an
intrusion of granodiorite containing more than 3% of magnetite.
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FIGURE 13—MODELED GRAVITY ANOMALY FROM THE INVERSE MODEL (fig. 12). Contour interval is
1.0 mGal. The RMS and MAXD errors between figs. 10 and 13 are 0.16 mGal and 1.4 mGal,

respectively.
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FIGURE 14—INVERSE MODEL FROM MAGNETIC ANOMALY (fig. 11); magnetization distribution in the
basement rocks. Mapping interval is 100 nT.
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FIGURE 15—MODELED MAGNETIC ANOMALY FROM THE INVERSE MODEL (fig. 14). Contour interval is
20 nT. The RMS and MAXD errors between figs. 11 and 14 are 5.3 nT and 18.8 nT, respec-

tively.
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