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Abstract-The fabric of the Precambrian geology of Kansas is revealed through inversion of gravity 
and magnetic data to pseudo-lithology. There are five main steps in the inversion process: (1) reduction 
of potential-field data to a horizontal plane in the wavenumber domain; (2) separation of the residual 
anomaly of interest from the regional background, where an assumption is made that the regional 
anomaly could be represented by some order of polynomial; (3) subtraction of the signal due to the 
known topography on the Phanerozoic/Precambrian boundary from the residual anomaly (we assume 
what is left at this stage are the signals due to lateral variation in the Precambrian lithology); (4) inver- 
sion of the residual anomaly in the wavenumber domain to density and magnetization distribution in 
the top part of the Precambrian constrained by the known geologic information; (5) derivation of 
pseudo-lithology by characterization of density and magnetization. The boundary between the older 
Central Plains Province to the north and the Southern Granite-Rhyolite Province to the south is clearly 
delineated. The Midcontinent Rift System appears to widen in central Kansas and involve a consider- 
able portion of southern Kansas. Lithologies in southwestern Kansas appear to change over fairly 
small areas and include mafic rocks which have not been encountered in drill holes. The texture of the 
potential field data from southwestern Kansas suggests a history of continental growth by broad exten- 
sion. Copyright 0 1996 Elsevier Science Ltd 
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INTRODUCTION 

A major difficulty in deriving a definitive picture of 
Precambrian history of Kansas is the unbroken 
cover of Phanerozoic rocks. All available samples 
are from drill holes which are distributed unevenly 
and typically bottom a few feet below the 
Phanerozoic/Precambrian boundary. In contrast, 
gravity and magnetic measurements provide dense 
and uniformly sampled coverage and are largely 
unaffected by the Phanerozoic cover. Yarger (1983, 
1985) used filtering techniques to study the Kansas 
basement based on aeromagnetic data. He showed 
the Midcontinent Rift System (MRS) does not ter- 
minate in central Kansas but continues along a 
southwestward trend to at least the Kansas- 
Oklahoma border. He also pointed out a distinct 
east-west trending boundary across central Kansas 
between the 1600-1700 Ma mesozonal granitic ter- 
rane to the north and younger, about 1400 Ma epi- 
zonal granitic terrane to the south. 

The objective of this study is to perform inversion 
of both gravity and magnetic residual anomalies to 
determine density/magnetization distributions within 
the Precambrian basement and to develop a model 
of rock types based on the results of the inversion 
and the known geology from drill holes. Inversions 

of gravity and magnetic data are always nonunique 
and geologic interpretation is frequently tenuous, 
but the combination of gravity, magnetic, and dril- 
ling data that have been examined in the many 
works of W. R. Van Schmus, M. E. Bickford, and 
their students over the past quarter century [for 
example, see Bickford, Van Schmus, and Zietz 
(1986) for a summary] constrain the inversion suffi- 
ciently to permit generalized mapping of the base- 
ment in Kansas. 

REGIONAL GEOLOGY 

In contrast to the surface geology of platform 
sedimentary rocks, the underlying Proterozoic base- 
ment rocks of Kansas indicate a highly complex 
early tectonic history for the area. Core samples 
from northern Kansas are predominantly mesozonal 
granites and granitic gneiss with fewer metavolcanic 
and metasedimentary samples with crystallization 
ages between 1720 and 1630 Ma, surrounding 1480 
to 1340 Ma A-type plutons, common to what has 
been termed the Central Plains Province (Bickford, 
Van Schmus, and Zietz, 1986) or Central Plains 
Orogen (Sims and Peterman, 1986; Van Schmus 
and others, 1992). Southern Kansas cores are 
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mostly younger (1400 to 1340 Ma) epizonal silicic 
rocks of the Southern Granite-Rhyolite Province 
(Bickford, 1988). Strongly magnetic granites of the 
younger age intrude the older northern basement, 
especially in eastern Kansas (Steeples and Bickford, 
1981). The youngest significant package of 
Precambrian core samples is associated with the 
MRS at 1100 Ma (Van Schmus and Hinze, 1985). 
These are rift-generated basalts and gabbros with 
associated, rift-filling arkoses (Berendsen and others, 
1988). 

Bickford (1988) details the difficulty in accounting 
for the granite-rhyolite provinces. Modern igneous 
activity is concentrated in extensional environments 
where significant amounts of basalt are also gener- 
ated along with rhyolite, and in subduction environ- 
ments where basaltic to andesitic magmas are 
dominant. Mafic rocks are rare in Kansas outside 
the MRS region. Bickford (1988) argues that the 
granite-ryholite rocks, which account for the great 
bulk of the known Precambrian of southern 
Kansas, are a veneer produced by broad extension 
and, superposed on Early Proterozoic rocks which 
were subduction-accreted to the continental margin 
(1650 to 1750 Ma). Van Schmus (1992) cites evi- 
dence from Nebraska rocks that the Central Plains 
Orogen was also added to the continent during sub- 
duction-dominated convergence, but also notes that 

the core samples of northern Kansas are slightly 
younger (50 to 100 Ma) than those in Nebraska. 

The Precambrian-surface contour map of Cole 
(1976) provides constraints on the depth to the base 
of Paleozoic sedimentary rocks that has apparent 
accuracy on the order of better than 50 m over 
almost all Kansas. Most wells drilled to the 
Precambrian basement are located along the MRS 
and along the Central Kansas uplift. The contour 
interval of the map is 100 ft (30 m), and experience 
shows the map to predict most Paleozoic- 
Precambrian contacts to within the contour interval. 
The map is based on direct measurements from 
about 2800 wells that penetrated to basement and 
about 5100 wells that were sufficiently deep for a 
constrained estimate. 

DATA ACQUISITION AND MANIPULATION: 
GRAVITY 

Nearly 60,000 gravity stations from the state of 
Kansas are available from the Kansas Geological 
Survey. Measurements were made on the topo- 
graphic surface with 1.6 km by 3.2 km (1 mile by 
2 miles) coverage in the west and 1.6 km by 1.6 km 
(1 mile by 1 mile) coverage in the east, except 
between Salina, Kansas, and Topeka, Kansas, 
which is covered at 1.6 km by 6.4 km (1 mile by 
4 miles) (Lam, 1986; Xia, 1992). The Bouguer grav- 
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Figure 1. Bouguer gravity anomaly of Kansas measured on topographic surface. Contour interval is 
4 mGa1. Coordinates in x and y directions are longitude and latitude in degrees, respectively. 
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ity is defined as the following (Lam, 1986), and is 
given at each point by Equation (1) 

gb=ga-g,-0.3086xh+O.O4193xdxh (1) 

where gb is the Bouguer gravity, g, is the measured 
absolute gravity after the tidal and instrumental 
drift correction, g, is the reference gravity field, 
units of gb, g,, and g, are in mGa1, h is the elevation 
in m, d = 2.67 g/cm3, and the reference field is 
given by (e.g. Mittermayer, 1969) 

g, = 978,031.85 

x (1 + 0.005278895 x sin24 

+0.000023462 x sin4#)mGal, 

where 4 is geographic latitude. The rms error in the 
Bouguer gravity is about 0.2 mGa1 (Xia, 1992). 

Gridding by the kriging algorithm in SURFACE 
III (Sampson, 1988) was carried out to produce a 
dataset evenly spaced at 1.6 km by 1.6 km (1 mile 
by 1 mile). Under kriging, the gridded values are 
unbiased and errors are minimized. The final 
gridded dataset is 205 x 408 points. Figure 1 is the 
map of the Bouguer gravity of Kansas. 

Figure 2 is a map of the apparent density of the 
uppermost basement rocks of Kansas, derived from 
the Kansas gravity dataset through the following 
manipulation steps. 

Step (a). Correction of distortion in the 
Bouguer anomaly due to topography on the 
measurement surface. The highest point on the 
topographic surface is 1231 m (4039 ft) above sea 
level in western Kansas and the lowest is 215 m 
(706 ft) above sea level in eastern Kansas. It is 
well known that topographic relief on the measure- 
ment surface distorts the gravity anomaly relative 
to that which would be measured on a planar sur- 
face. This distortion is due to the changing vertical 
separation of the measurement points from the 
source body and is not accounted for by the stan- 
dard Bouguer and Free-air corrections. The topo- 
graphic correction in this paper is carried out to 
reduce the gravity/magnetic anomaly onto a com- 
mon horizontal plane. Briefly we discuss the 
method used in the paper to perform the topo- 
graphic correction as follows (Xia, Sprowl, and 
Adkins-Heljeson, 1993; Xia, 1992). 

We define 

f(i) = F[f(F)] andf(r’) = F -‘[f(i)], 

where F and F-’ are Fourier transform and inverse 
Fo_urier transform of function A respectively. Let 
a(k) be an equiyalent density on a given horizontal 
plane E, where k( = kxZx + k&,) is the wave vector, 
and & and & are the unit vectors in x and y direc- 
tions, respectively. We want to calculate a gravity 
an_omaly on the observation surface S. The anomaly 
j(k) on the plane E can be written as 

* 
g(k) = ZnGa(k), (2) 

where G is the gravitatiotal constant. To apply 
upward continuation to g(k), we obtain !he gravity 
anomaly on the observation surface S, g(k) 

g(i) = g&l&q (3) 

where Z(g) is the vertical distance from the obser- 
vation surface S to the plane E, and T(= xz, + y$,) 
is the vector of coordinates on the x-y plane. 

If Z(r’) is constant, Equation (3) is a well-known 
upward continuation expression in the wavenumber 
domain. We will show that when Z(i) is not co:- 
stant, Equation (3) can still be used to calculate-g(k) 
on the observation surface S, if the anomaly g(k) on 
the horizontal plane E can be determined. 

Let Z, be the median distance from the surface 
Z(r’) to the plane E, then 

Z(r’) = zo + h(r’), 

where h(T) is the topographic change relative to Z,. 
Equation (3) can be written as 

g(/$ = &),-l~lZ0 {e-l$(i)]. (4) 

The exponential term in Equation (3) is split into 
two exponential terms in Equation (4). The first 
term is a conventional upward continuation oper- 
ator, and the second term is related to topographic 
change. We use a Taylor series to express the term 
in ( ) and substitute Equation (2) for j(k), then 
Equation (4) can be written as 

g(,o = 2,&D(,5e-,i,zo~ [-I$(-. (5) 
n=O 

Equation (5) is the basis for the reduction tech- 
nique, and is also mentioned by Parker (1973), 
Gusip (1987), Pilkington and Urquhart (1990), and 
Pilkington (pers. commun., 1990) in different ways. 
The problem can then be solved if the series con- 
verges. Xia, Sprowl, and Adkins-Heljeson (1993) 
give the proof that the series in Equation (5) is uni- 
formly convergent over the entire wavenumber 
domain and $0 show it is independent of the 
wavenumber k. The condition is that the plane E 
must be chosen below the observation surface S 

(Zo’H). 
Based on Poisson’s relation (e.g. Grant and West, 

1965, p. 214), an equation for the magnetic anomaly 
can be written directly from Equation (5), 

is the unit vector 
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Earth’s field and the magnetization, respectively, 0.18 mGa1, respectively. The maximum elevation 
and i = a is the imaginary unit. change in the gravity data is up to 500 m. 

Equations (5) and (6) allow us to calculate gravity 
and magnetic anomalies on a topographic surface 
caused by a source located on a horizontal plane. 
We use the equations to determine an equivalent 
source c(g) (or J(F)) on the plane E based on 
measured anomalies on the observation surface S 
by iterative forward calculations. 

Step (b). Separation of the upper crustal signals 
of interest from the regional anomaly, which mainly 
reflects overall crustal thickness (Xia, 1992). No 
exact method is available for anomaly separation 
and complete separation is not possible even under 
ideal conditions. In this study, we use orthogonal- 
polynomial fitting to determine the regional field 
and use the criterion of Abdelrahman and others 
(1985) to determine the optimum order of the poly- 
nomial. The correlation was measured between the 
first- and second-order residuals (0.5982) the sec- 
ond- and third-order residuals (0.9682) and the 
third- and fourth-order residuals (0.9269). The low 
correlation between the first- and second-order re- 
siduals indicates that the second-order of the poly- 
nomial is still dominated by the regional signal. The 
optimum order of polynomial for modeling the re- 
gional anomaly is therefore 2. The pattern and 
amplitude of the regional Bouguer anomaly (fig. 3 
of Xia and Sprowl, 1995) are very close to the result 
of Kane and Godson (1985) which is the regional 
Bouguer gravity map composed of wavelengths 
longer than 250 km. The residual gravity of interest 
is the Bouguer gravity minus the second-order poly- 
nomial fit. 

(1) 

(2) 

(3) 

(4) 

Initialize c.(g) (or J(Y)) and define the depth 
to the equivalent source; 
calculate the modeled gravity (or magnetic) 
anomaly from o(;) (or J(F)) by Equation (5) 
or Equation (6); 
estimate errors: two errors used to trace the 
iterative procedure are an rms error RMS(k) 

at the kth iteration 

RMS(k) = (7) 

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

MAXD(k) = maxlgglsi - $1, (8) 

where superscript k stands for the kth iter- 
ation and subscript i for the ith datapoint, s 
is the measured anomaly, u is the modeled 
anomaly calculated by Equation (5) or 
Equation (6), and N is the total number of 
datapoints. If at any step, either of these 
errors is not reduced or the RA4S reaches the 
accuracy threshold, the iterative procedure is 
terminated; 
modify the o(Y) (or J(i)) based on Equation 
(9) then repeat step (2); 

a:+‘=o~+(q_gg:)/2nG(orJ~’ 

= J F f C(Si - T f)), (9) 

where s is measured gravity (or magnetic) 
anomaly, g and T are calculated by 
Equations (5) and (6), respectively, and C is a 
dimensionless constant, which approximates 
to l/6.28 when J and T are in the same units 
and is chosen to produce convergence. In our 
experience, C is chosen as 0.1. These simple 
equations of modification are effective and 
efficient. 

Once the equivalent source on the plane E is deter- 
mined, the field on a horizontal plane (corrected 
datum) above the plane E is the normal upward 
continuation by Equation (3). In this case, function 
Z(F) is a constant, which is the vertical distance 
from the corrected datum to the plane E. 

We reduce the Bouguer anomaly onto the plane 
700 m above sea level (z = - 700 m). The maximum 
and average values of correction are 2.55 mGa1 and 

Xia and Sprowl (1995) inverted the regional grav- 
ity anomaly by assuming an exponential density 
contrast model. The depth to the Moho discontinu- 
ity determined by this approach was shown in figure 
4 of Xia and Sprowl (1995). The density contrast in 
the crust of Kansas was also determined (eq. 7 of 
Xia and Sprowl, 1995). 

Step (c). Subtraction of the signal due to the 
topography on the Precambrian surface (Xia, 1992). 
Assuming that the Phanerozoic section is a simple 
collection of low-dipping layered beds (which is 
mostly true), then the gravity signal remaining after 
step (b) is due to lateral variation in Precambrian 
lithology and topography on the Precambrian sur- 
face. The topography of the Precambrian surface is 
known from well data (Cole, 1976; Cole and 
Watney, 1985). The density contrast across the 
boundary was estimated by assuming a density of 
2.70 g/cm3 for a granitic basement (Carmichael, 
1989, p. 162) and estimating the average density of 
the Phanerozoic section. Distribution of lithologies 
in the Phanerozoic of Kansas are given in Newell 
and others (1987) and a weighted-average density 
was determined using typical densities as listed in 
Carmichael (1989), p. 162-173) and Garland (1979, 
p. 189). The values used were: limestone, 41% at 
2.45 g/cm3; dolomite, 17% at 2.75 g/cm3; shale, 
23% at 2.30 g/cm3; sandstone, 16% at 2.25 g/cm3; 
and chalk, 3% at 2.20 g/cm3 for a net weighted 
average density of 2.43 g/cm3 and a density contrast 
across the Precambrian surface of 0.27 g/cm3. Given 
the topography of the surface and the density con- 
trast, determination of the gravity signal due to the 
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topography of the surface is straightforward 
(Parker, 1973). The gravity anomaly caused by the 
topographic relief of the Precambrian basement has 
an amplitude of around 22 mGa1. Subtraction of 
this signal from the residual of step (b) yields the 
gravity signal due to lateral variation in 
Precambrian lithology. Since the gravity anomaly 
varies linearly with density contrast, a 510% error 
in the estimate of density contrast across the 
Phanerozoic-Precambrian boundary (0.27 g/cm3) 
causes an error in the estimate of the gravity 
anomaly due to the boundary of about 1-2 mGa1, 
which is less than l-2% of the amplitude of the re- 
sidual Bouguer anomaly. 

Step (d). Inversion of the gravity data to deter- 
mine lateral distribution of density in the 
Precambrian (Fig. 2). The forward modeling tech- 
niques of Xia and Sprowl (1992) were used to deter- 
mine the apparent density of Precambrian rocks 
required to account for the step (c) residual gravity. 
We briefly discuss the relevant part of the method 
as follows. 

In the wavenumber domain, calculation of a grav- 
ity anomaly field h(x,y) due to a layer using 
Parker’s formula (eq. 10 of Parker, 1973) requires 
three known functions: the depth to the top of the 
layer (ZT = zl), the depth to the bottom of the 
layer (ZB = z2) and the distribution of the density 

m(x,,v), 

F[h(x, y)] = 2&+ 
n=l 

x [e-~i~‘zF[m(x, y)(zz(x, y) - &)“I 

- e-‘iidlF[m(x, y)(zl(x, Y) - &)“I}, 

where G is the gravitational constant, m(x,y) is the 
distribution of the density/magnetization contrast, k 
is a wavenumber vector (= k& + k,&, zx and & 
are the unit vectors in x and y directions, respect- 
ively), 6, and C& are the average values of ZI and 
Z,, respectively, and F is the Fourier transform- 
ation. Based on Poisson’s relation (e.g. Grant and 
West, 1965, p. 214), an equation for calculating 
total field magnetic anomalies can be written 
directly from Equation (lOa), which is 
Equation (lob). 

shown in 

F[h(x, y)] = 2rr#(@ + 
n=O 

x {e-13hF[m(x. y)(z~(x, y) - s*)“] 

- e-liial F[m(x, y)(zl(x, Y) - SI)“]}, (lob) 

where & is a function of the wavenumber and is 
defined by 

k= i(k,zx +k,&,)+ 

/--- 

ki +k$& i = &i is the 
imaginary unit, 2 = .& +fYeY +f& is the unit vec- 
tor of the earth’s magnetic field, 7 is the unit vector 
of the magnetization with inclination (I) and decli- 
nation (D), m(x,y) is the length of the magnetiza- 
tion, and “.” stands for the dot product of two 
vectors. The directions of the Earth’s field and the 
magnetization (inclination (I) and declination (D)) 
must be known for calculating a magnetic anomaly. 
The forward series expansion of Parker’s formula is 
uniformly convergent for any reasonable topo- 
graphic relief functions, ZT and ZB (Parker, 1973). 

Given ZT and ZB, we can determine the distri- 
bution function of density/magnetization contrast 
within a layer defined by ZT and ZB. For inverting 
magnetic anomalies, the direction of magnetization 
is assumed to be known. Misfit between the mod- 
eled field and the observed field is specified by error 
parameters, which are defined by Equations (7) and 
(8). The error parameters are then reduced by itera- 
tive modification of the geologic model. 

To determine a distribution of density (or magne- 
tization) contrast, we initialize the model dp (or J 
with known I and D) to an average value and define 
ZT and ZB which are held constant during the 
inversion. 

The formulas used to modify the model after 
each iteration are given next. 

Modifying the distribution of density contrast in 
the layer: 

A/$ = (gi - hf)/2BG(ZBi - ZTi), (11) 

where Ad is the modification to A, the density 
contrast below point i at the kth iteration, gi and hf 
are the measured and calculated gravity anomalies, 
respectively, G is the gravitational constant. 

Modifying the distribution of magnetization con- 
trast in the layer: 

AJ f = (Ti - h:)/4tan-‘(AL/2ZTi), (12) 

where AJ f is the modification to Jr, the magneti- 
zation contrast below point i at the kth iteration, 
superscript k is the kth iteration, and subscript i is 
the ith datapoint, hf and Ti are the calculated and 
measured total magnetic field anomalies, respect- 
ively, and AL is the average distance between data- 
points. 

Equation (11) is based on the Bouguer-slab for- 
mula. Equation (12) is simplified from the 2-D verti- 
cal dike formula (Telford and others, 1982, p. 166). 

The inversion approach can be described as fol- 
lows: (1) initialize the model Ap (or J) to an average 
value and define ZT and ZB for the gravity case (or 
the magnetic case); (2) calculate the anomaly h(x,y) 
by Parker’s formula and the RMS and MAXD 
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Figure 3. Aeromagnetic anomaly of Kansas measured at three different elevations. Contour interval is 
100 nT. Coordinates in x and y directions are longitude and latitude in degrees, respectively. 

errors by Equations (7) and (8), if neither of these 
errors are reduced or the RMS reaches the accuracy 
threshold, the iterative procedure will be terminated; 
otherwise (3) modify the model by Equation (11) or 
Equation (12), then return to step (2). 

Iterative improvement to the geologic model 
should cause reduction in both of the errors, and 
the errors are minimized as the solution converges. 
In practice, a given iteration may not reduce both 
errors simultaneously because the modifications to 
the model are approximate. Iteration continues until 
no further improvement in either error is realized or 
when RMS reaches the accuracy threshold of the 
observational data. 

The uniqueness of the derived model of density/ 
magnetization distribution is restricted by the uncer- 
tainty in the assumed depth to the top of the layer 
and the thickness of the layer. Clearly, reduction in 
the depth to the top of the layer (or the thickness) 
increases values of the density/magnetization distri- 
bution. Appropriate solutions are possible only 
when the depth to the top of the layer and the 
thickness of the layer are constrained by other geo- 
logical or geophysical information. 

The top part of the Precambrian is modeled as a 
single layer with specified top and bottom surfaces. 
The top surface is the known Precambrian surface 
from Cole (1976) and Cole and Watney (1985). The 
bottom surface is parallel to the top surface, which 
is reasonable in the absence of drill information 
about the deep part of the Precambrian rocks. The 
thickness of the layer is determined by trial and 
error. We adjust the thickness of the layer so that 

the density model turns out to be consistent with 
the lithologies known from drill holes and so that it 
is within the range of densities that are reasonable 
for crustal rocks. The optimum layer thickness is 
2.7 km. The initial RMS error and MAXD are 
11.7 mGa1 and 50.8 mGa1, respectively. After ten 
iterations, RMS is reduced to 0.1 mGa1 (less than 
0.2% of the maximum real anomaly), and MAXD is 
reduced to 3.5 mGa1. The calculations took 
2440 CPU s on a Data General MV20000. 

It is important at this point to consider carefully 
what Figure 2 implies. Figure 2 shows a distribution 
of density in a layer of 2.7 km thick at the top of 
the Precambrian basement. This model is not a sub- 
crop map of density and it is certainly an oversim- 
plification of the Precambrian geology because it 
assumes vertical homogeneity of density and con- 
stant thickness. On the other hand, it does demon- 
strate density variations for one model of the 
Precambrian rocks as derived previously. Unlike 
drill holes, gravity measurements are sensitive to 
density contrasts at all depths, so a net apparent 
density can be accounted for by any number of 
combinations of actual densities, but a region with 
a low apparent density must have a significant pro- 
portion of lighter than average rocks. A shallow 
drill hole samples only the uppermost Precambrian 
rocks which may be unrepresentative of the bulk of 
the underlying rocks. In contrast, the gravity signal 
and the derived apparent density reflect the bulk of 
the upper Precambrian section rather than any 
minor component. It is likely, therefore, that 
Figure 2 is a better representation of bulk of the 
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uppermost Precambrian densities than that derived 
from shallow drill holes. 

DATA ACQUISITION AND MANIPULATION: 
MAGNETICS 

A total of 72,000 line-km of aeromagnetic 
measurements over the state of Kansas are available 
from the Kansas Geological Survey (Yarger, 1989). 
The digitized data density along each flight line is 
90-125 m. The distance between flight lines is 
3.2 km (2 miles). The data were measured at three 
different elevations, 762 m (2500 ft) above sea level 
over eastern Kansas, 910 m (3000 ft) above sea level 
over the eastern half of western Kansas, and 1370 m 
(4500 ft) above sea level over the western half of 
western Kansas. There is a transition zone about 5 
to 1.5 km wide in about the middle of western 
Kansas, across which the flight elevation changed 
from 910 to 1370 m. Elevations in the transition 
zone are linearly interpolated (Yarger, 1985). 

The International Geomagnetic Reference Field 
1975 (IGRF) was computed at each measurement 
location for the appropriate day and subtracted 
from the total-intensity-magnetic field (Yarger, 
1983). The temporal variations in the magnetic field 
were removed by analysis of the mismatches of 
magnetic-field value at tie line-flight line intersec- 
tions (Yarger, Robertson, and Wentland, 1978). 
After fifth-order temporal variation adjustment to 
tie lines and Ilight lines, the residuals were normally 
distributed about zero with the root-mean-square of 
3 nT (Yarger, 1983). 

The SURFACE III (Sampson, 1988) kriging al- 
gorithm was used to grid the data to 1.6 km by 
1.6 km (1 mile by 1 mile), yielding 205 x 408 gridded 
points. The aeromagnetic map of Kansas is shown 
in Figure 3. 

Figure 4 is a map of apparent magnetization of 
the Precambrian rocks of Kansas. Derivation of 
Figure 4 parallels closely the derivation of Figure 2. 
The corrected data were processed to produce 
Figure 4 as follows. 

Step (a). Correction of distortion in the aeromag- 
netic anomaly due to elevation changes on the 
measurement surface (Xia, Sprowl, and Adkins- 
Heljeson, 1993; Xia, 1992). The method used to per- 
form the correction was discussed in the gravity 
case previously. 

The initial equivalent magnetization is 0 and the 
inclination and declination are chosen as 65” and 7” 
for the Earth’s field and the magnetization, respect- 
ively. The equivalent source is on the plane 
z = - 760 m (760 m above sea level), just below the 
lowest level of the survey. If a datum of 910 m 
above sea level were used instead, the method 
would result in a maximum horizontal shift of 
anomalies of 460 m with a maximum correction in 
aeromagnetic anomaly amplitudes up to 270 nT. 

Step (b). Separation of the upper crustal signals 
of interest from the signals arising from greater 
depth. We approximate the deep-source anomaly 
with an orthogonal-polynomial fit to the aeromag- 
netic anomaly and use the criterion of Abdelrahman 
and others (1985) to determine the optimum order 
of the polynomial. For the aeromagnetic anomaly, 
the correlation factors between the first-order and 
the second-order residuals, the second and the third, 
and the third and fourth are 0.9757, 0.9409, and 
0.9798, respectively. Because the correlation coeffi- 
cient of the first- and second-order residual is close 
to that of the third and fourth order, we choose the 
first order of polynomial to fit the regional 
anomaly. The residual magnetic field of interest is 
the corrected field of step (a) minus the first-order 
polynomial fit. 

Step (c). Subtraction of the signal due to the 
topography on the Precambrian surface (Xia, 1992). 
Assuming that the Phanerozoic section is nonmag- 
netic (which is reasonable for Phanerozoic sedimen- 
tary rocks), then the magnetic signal remaining after 
step (b) is due to lateral variation in Precambrian 
lithology and topography on the Precambrian sur- 
face. For the purposes of basement topographic cor- 
rections, we assume an average of 1% magnetite in 
the Precambrian rocks, giving an effective suscepti- 
bility of k = 0.031 (SI). Magnetization by the 
Earth’s field of H = 40 A/m yields a magnetization 
of about 1.25 A/m (125 nT), a figure used frequently 
in magnetic model calculations (Nettleton, 1976, p. 
362-363). With nonmagnetic Phanerozoic sedimen- 
tary rocks, the magnetization contrast across the 
interface is 125 nT. Given the topography of the 
Precambrian surface (Cole, 1976; Cole and Watney, 
1985) and the magnetization contrast, determination 
of the magnetic signal due to the topography of the 
surface is straightforward (Xia and Sprowl, 1992). 
The magnetic anomaly caused by the topographic 
relief of the Precambrian basement has an ampli- 
tude of around 200 nT. Subtraction of this signal 
from the step (b) residual yields the magnetic signal 
due to lateral variation in Precambrian lithology. 

Step (dJ. Inversion of the magnetic field data to 
determine lateral distribution of magnetization 
within the Precambrian basement rocks (Fig. 4). 
The forward modeling technique of Xia and Sprowl 
(1992) which was discussed in the gravity case pre- 
viously, was used to determine the apparent magne- 
tization of Precambrian rocks required to account 
for the step (c) residual magnetic field. The 
Precambrian rocks are modeled as a single layer 
with specified top and bottom surfaces. The top sur- 
face is the known Precambrian surface. For the 
same reason as the gravity case, the bottom surface 
is parallel to the top surface and the thickness of 
the layer is determined by trial and error, con- 
strained by the lithologies known from drill holes, 
and by the range of magnetizations that are reason- 
able for crustal rocks. The thickness of the modeled 
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Figure 5. Postulated rock types in basement of Kansas, based on inverse results of potential-field data. 
Greytone scale from lighter to darker shows rock types from sandstone, mesozonal granite, epizonal 
granite, granitic intrusion, and gabbro. Coordinates in x and y directions are degrees of longitude and 

latitude, respectively. 

layer is 6 km because the magnetization within this 
layer is consistent with the known geological infor- 
mation that is lithologies from drill holes and 
reasonable magnetizations for crustal rocks. 
Derivation of magnetic intensity requires knowledge 
of the orientation of the magnetization. We assigned 
values of 65” for magnetic inclination and 7” for 
magnetic declination, which are average values of 
the Earth’s magnetic field of Kansas. The initial 
errors are RMS = 185 nT and MAXD = 999 nT. 
Twenty iterations reduce the errors to 
RMS = 13nT (1.3% of the maximum real 
anomaly) and MAXD = 67 nT. The calculations 
took 3640 CPU s on a Data General MV20000. 

The model thickness of 2.7 km for the gravity 
and 6 km for the magnetics contradicts the general- 
ization that the magnetic anomalies disappear with 
depth more quickly than gravity anomalies do. The 
reason for this contradiction is probably that re- 
gional anomalies in magnetic data may not be com- 
pletely removed by the first-order polynomial trend 
as comparing with the second-order polynomial 
trend for gravity data. 

APPARENT PRECAMBRIAN LITHOLOGIES 

The gravity and magnetic fields are independent 
and complementary sources of information. In an 
effort to present all of the information in a single, 
accessible format, we have constructed a map of 

apparent Precambrian lithology (Fig. 5). Derivation 
of such a map directly from density and magnetiza- 
tion is not possible, because of the nonuniqueness 
inherent in the data. Instead, we have used well 
data to characterize the lithologies with respect to 
their gravity and magnetic signals, and then used 
the gravity and magnetic data to fill in the gaps in 
the lithology map (Fig. 6) derived from well data 
(Bickford and others, 1981). 

Specifically, Figure 5 is constructed from Figures 2 
and 4 as follows. Densities greater than 2.80 g/cm3 
are mapped as gabbro (or basalt). Densities less 
than 2.35 g/cm3 are mapped as sandstone (or other 
sedimentary rocks). Densities between 2.35 and 
2.80 g/cm3 are divided into three lithologies based 
on magnetization: less than 150 nT is mapped as 
mesozonal granite/rhyolite (1720 to 1630 Ma); 
between 150 and 350 nT is mapped as epizonal 
granite/rhyolite (1400 to 1340 Ma); greater than 
350 nT is mapped as granitic intrusions (1460 to 
1340 Ma) which contain 2% magnetite by weight 
(Steeples and Bickford, 1981). 

Just as with Figures 2 and 4, Figure 5 must be 
interpreted cautiously. Figure 5 does not represent a 
Precambrian subcrop map and is surely an oversim- 
plification of the true geology. But Figure 5 should 
reasonably represent the overall distribution of 
dominant lithologies in the upper few kilometers of 
the Kansas basement. Because the gravity and mag- 
netic signals sample the entire upper crust, Figure 5 
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should be more representative than shallow drill 
data, which provides vital, though dispersed, ground 
truth. 

CONCLUSIONS AND IMPLICATIONS 

The most distinctive and robust aspect of the 
pseudo-lithology map is its texture. Apart from the 
MRS region in the northeast, the state is divided 
clearly along a roughly east-west line into two 
halves. The northern part has a largely uniform tex- 
ture with moderate density and low magnetization. 
This is the northern granite-granitic gneiss terrane 
of the southern part of the Central Plains Orogen, 
and the texture indicates significant homogeneity in 
geophysical properties. This homogeneity could 
reflect an extended history of reworking and mixing 
of these rocks. Alternatively, homogeneous texture 
may arise from emplacement of igneous rocks at 
significant depth, as indicated by the mesozonal tex- 
tures of drill samples. Conspicuously absent is any 
hint of east-west lineation which we might expect 
from arc-related magmatism. 

The texture of the geophysical signals from the 
southern granite/rhyolite field is more hetero- 
geneous, indicating lithologic variation on a smaller 
spatial scale. This texture may be due simply to 
shallow emplacement of granitic bodies, but it also 
may reflect the tectonic pattern of continental 
growth in this region. If southern Kansas was a 
subduction-related convergent plate boundary 
1400 Ma ago, then we would expect linear patterns 
reflecting volcanic arc or accreted terrane units. 
Such patterns are not present in the geophysical sig- 
nals. Rather, the heterogeneity appears to be chao- 
tic. The observed texture is more suggestive of a 
broad extension of pre-existing crust (Nelson and 
DePaolo, 1985) as argued by Bickford (1988). If 
this is the case, however, it is curious that the 
boundary between the northern and southern 
regions is so sharp. Perhaps the boundary defines a 
line of weakness associated with an older episode of 
convergent accretion, reactivated by the younger 
extensional event. 

The location and character of the southern termi- 
nus of the MRS in Kansas is obscured by 
Phanerozoic cover. Figure 5 clearly reveals three 
sublinear zones of dense rocks extending from NE 
Kansas towards the Oklahoma border in south-cen- 
tral Kansas. This implies that the rift system broad- 
ens significantly towards the terminus and would 
seem to require the rift to continue into Oklahoma 
(Yarger, 1983). A rift system that opened to the 
north and was hinged somewhere along the 
Oklahoma border should widen from south to 
north through Kansas. This is not indicated in 
Figure 5. Rather, total rift offset may be roughly 
equal throughout Kansas, with extension localized 
in the north and distributed in the south. The distri- 
bution of extension in the south causes the geophy- 

sical signature of rifting to be less pronounced. This 
has important implications for the tectonics of the 
rift, but the southern terminus of the rift, appar- 
ently in Oklahoma, is still undefined. 

Some of the lithologic interpretations in Figure 5 
are tenuous, but several general conclusions can be 
drawn. The major body of the MRS in northeastern 
Kansas is distinctly asymmetrical. The mafic intru- 
sives are west of the bulk of the rift-related arkoses 
and sandstones (the Rice Formation). An important 
aspect of Figure 5 is the evidence for significant 
bodies of gabbro and basalt in southwestern 
Kansas. 

Bickford’s (1988) main concern for his extensional 
model for the granite/rhyolite fields is the apparent 
absence of mafic rocks which are typical of modern 
extensional environments. Figure 5 suggests that 
there may be, in fact, significant bodies of mafic 
rocks associated with the granite/rhyolite fields. The 
extent of the mafic body mapped along the 
Oklahoma border at 1OO”W longitude may be exag- 
gerated by a processing artifact due to the sharp 
increase in depth to basement at this point. All 
other mapped gabbro bodies should reflect true 
high densities in the subsurface. The program is 
available on the server IAMG.ORG by anonymous 
FTP. 
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