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ABSTRACT

A spatial frequency-domain Wiener filtering scheme has 
been implemented which is helpful in resolving the gravity 
anomaly separation problem in certain geologic environments. 
Appropriate geologic environments are those in which the 
gravity effect due to the geologic feature of interest 
approximates a random "signal” embedded in the more or less 
random gravity "noise" fields produced by all other 
proximate geologic features. The performance of the filter 
is degraded as the amount of spectral overlap between noise 
power and signal power increases.

Model study results, as well as theoretical 
considerations, indicate that some distortion remains in the 
gravity data after Wiener filtering. The level of 
distortion depends on the relative distribution of noise and 
signal power. For the form of the Wiener filter transfer 
function used in this study, the true signal can never be 
exactly recovered in the presence of noise. The signal 
estimate obtained by filtering contains residual noise 
components, the presence of which must be considered in the 
interpretation of Wiener-filtered maps.

A Wiener filter was applied to a set of real gravity
data from the southern Paradox Basin in an attempt to
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separate the gravitational effect of the Pre-Pennsylvanian 

structure from the complete Bouguer anomaly. The
Wiener-filtered map more accurately reflects known 
Pre-Pennsylvanian structure than does either the original 
gravity map or a conventional lowpass-filtered map. The 
apparent superiority of the Wiener-filtered map is 
attributed to a frequency selectivity in the Wiener filter 
which is unattainable by the lowpass filter. The greater 
frequency selectivity of the Wiener filter is a consequence 
of the ability to incorporate geologic information from the 
study area into the specification of the filter's transfer 
function.

The limitations which apply to Wiener filtering also 
apply to conventional bandpass filtering. When applicable, 
Wiener filtering gives superior results to normal bandpass 
filtering.
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INTRODUCTION

The use of gravity data in geologic studies is 
complicated owing to the fact that the gravitational field 
measured on or above the surface of the earth, whether it be 
the commonly measured vertical component or one of the other 

components of the attraction, is a superposition of fields 
from sources residing above, below, and at the level of 
geologic interest (Nettleton, 1971). Consequently, the
gravitational effect of the geologic feature or features of 
interest is masked by the additive gravitational effects of 
all other proximate geologic features.

Analytically, the gravitational effect of interest 
corresponds to the signal component of the observed field. 

Similarly, all other gravitational effects can be 
collectively accommodated in the noise component of the 
observed field. Within this conceptual framework, the 
observed gravitational field equates to the sum of signal 
and noise.

The very common situation just described, in which the 
gravity signal of interest is embedded in the noise field of 
interfering geologic sources, is familiar to practitioners 
of the gravity prospecting method as the gravity anomaly 
separation problem. Anomaly separation is the procedure
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concerned with separating the gravitational signal of 
interest from the observed field in which it is so often 
veiled.

In its strictest sense, anomaly separation implies an 
operation in which the gravity effect of the geologic target 
is faithfully recovered in perfect form from the observed 
field. True anomaly separation is therefore fundamentally 
different from so-called anomaly separation methods like 
bandpass filtering, upward and downward continuation, 
vertical differentiation, and polynomial surface fitting. 
These procedures are really just anomaly enhancement 
techniques, and should be thought of as such.

Needless to say, a method for more nearly accomplishing 
actual anomaly separation would be of great utility in 
gravity data interpretation. While it is certainly true 
that no one technique can be expected to be found which 
works well in all geologic environments, techniques which 
work well in certain kinds of geologic settings are within 
the realm of possibility.

Forward and inverse modeling approaches to the anomaly 
separation problem have enjoyed varying amounts of success. 
The uses and limitations of forward modeling for removing 
unwanted gravitational effects from the observed field are 

discussed by McEntee (1987), Hermes (1986), and Hammer
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(1963). Inverse modeling approaches are similar in strategy 
except that they utilize geophysical inversion instead of 
direct forward calculation to obtain the geologic model 
whose gravity effect is removed from the observed field.

A different approach to anomaly separation, one based 
on linear filtering, is investigated in this thesis. The 
present study will examine the utility and advantages of 
spatial f requency-domain Wiener filters for separating 
gravity anomalies.

The potential fields anomaly separation problem is in 
many respects analogous to certain electrical signal 
detection problems treated by statistical communication 
theory. Statistical communication theory often resolves the 
detection problem with a linear filtering operation. Hence 
a linear filter might also prove helpful in gravitational 
signal extraction. Signal extraction in this context is 
synonymous with anomaly separation.

As stated previously, the observed gravitational field 
can be imagined to consist of a signal from the geologic 
feature of interest which is immersed in the additive noise 
fields of interfering geologic sources. Couched in these 
terms, the anomaly separation problem is readily seen as the 
extraction of a gravitational signal from a background of 
additive gravitational noise.
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In many geologic settings the signal and noise 
components of the observed field behave in a more or less 
random manner. Extraction of a random signal from a 
background of additive random noise is precisely the problem 
for which Wiener filtering is appropriate and useful. It 
will later be shown that if the signal and noise components 
of the observed field satisfy certain statistical 
requirements, then application of a Wiener filter to the 
observed field yields, as output, the least mean-square 
error estimate of the signal component.

A Wiener filter is more appealing on physical grounds 
than a conventional bandpass filter since geologic 
information from the survey area is incorporated in the 

specification of the filter’s transfer function. The 
data-dependent nature of the Wiener filter is an attractive 
quality. Furthermore, a geologically constrained separation 
technique is clearly a step in the right direction to 
resolving the inherent ambiguity of gravity data. From a 
purely practical point of view, Wiener filtering represents 
a means of performing physically reasonable bandpass 
filtering. This is the rationale and incentive for using 
Wiener filters to resolve the gravity anomaly separation 
problem.
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The current study will attempt to show that when a 
Wiener filter is used in an appropriate geologic setting, 
gravity anomalies can be more nearly separated rather than 
just enhanced as with conventional bandpass filters. 
Although gravity data are utilized in the study, the 
methodology discussed is equally well-suited to the 
separation of magnetic anomalies.

This study will assess the anomaly-separating ability 
of the Wiener filter by first applying the Wiener filtering 
technique to a suite of model data sets, and finally to a 
real data set from the southern Paradox Basin. Model 
studies are considered a crucial part of the assessment in 
that analysis of filtered model data is a means of 
conclusively determining either the capacity or incapacity 
of a Wiener filter for separating the various anomalies 
likely to be encountered in practice.

Before tackling the problem of gravity anomaly 
separation by Wiener filtering, it will be appropriate first 
to formulate the anomaly separation problem in terms of the 
Wiener filter theory. First however, previous work 
concerning gravity anomaly separation by Wiener filtering 
will be reviewed briefly.
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PREVIOUS WORK

Gravity anomaly separation by Wiener filtering is not 
an entirely recent development in potential fields analysis. 
Clarke (1969) and Gupta and Ramani (1982) used spatial
frequency-domain Wiener filters in conjunction with normal 
frequency-domain second vertical derivative and downward 
continuation operators in order to prevent the excessive 
amplification of high-frequency noise that invariably 
results from the use of such operators. One source of this 
noise is shallow or near-surface geologic features. Wiener 
filters of the type employed by Clarke and by Gupta and 
Ramani effectively act as anomaly separators, separating the 
anomalies of interest from the interfering noise of shallow 
and less laterally extensive geologic sources. The removal
of the interfering noise from the data stabilizes and
improves downward continuation and second vertical 
derivative operations.

A somewhat more sophisticated attempt at anomaly
separation by Wiener filtering was made by Gupta and Ramani 
(1980) when they applied the statistical theory of Spector 
and Grant (1970) to the specification of the spectral 
quantities which define the transfer function of the Wiener 
filter. In their study, Gupta and Ramani used
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frequency-domain Wiener filters in attempts to separate both
deep (regional) and shallow (residual) gravity anomalies.
The residual type Wiener filter which they discuss has been
used more recently by Pilkington and Crossley (1987) in
connection with a Kalman filter approach to magnetic
susceptibility mapping. Gupta and Ramani (1980) concluded
that their Wiener filters did not work as well as they
wished since the necessary definition of the spectral
quantities which define the filter transfer function is too

»

subjective. This point of view is echoed by Mesko (1984), 
who provides a nice synopsis of current applications of 
Wiener filtering to gravity and magnetic data analysis.

One objective of this thesis is to show that the 
description of these spectral quantities, namely the signal 
power and total power spectra of the observed gravitational 
field, is not always as hopeless as some believe. Adequate 
approximations of these spectral quantities can be obtained 
from careful consideration of available geological 
information in the study area.

Independent support for this claim comes from the 
recent work of Vakhromeyev and Davydenko (1987). 
Vakhromeyev and Davydenko present some encouraging synthetic 

data examples in which they use stochastic modeling of 
geological features to obtain estimates of the signal and
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total power correlation functions used in the specification 
of the impulse response function for the space-domain Wiener 
filter.

The approach taken in this thesis utilizes direct 
forward modeling instead of stochastic modeling. In this 
direct approach, known or inferred geologic features in the 
study area are modeled in order to obtain estimates 
(considered to be the best) of the signal and total power 
spectra used in defining the transfer function of the 
frequency-domain Wiener filter.

Development of the essential Wiener filter theory is 
the subject of the next section, after which some examples 
of Wiener filtering will be given.
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FORMULATION OF 
THE GRAVITY ANOMALY SEPARATION PROBLEM 
IN TERMS OF THE WIENER FILTER THEORY

By invoking the principle of superposition for
potential fields, the commonly measured vertical component 
of the gravitational field g (x ,y ) (or any of the components 
of the field) may be written as the additive combination of 
two terms,

g(x,y) = gj(x ,y ) + gjj(x ,y )

The first term on the right of the equality sign represents 
the gravitational effect of the geologic feature of 
interest, while the second term on the right represents the
gravitational effect of all other geologic features. The
effect gjj(x,y) interferes with and masks the gravity 
effect of interest gj(x,y). The gravity anomaly separation 
problem is concerned with extracting gj(x,y) from g (x ,y ). 
For reasons to be made apparent, it is convenient to think 
of gj(x,y) as the signal component of the observed 
gravitational field, and of g^(x,y) as the noise component 
of the observed field.
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In many geologic settings, g^(x,y) and g ^ (x ,y) 
exhibit more or less random behavior. This situation, in 
which it is desirable to resolve a random signal buried in 
additive random noise, is precisely the problem for which 
Wiener filtering is useful. In an appropriate geologic
setting, a Wiener filter might be found which, when applied
to the observed gravitational field, yields the least 
mean-square error estimate of the signal of interest
g j (x,y ).

In applying the filter theory of Wiener (1949) to the
gravity anomaly separation problem, g (x ,y ) is treated as
the measured realization (or sample function) of the random 
process {g(x ,y )}. The process {g(x ,y )} is in turn formed 
from the two other random processes {g j(x ,y )} and 
{gjj(x,y)}. This conceptualization of g(x,y) as an 
ensemble member of a random process is not too unreasonable 
if the geology, which is the physical mechanism giving rise 
to g (x ,y ), behaves in an irregular or nondeterministic 
manner.

A random process is, by definition, a collection or set 
of random variables. Thus in the present treatment, each 
observation of the gravitational field, such as the jth 
observation, is considered to be a sample of the j th
random variable of the process {g(x ,y )}. In this context,
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the set of measured values g (x ,y ) forms one realization or 
sample function of the underlying random process. These 
ideas are illustrated in Figure 1. For obvious reasons, 
only one realization of (g(x,y)} is ever available for 
measurement. The manner in which this real world limitation 
is dealt with merits an explanation.

As will be shown, a Wiener filter which separates 
gj(x,y) from g(x,y) can be successfully employed if the 
correlation functions of (gj(x,y)} and {g(x,y)} are 
known. The correlation functions are in actuality ensemble 
averages. This fact poses a practical problem since the 
ensemble average of a random process cannot in general be 
obtained from merely one realization of the process. 
However, if {gj(x,y)} and (g^jCXfy)} are ergodic random 
processes, then averages over space of the spatial 
correlation functions of gj(x,y) and g^^(x,y) are, by 
the definition of ergodicity, equal to the ensemble 
averages. As an example of this property, the
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g(x)

00

+ 0000

00 + 00

+ 00

g(x) = measured realization of
the random process {g(x)}

g ( x . ) = observed value of the 
j th random variable 
of the process (g(x)}

Figure 1. Conceptualization of the observed gravitational 
field g (x ) as an ensemble member of the random 
process {g(x )}. Only one spatial dimension is 
used in order to simplify the illustration. An 
exact analogy exists for the actual observed 
field g (x ,y ).
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autocorrelation, < ĝ. ( x , y ) gI(x+X,y+Y) >, of {gj(x,y)}, is 
given by the relation

<gj(x,y)gI(x+X,y+Y)>

= lim
T oox
T ooy

T T x y

CiI gj(x,y)gI(x+X,y+Y)dxdy

provided that (gj(x ,y )} is an ergodic random process. The 
term on the right-hand side of the above expression
represents the spatial average of the spatial correlation 
function of gj(x,y). For an ergodic random process,
Sj(x,y) can be any one of the infinite number of

realizations of the process {g^(x ,y )}.
The expression above indicates that the spatial average 

of a spatial correlation function should be computed over as 
large an area as possible to best approximate the true 
correlation function of an ergodic process. Two limitations 
occur in practice. First, only data of finite areal extent 
is ever available. Second, as the size of the area 
increases, so too does the number and variety of geological 
provinces included in the area. Hence the physical 
mechanism giving rise to the signal and noise components of
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the observed field, if examined in a subarea of the main 
area, can be seen to change or evolve as the subarea is 
moved about the larger area. As a direct consequence, the 
statistical properties of the signal and noise processes 
change as the location of the subarea changes. Loosely- 
speaking , the processes are said to be nonstationary if, as 
in this example, their statistical properties vary with 
respect to the parameters x and y . On the other hand, if 
the statistical properties do not depend on the parameters 
x and y , the processes are said to be stationary.

Wiener filter theory requires the signal and noise 
processes to be at least wide-sense stationary (weakly 
stationary) random processes. By definition, a wide-sense 
stationary random process has a constant mean value and its 
correlation functions depend only on the lags X and Y. 
In addition, the mean square of a wide-sense stationary 
process must be finite, which implies that the average power 
of the process is finite.

All gravity fields encountered in practice clearly 
satisfy this last requirement. Significantly varying 
geological conditions introduce nonstationarity into the 
processes {gj(x,y)} and { g ^ (x ,y)}, causing their 
correlation functions to depend on things other than merely 
the lags X and Y. In such circumstances, the mean of the
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processes will no longer necessarily be constant either.
Hence spatial averages of the correlation functions can 

be used to approximate the actual ensemble averages only 
when the corresponding random processes are both wide-sense 
stationary and ergodic. If a random process is ergodic, 
then it is also wide-sense stationary. It does not
necessarily follow, though, that a process is ergodic by 
virtue of being wide-sense stationary.

Thus in practical problems, the extent of the area over 
which - spatial averages of the spatial correlation functions 
are computed is limited by both the finite areal extent of 
the real data, and by the variation in geological 
homogeneity over the study area. Invoking the assumption of 
ergodicity is clearly of tremendous practical importance 
since only one realization of {g(x ,y )} is ever available 
for measurement.

The restriction to wide-sense stationary signal and 
noise processes is best dealt with by limiting the use of 
Wiener filters to areas with appropriate geologic settings. 
If the study area is carefully chosen so that the observed 
field represents the realization of a wide-sense stationary 
random process, then the assumption of ergodicity is 
probably safe since most stationary phenomena observed in 
nature tend also to be ergodic (Bendat and Piersol, 1971).
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Ergodic theorems exist which have verified this result for 
certain processes. The statistical requirements and 
assumptions which Wiener theory makes about {g(x ,y )} are 
outlined in Figure 2.

With regard to the gravity anomaly separation problem, 
the objective of Wiener filtering is to recover gj(x,y) 
from the observed field g (x ,y ). Hence the Wiener filtering 
operation is the convolution

g(x,y) * h (x ,y ) = gI(x,y)

where h (x ,y) is the Wiener filter which separates
g^(x,y), the least mean-square error estimate of gj(x,y ),
from g(x,y ). This filtering operation which attempts to
recover the signal g^(x ,y ) from the noise in which it is
embedded is also known as the smoothing of g (x ,y ).

The Wiener filter has the property that the
mean-square error between the desired filter output g^(x,y)
and the actual filter filter output gj(x,y) is a minimum.

2The mean-square error <e > is defined as

<e2> = < |gj(x ,y ) - gI(x,y)|2 >
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Figure 2.

FAMILY OF
RANDOM PROCESSES

NONSTATIONARY
RANDOM
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STATIONARY RANDOM
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RANDOM
^PROCESSES,

STATIONARY
ERGODIC
RANDOM

PROCESSES^

In the application of Wiener filter theory to 
the gravity anomaly separation problem, the 
observed gravitational field g (x ,y ) is treated 
as an ensemble member of the stationary ergodic 
random process {g(x ,y )}.
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Thus the Wiener filter’s output is the least mean-square 
error estimate of (x ,y).

Since gravity data is processed in captured form, the 
Wiener filter does not have to be a physically realizable 
filter ; thus the filtering can easily be performed in the 
spatial frequency-domain using fast Fourier transform 
methods. Figure 3 illustrates these ideas, showing how the 
anomaly separation is implemented by a linear filtering 
operation.

The mean-square error may be rewritten as

œ

-00

A change to one spatial dimension has been made in order to 
reduce notational difficulties in the derivation which 
follows. Expansion of the expression for mean-square error



T-3457 19

FORMULATION OF THE GRAVITY ANOMALY 
SEPARATION PROBLEM IN TERMS OF 

WIENER FILTER THEORY

S j U . y )

------  S II(x.y)

f
g(x.y)

h(x.y)

t

SI(x.y)

Figure 3. Input to the Wiener filter is the observed 
gravitational field g (x ,y ). Output of the
Wiener filter is the least mean-square error 
estimate of the signal component g^(x,y).
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Now

<g (x)g (x)> =  ̂ (0)
gIgI

and

00 00
<2gI (x) J h (X )g (x-X)dX> = 2 J h (X)<gI(x )g (x-X)>dX

-00 -00

00
= 2 J h (X )ÿg g(-X)dX

■00

00
= 2 j h(X)^gg (X)dX

1

also

00 00 00 00
< :J h ( X ) g ( x-X )dX>=|h(ir) J]h (X )g ( x-X)dX h (X )g (x-X)dX> = h < ir ) h (X) <g ( x-ir )g (x-X) >dXdr
—  00 — 00 — 00 — 00

00 00
= jh(<r) fh(X)^gg(X-f)dXdf ,
-00 -00
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so that

00
<e2> = <iS „ (0) - 2 f h (X) (X) dXSjSj J SSj

-00

00 00
+

—  00 -00

uu uu
J h(f) J h(X)^gg(X-<r) dXdf

The above equation can be used in obtaining the Wiener
filter h (x ) which makes the mean-square error <e^> a
minimum. Following Thomas (1969), the Wiener filter h(x) in
the expression for <e > is now replaced by h (x ) + ?<fh(x),
where 7 is a real variable and £h(x) an entirely arbitrary

2variation. The expression for <e >, which is no longer a 
minimum, becomes a function of 7,

00

<e2 (7 )> - a (0)-2 ([h(X)+7fh(X)]^_, (X)dX SjSj J SSj
-00

00 00 

+ Jh(<r)+7#h(if)] j[h(X)+7fh(X)]^gg(X-f)dXdf .
—00 —00

2 2When 7 = 0, <e (0)> = <e > is a minimum so that a minimum
2in <e (7 )> occurs when
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( 7 ) > = 0 
$7 ' 7 = 0

2is satisfied. Expansion of the expression for <e (7 )> leads 
to

ao
<e2 (r)> = „ (0) - 2 I h(X)^ _ (X) dX

S jS j J SSj
-00

00 00
+
-00 -00

uu uu

J h(<r) J h ( X ) ^ g g ( X - i r )  d X d f

00

- 27 j #h(X)oSgg ( X )  dX

-00

00 00
+

-00 -00

uu uu

7 J h(<r)  J # h ( X ) ^ g g (X-<r)  d X d f

00 00
+ 7 j # h ( i r )  J h ( X ) ^ g g ( X - f )  d X d f

—00 —00

00 00
+ ,2

—00 —CO

uu uu

72 J <?h(<r) J <?h(X)^g g (X-<r )  d X d f
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Carrying out the differentiation with respect to 
evaluating the result at 7=0 yields

2 00 
— 1 = - 2 f^h(X) <j> (X )dX

dj 7=0 J I' -oo

co œ
+

—  00 — 00

uu uu

Jh(<r) J<?h(X)^g (X-<r)dXd<7

00 00
+
-00 -00

uu uu

J 4?h(f) | h(X)^gg(X-<7) dXdf

00

= -2 J #h(X ) t g g  (x) dX
-00

00 00
+ J #h(X) J h(f)^gg(X-f) dfdx
— 00 — 00

00 00
+ J Sh{X) J h(f)ftgg(X-f) dfdx

-00 -00

23

7 and
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= 2

oo

-00

<?h(X)

00
+ J  h( <r) ^gg(X-f) d<r
-00

dX

Since ^h(X) is entirely arbitrary, and since a minimum 
occurs when the derivative is equal to zero, it must be true 
that

oo
- (X) + j hU)(*gg(X-<F) df = 0

1

Hence
oo
J h(f)^gg(X-f) At = ÿgg (X)

-00

This convolution integral is the famous Wiener-Hopf 
equation (Thomas, 1969). The Wiener-Hopf equation suggests 
the manner in which the Wiener filter h (x ,y ) can be 
obtained. Returning now to two spatial dimensions and 
abbreviating the notation, the equation becomes
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^gg<x >y) * h(x,y) = **gg (X'f)

The significant thing to be noted from this equation is that 
the space-domain Wiener filter is determinable solely from 
 ̂ (x,y), the autocorrelation function of {g(x ,y )}, and from
SB

<f> ( x , y ) , the cross-correlation function of {g ( x , y ) } and
X

{gj(x,y)}.
Embodied in the Wiener-Khintchine theorem (Thomas, 

1969) is the result that the power-spectral and 
cross-spectral density functions and the auto and 
cross-correlation functions form respective Fourier 
transform pairs. Application of the Wiener-Khintchine 
theorem to the space-domain Wiener-Hopf equation gives the 
spatial frequency-domain Wiener-Hopf equation,

( u , v ) H ( u , v ) = <j) ( u , v )
!

In the spatial frequency-domain, the Wiener filter is 
completely specified by <t>rfcf(u,v), the power-spectral

SB

density function of g (x , y ) , and by <j> (u,v), the
ggI

cross-spectral density function of g (x ,y ) and gj(x,y). 
Hence the spatial frequency-domain Wiener filter is
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(u, v)
I

H ( u , v ) = ---------<i>gg<u-v>

The expression for H (u ,v ) has a deceptively pleasing
simplicity. Hidden in this equation is the problem central
to the successful implementation of Wiener filtering. An
estimate of <t>gg(u,v) can be obtained more or less directly
from the original data g (x ,y ). This estimation of the
data’s power-spectral density function will be discussed
later. The quantity (j) ( u , v ) however is unknown and must

SSj

somehow be estimated.
The spatially averaged spatial-correlation functions 

involving g (x ,y) and gj(x,y) suffer appreciably at large 
lags from the practical limitation imposed by data of finite 
areal extent. The corresponding power-spectral and
cross-spectral density function estimates contain error for 

exactly the same reason.
A procedure commonly used to obtain more accurate 

results is first to truncate the spatially averaged 
correlation functions, and then Fourier transform the 
truncated correlation functions. The truncation is
accomplished by multiplying the spatial-correlation
functions by a window, known as a lag window, which is
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centered about zero lag. The objective of windowing is to 
give less weight to the values of a spatial-correlation 
function at large lags, where the correlation function’s

Blackman-Tukey method, yields smoothed spectral estimates of 
the power-spectral and cross-spectral density functions 
(Bendet and Piersol, 1971).

In practice, the entire operation can be efficiently 
carried out in the spatial frequency-domain using the fast 
Fourier transform. Transforming the truncated autocor

relation function ^gg(x > 7 ) °f g (x ,y ) gives

estimates are worst. This procedure, known as the

g(x,y) * g(-x,-y) T (x ,y)

* S ( u , v )

1 -i 0(u ,v )
|G(u,v)je j G(u, v ) j e

— --|G(u,v) I2 * S (u ,v )
T T x y



where T (x ,y ) is the space-domain truncator and S (u ,v) is 
its spatial f requency-domain counterpart, the spectral 
smoother. Note that with the fast Fourier transform method, 
it is not necessary to calculate the spatially averaged 
spatial-correlation functions. Poor spectral estimates
resulting from data of limited areal extent are improved by 
the spectral smoothing operation. Hence the estimate 
<j)gg ( u>-v) of the power-spectral density function of g ( x , y ) 
can be directly calculated from the data.

Estimating the cross-spectral density function in a 
similar manner yields
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T T x y
v )G I(u,v)

u, v) j+ Gjj(u ,v )G I(u,v) | * S(u,v)

TxTy

i$ (u,v) -i$ {u,v)
{G j (u ,v ) |e | G j (u ,v ) |e

+ |GII(u,v)|e
i$ {u,v) -iO T{u,v)

|GI(u,v)|e

*  S ( u  y v)

T T x y
| G j ( u , v )  j  +  J G X I ( u , v )  |

|GI(u,v)|e * S ( u , v

= 4>gg;(".v)

" <t>ggI(u’v)

Hence
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H(u,v) Gj(u,v)

+ |G-£j (u >v ) I |GI(u, v) | e

* S ( u , v ) / [ I G( u , v ) I * S ( u , v ) ]

A situation of special interest is the case where 
gj(x,y) is uncorrelated with (x,y). The Wiener
filter’s transfer function then simplifies to the zero-phase 
filter

H(u,v) =
„ (u,v) <() (u,v) |GT (u, v) I * S ( u , v )

gIgI _ gIgI

<i>gg<u'v) ♦gg <u'v) G(u,v)I * S(u ,v )

This new expression facilitates matters on the practical 
side since the Wiener filter design problem is essentially 
reduced to the specification of | Ĝ. ( u , v ) | .

This form of the transfer function is quite 
instructive. It can be seen that when the signal-to-noise
ratio is high, the Wiener filter will pass most of the 
spectrum of the input data. When the signal-to-noise ratio 

is low, the filter will suppress most of the spectrum of the
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input data. Hence the Wiener filter attempts to pass the 
signal of interest while simultaneously suppressing the 
corrupting noise. Since this filter is a zero-phase 
operator, the phase spectrum of the filtered data 
corresponds to the phase spectrum of the original data.

In cases where the power-spectral density function 
estimates <b ( u , v ) and c|) (u,v) possess a high degree ofSjSJ ss
radial symmetry (little anisotropy in the spatial frequency
plane), radial averages of <b ( u , v ) and ct>rfcf(u,v) are

gIgI gg
often taken over the spatial frequency plane to produce the 
radially symmetric, zero-phase Wiener filter

H(f ) = — — ----  .
V v

The radial average of a quantity, such as <|>gg ( u , v ) , is 
defined by the operation

2t
j > g g  < f |  ^ g g ( f r  c o s  9,îr s i n  

2* 0

where 9 is the azimuthal angle in the spatial frequency 
plane,

&
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is the radial frequency, and

u = f cos $ r

v = f sin 0 r

relate the spatial frequency variables u and v to the 
radial frequency and azimuthal angle (Figure 4). The 
transfer function is radially symmetric in the spatial 
frequency plane and thus is conveniently expressed as a 
function of the radial frequency variable f .

Although the radially symmetric filter is the easiest 

Wiener filter to design and implement, its use is not always 
justified. Consider for example the case where the observed 
gravity field g (x ,y ) contains a prominent and strongly 
developed trend. As a result of the trend, the estimated 
power-spectral density function <|)gg ( u , v ) lacks radial 
symmetry in the spatial frequency plane. No advantage is 
therefore gained by obtaining a radial average for something 
so markedly asymmetric. Designing a Wiener filter from such 
a radial average cannot be justified on theoretical grounds.
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Figure 4.

I sin Q.

U

-V

The radial average of a spectral quantity is 
obtained by averaging the quantity over circles 
in the frequency plane. The radially averaged 
quantity is expressible in terms of the radial 
frequency variable f .
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The preceding development suggests that Wiener filters 
might be used to separate gravity anomalies in certain 
geologic settings. Wiener filter theory makes necessary the 
conceptualization of g (x ,y ) as an ensemble member of a 
wide-sense stationary random process. The difficulty 
created by the fact that only one realization of the process 
is measurable is overcome by invoking the assumption of 
ergodicity.

This idealized treatment of g(x,y) is defensible in 
view of the desired result of the Wiener filtering. Simply 
stated, the objective is to preserve the part of the gravity 
spectrum due to the geologic sources of interest, while 
simultaneously suppressing the extraneous spectral content.

From a practical point of view, Wiener filtering 
represents a means of performing physically reasonable 
bandpass filtering. At a strictly intuitive level, it seems 
that Wiener filtering ought to be more effective than 
conventional bandpass filtering even when the statistical 
assumptions regarding the signal and noise components of the 
observed gravitational field are only partially satisfied. 
In the next section, a theoretical argument will be given in 
support of this claim.
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WIENER FILTERING RESULTS 

Foreword

The anomaly-separating ability of the Wiener filter is 
assessed by first applying the Wiener filtering technique to 
a suite of model data sets, and finally to a real data set 
from the southern Paradox Basin. Model studies like those 
to be described are considered crucial to this assessment. 
Analysis of filtered model data is a means of conclusively 
determining the ability of a Wiener filter for separating 
the anomaly in a particular geologic environment. Physical 
insights which emerge from the model studies are directly 
transferrable to the resolution of real geologic problems by 

Wiener filtering.
Important highlights of the Wiener filter study are 

summarized in two principal sections which follow. Details 
regarding the application of Wiener filtering to model data 
are disclosed in the first section. The case of a real data 
set from the southern Paradox Basin is considered in the 
second section. Knowledge gleaned in the analysis of 
filtered model data is utilized in the interpretation of the 
real data results. Before proceeding to discuss these
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results, a few preliminary remarks about the Wiener filters 
employed in the investigation are in order.

The spatial frequency-domain Wiener filters used in the 
study are of the radially symmetric variety discussed 
earlier (see the theoretical discussion in the last 
section):

H(f) = — ^ ----  .V V
In the preceding theoretical development, it was pointed out 
that the radially symmetric filter can be used when the 
observed gravity field’s power-spectral density function 
(approximated in practice by the field’s power spectrum) is 
reasonably homogeneous. Implicit in the use of this 
particular transfer function is the additional assumption 
that the signal component of the observed field is 
uncorrelated with the noise component of the field.

The model gravity fields used in the study are 
sufficiently homogeneous that the use of a Wiener filter 
with a radially symmetric transfer function is permissible. 
The gravity field of the original area chosen for the 
southern Paradox Basin study area, on the other hand, has
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strong north-trending features on the eastern and western 
peripheries of the area as well as strong east-trending 
features in the northern and southern parts of the area 
which introduce inhomogeneity into the field’s power 
spectrum. Changing geological conditions are reflected by 
these high gradient areas. Examination of the power 
spectrum shows it to be preferentially stretched along both 
axes of the spatial frequency plane (Figure 5). It is 
interesting to point out that Naidu (1980) has given an 
example for the case of magnetic data of the profound effect 
of preferred directions of geologic strike on the 
homogeneity of the magnetic field.

Wiener filter theory, however, requires that the 
observed gravitational field be more or less stationary over 
the limits of the survey area. Reducing the size of the 
southern Paradox Basin study area resulted in the expulsion 
of the high gradient zones mentioned above, thus alleviating 
in part the nonhomogeneity in the gravity field’s power 
spectrum (Figure 6 ). In accordance with theoretical 
requirements, geological conditions are more uniform in this 
smaller area.

The form or character assumed by geologic features of 
one epoch is predicated to some extent by the geology of 

preceding epochs. Consider for example the basement
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Figure 5. Computed log-power spectrum of the complete 
Bouguer anomaly from the original 90x90 km 
study area. Axis labeling is in cycles/km.
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Figure 6 . Computed log-power spectrum of the complete 
Bouguer anomaly from the final 53x53 km study 
area. Axis labeling is in cycles/km.
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topographic high which causes anticlinal flexures in the 
sediments laid down over the structure in later geologic 
time. The anticlinal features have a positive correlation 
with the basement feature. The assumption that the signal 
and noise components of the observed field are uncorrelated 
is a condition that will almost never be satisfied in 
practice (Mesko, 1984). Signal and noise components of real 
gravity fields can be expected to have correlations which 
range from small to large. Therefore the use of a Wiener 
filter transfer function which assumes uncorrelated signal 
and noise needs to be justified.

One reason for using this transfer function is that the 
filter design problem is greatly simplified, being reduced 
essentially to the problem of specifying the signal 
component's power-spectral density function (approximated in 
practice by the gravity signal estimate’s power spectrum). 
A better reason however is one which has a theoretical 
basis, and which has been verified in model studies.

This latter reason can be understood by examining the 
spatial frequency-domain Wiener filtering operation. For 
simplicity, let S(f^) represent the signal component, N(f^) 
the noise component, and P(f^) the net signal-noise complex 
for finite data. The ideal filtering operation as 
practically implemented for finite data is,
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S(fr ) + N(fr >]
S(f_)

S(fr ) + N(fr )

s(fr )s (fr )

S(fr )+N(fr )l l"s*(fr )+ N*(fr )

= S(f_)
S (fr )

S*(fr ) + N*(fr )

= sifr )
1 +

N(fr )
|S(f)

Consider now a particular spatial frequency. The 
expression above representing the filter output shows that 
the signal will be recovered exactly at that frequency if 
the amplitude of the noise at that frequency is zero. If on 
the other hand the noise amplitude at that frequency is 
nonzero, then the signal will not be faithfully recovered 
but will instead be scaled by the factor
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1

1 + 1 ^ 1  e ' ^ W  " tfS(fr>]|B<VI
Thus the signal estimate obtained from filtering contains 
both amplitude and phase distortion.

The filter may not truly be optimum since its design 
assumes uncorrelated signal and noise, but violation of this 
assumption clearly in no way negates the possibility of 
obtaining useful results with the filter. The filter output 
equation shows that the Wiener filter output can also be 
viewed as the input signal-noise complex scaled by the 
factor

ls<V! 
IP<VI

It can be seen that for a particular frequency, when the 
noise-to-signal ratio is low, the Wiener filter passes most 
of the input signal-noise complex, the filter’s output being 
a nearly perfect version of the actual signal at that 
frequency. When the noise-to-signal ratio is higher, the 
filter suppresses a greater proportion of the input 
signal-noise complex since it cannot recover the actual
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signal as well as in the case of a lower noise-to-signal 
ratio.

Here then is a theoretical argument that Wiener 
filtering is more physically reasonable than conventional 
bandpass filtering. The transfer function of the Wiener 
filter is weighted not arbitrarily, but rather on a 
physical-geological basis. Each frequency component of the 
input data’s amplitude spectrum is multiplied by a filter 
weight that is proportional to the signal-to-noise ratio at 
that frequency. The equation for the filter output shows 
that the transfer function which assumes uncorrelated signal 
and noise should offer an improvement over normal bandpass 
filtering even when the signal and noise are not actually 
uncorrelated.

For both the synthetic and real data examples which
2follow, data areas of 53 km are used. All maps of filtered

data included in the ensuing discussion show only the 
2central 43 km of each area in order to exclude that part of 

the data affected by taper and filter edge effects. The 
original unfiltered model and real data are shown in similar 
fashion so as to facilitate comparison with the filtered 
maps. All data was square gridded at a spacing of 1.0 km 
using a minimum curvature gridding routine. Data was 
preconditioned for fast Fourier transformation by a
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demeaning operation followed by a tapering operation at the 
edges of the data areas. A split-cosine taper was applied 
to data in the outer ten percent of the areas being 
filtered. The model gravity fields used in the following 
examples were calculated with a Parker-Blakely forward 
modeling algorithm.
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Implementation of Filtering

As established earlier, the radially symmetric Wiener
filter H(f^) used in this study is completely defined by the
ratio of the radially averaged signal power-spectral density
function estimate <f> (f ) and the complete Bouguer

gIgI r
anomaly's radially-averaged power-spectral density function 
estimate

Implementation of Wiener filtering is possible once 
these two terms of the filter's transfer function are 
specified. The numerator term must somehow be estimated, 
and techniques of estimation are treated in a later section 
concerning the filtering of real gravity data from the 
southern Paradox Basin. The denominator term is
approximated by the complete Bouguer anomaly's radially 
averaged power spectrum, a quantity directly computable from 
the data by fast Fourier transform methods.

Wiener filtering as implemented in the present study is 
as follows:
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1) Using the fast Fourier transform, compute the
power spectrum of the complete Bouguer anomaly. 
The computed spectrum is taken to be the estimate 
of the gravity field's power-spectral density
function.

2) Estimate the power-spectral density function of 
the signal component of the complete Bouguer 
anomaly.

3) Perform radial averaging over the spatial
frequency plane of the estimates from (1 ) and (2 ) 
to obtain radially averaged power spectra.

4) Display the radially averaged power spectra from
(3) by plotting the natural logarithm of the power
against the radial frequency.

5) For N frequency sample points, each radially
averaged spectrum can be approximated or'fit by up
to N-l straight line segments. A Wiener filter
design program allows the user to specify each 
spectrum with up to N-l straight line segments. 
Figure 7 illustrates a radially averaged power 
spectrum (top) approximated by four straight line 
segments (bottom). The reason the spectra are 
thus redefined is to guarantee smooth spectra like 
those predicted by theory.
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Figure 7.

RADIAL FREQUENCY

RADIAL FREQUENCY

Radially averaged log-power spectrum (top) can 
be approximated or fit by straight line seg
ments (bottom).
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6 ) The filter design program creates a 
one-dimensional filter operator by taking the 
ratio of the two user-defined spectra.

7) The one-dimensional filter operator is read as
external input by a two-dimensional potential 
fields filtering program when the Wiener filtering 
option of the program is invoked.

8 ) A routine in the two-dimensional filtering program 
converts the one-dimensional operator into a 
radially symmetric, two-dimensional Wiener filter 
operator. Linear interpolation between frequency 
sample points of the one-dimensional operator is 
used to assign values of filter response to 
intermediate frequency sample points of the 
two-dimensional operator.

9) Wiener filtering is performed in the spatial
f requency-domain by multiplying the complete 
Bouguer anomaly's Fourier transform with the 
two-dimensional Wiener filter transfer function.
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Model Data

Example 1. Shallow source of noise at different average
depths

In this example, the ability of a Wiener filter to 
separate the gravity effect of a deep source (the signal) 
from the interfering gravity effect of a shallow source (the 
noise) is examined as a function of the shallow source’s 
average depth. The geologic model consists of three layers 
with two interfaces. Figure 8 illustrates a cross-section 
running from the southwest to the northeast corner of the 
model in which the average depth of the shallow source is 
0 . 5 km.

Undulations of the deep interface mimic the top of 
Mississippian structure in the southern Paradox Basin study 
area. The interface undulates between 1.514 km and 2.577 km 
about an average depth of 2.228 km, separating a 
high-density layer below from a low-density layer above. A

3density contrast of 0.5 g/cm exists across the interface, 
giving rise to the gravity signal shown at the bottom of 

Figure 9A.
The shallow interface is a highly irregular surface 

formed of depth points at a 1.0 km square spacing that are 
uniformly distributed (in a statistical sense) between
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Figure 8 . Cross-section from the southwest corner to the 
northeast corner of the geologic model of 
Example 1. The geologic model consists of a 
shallow interface which generates noise and a 
deep interface that produces the signal. Den
sity contrast across the deep interface is 0.5 

3g/cm and the density contrast across the
3shallow interface is 0.15 g/cm . Each inter

face separates higher density material below 
from lower density material above.
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Figure 9A. Total gravity response (top) and signal gravity
response (bottom) of geologic model for which a 
cross-section is displayed in Figure 8 . Aver
age depth of the shallow interface in this 
example is 0.25 km. Contour interval is 1 mgal.
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±0.15 km about the interface’s average depth. A density
3contrast of 0.15 g/cm exists between the low-density layer 

above the interface and the higher-density layer below.
Average depth of the shallow interface was increased in 

0.25 km increments from an initial depth of 0.25 km to a 
final depth of 1.25 km. The original unfiltered field, the 
desired filter output (gravity effect of the deep 
interface>, and the actual filter output are shown in 
Figures 9A and 9C for the case of the shallow interface at 
0.25 km average depth. Figure 9B shows the Wiener filter 
designed to accomplish the anomaly separation. The
calculated mean-square error between the desired filter 
output and the actual filter output before and after Wiener 
filtering is plotted in Figure 10 for the various average 

depths of the shallow interface.
In all cases, the mean-square error is smaller after 

Wiener filtering. Furthermore, the mean-square error 
decreases, that is the filter performs better, as the 
average depth of the shallow interface increases. This 
result is reasonable, since the spectral content of the 
noise is attenuated as the average depth of the interface 
increases. Looked at in another way, the filter output 
improves as the noise-to-signal ratio decreases. A later 
example will show though that the performance of a Wiener
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Figure 9B. Transfer function of the Wiener filter applied
to total gravity response shown in Figure 9A.
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Figure 9C. Result (top) of applying Wiener filter to total 
gravity response shown in Figure 9A. Demeaned 
response of actual signal (bottom) is shown for 
comparison. Contour interval is 1 mgal.



t-TVOrtiml 80HH3

T-3457 55

1

WIENER FILTERING

AFTER WIENER FILTERING
0)   —          — '
0.25 1-25

AVERM3 DEPTH OF SHALLOW INTERFACE (KM)

Figure 10. Calculated mean-square error before and after 
Wiener filtering for the case of a shallow 
interface at different average depths.
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filter cannot be predicted on the basis of the 
noise-to-signal ratio alone.

Inspection of the filtered map (Figure 9C) shows that
the large-scale features of the field due to the deep
interface have been recovered. The filtered map also 
contains secondary features of a high-frequency character 
which could be misconstrued by an interpreter as arising
from the geological target feature. The situation would be
made more serious if the interpreter attempted to enhance
these' "separated features" through downward continuation or 
some other operation. A great deal of thought must 
obviously be exercised, as with conventional bandpass 
filtering, in the interpretation of anomalies separated with 
Wiener filtering.

Example 2. Shallow noise interface with varying
density contrasts

This next example makes use of the same geologic model
used in Example 1 (Figure 8 ). Average depths of the deep
and shallow interfaces are fixed at 2.228 km and 0.5 km
respectively. The density contrast across the deep

3interface is 0.5 g/cm as before, while the density contrast
across the shallow interface is allowed to vary in 0.05

3 3 3g/cm increments from 0.05 g/cm to 0.55 g/cm . Increasing
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density contrast translates into increasing rms noise-to-rms
3signal ratio, ranging from 0.04 at 0.05 g/cm to 0.46 at 

30.55 g/cm . The ability of a Wiener filter to separate the 
signal from the deep interface is examined as a function of 
this increasing noise-to-signal ratio.

The gravity effect of the deep interface, which is the 
desired output of the Wiener filter, is shown in Figure 11A
and again in Figure 12A. Both the unfiltered and filtered

3 3gravity fields for the 0.05 g/cm and 0.55 g/cm cases are
shown- in Figures 11A and 11C, and Figures 12A and 12C
respectively. The Wiener filters corresponding to these
cases are shown in Figures 1IB and 12B.

The mean-square error before and after Wiener filtering
for the case of a shallow interface with different density
contrasts is plotted in Figure 13 as a function of rms
noise-to-rms signal for all cases considered. The
mean-square error is in all cases reduced after Wiener
filtering. As in the first example, the performance of the
Wiener filter deteriorates as the noise-to-signal ratio
increases, a result in perfect accordance with theory.

The primary, large-scale features of the field due to
the deep interface have been recovered by filtering, but
secondary artifacts of a high-frequency nature remain,
particularly as the noise-to-signal ratio increases.
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10 KM

Figure 11A. Total gravity response (top) and signal gravity
response (bottom) of geologic model for which a
cross-section is shown in Figure 8 . Density
contrasts across the deep and shallow inter-

3 3faces are 0.5 g/cm and 0.05 g/cm
respectively. Contour interval is 1 mgal.
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Figure 1 IB. Transfer function of Wiener filter applied to 
total gravity response shown in Figure 11A .
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Figure 11C. Result (top) of applying Wiener filter to total 
gravity response shown in Figure 11A . Demeaned 
response of actual signal (bottom) is shown for 
comparison. Contour interval is 1 mgal.
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Figure 12A. Total gravity response (top) and signal gravity
response (bottom) of geologic model for which a
cross-section is shown in Figure 8 . Density
contrasts across the deep and shallow inter-

3 3faces are 0.5 g/cm and 0.55 g/cm
respectively. Contour interval is 1 mgal.
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Figure 12B. Transfer function of Wiener filter applied to 
total gravity response shown in Figure 12A.
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Figure 12C. Result (top) of applying Wiener filter to total 
gravity response shown in Figure 12A. Demeaned 
response of actual signal (bottom) is shown for 
comparison. Contour interval is 1 mgal.
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Figure 13
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Calculated mean-square error before and after 
Wiener filtering for the case of a shallow 
interface with different density contrasts. In 
the figure, increasing noise-to-signal ratio 
corresponds to increasing density contrast3(0.0-0.55 g/cm ) across the shallow interface.
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Example 3. Repeating the study for a smoother shallow
noise interface

The next model considered is identical to the previous 
one except for the use of a different shallow interface. 
The study conducted in the last example will be repeated 
using this new interface, the nature of which is as follows.

Depth points uniformly distributed between 0.35 km and 
0.65 -km depth, just as in the preceding example, were 
squarely spaced at an interval of 3.3125 km. A surface of 
minimum curvature fit to these points forms the shallow 
interface of the new model. Figure 14 is a cross-section 
running from the southwest to the northeast corner of the
model. The greater smoothness of this surface (compare with 
Figure 8 ) gives rise to a gravity field more representative 
of that of real geologic features.

The unfiltered and filtered gravity fields are shown in
Figures ISA and 15C, and in Figures 16A and 16C for the
cases in which the density contrast across the shallow

3 3interface is 0.1 g/cm and 0.5 g/cm respectively. Wiener 
filters used in these examples are shown respectively in 
Figures 15B and 16B. As in the previous examples, secondary 
features are present in the filtered maps which have no
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Figure 14. Cross-section from the southwest corner to the 
northeast corner of the geologic model of 
Example 3. The geologic model consist of a 
shallow and relatively smooth interface which 
generates noise, and a deep interface that 
produces the signal.
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Figure ISA. Total gravity response (top) and signal gravity
response (bottom) of geologic model for which a
cross-section is shown in Figure 14. Density
contrasts across the deep and shallow inter-

3 3faces are 0.5 g/cm and 0.1 g/cm respectively.
Contour interval is 1 mgal.
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Figure 15B. Transfer function of Wiener filter applied to 
total gravity response shown in Figure ISA.
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Figure 15C. Result (top) of applying Wiener filter to total 
gravity response shown in Figure ISA. Demeaned 
response of actual signal (bottom) is shown for 
comparison. Contour interval is 1 mgal.
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Figure 16A. Total gravity response (top) and signal gravity

response (bottom) of geologic model for which a
cross-section is shown in Figure 14. Density
contrasts across the deep and shallow

3 3interfaces are 0.5 g/cm and 0.5 g/cm
respectively. Contour interval is 1 mgal.
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Figure 16B. Transfer function of Wiener filter applied to 
total gravity response shown in Figure 16A.
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Figure 16C Result (top) of applying Wiener filter to total 
gravity response shown in Figure 16A. Demeaned 
response of actual signal (bottom) is shown for 
comparison. Contour interval is 1 mgal.
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relation to the true field of the geologic target feature. 
Wiener filtering has, however, recovered the gross features 
of the field arising from the deep interface.

The mean-square error before and after Wiener filtering 
is plotted as a function of rms noise-to-rms signal ratio in 
Figure 17. In all cases, the mean-square error after Wiener 
filtering is lower than that before filtering. Comparison 
of Figure 17 with Figure 13 leads to the interesting 
discovery that the mean-square error for a given 
noise-to-signal ratio is consistently higher in this example 
than in the last.

The mean-square error is consistently higher since the 
spectral band in which the signal power is developed 
contains a greater proportion of noise power than the signal 
band in the previous example. Theory predicts that the 
Wiener filter should perform less satisfactorily in such 
circumstances, and this is indeed observed to be the case.

A rather important result has emerged from this 
example. As in the first two examples, the
anomaly-séparating ability of the Wiener filter is seen to 
depend, for one thing, on the noise-to-signal ratio of the 
field being filtered. Of more importance though is the 
spectral distribution of noise power relative to signal 
power. Expressed in a slightly different manner, the
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Figure 17. Calculated méan-square error before and after 
Wiener filtering for the case of a shallow and 
relatively smooth interface with different 
density contrasts. In the figure, increasing 
noise-to-signal ratio corresponds to increasing3density contrast (0 .0-0 .5 g/cm ) across the 
shallow interface.
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performance of the Wiener filter is intimately keyed to the 
amount of spectral overlap between the signal and noise 
components of the gravitational field. An analogous 
statement in the space-domain goes as follows : A Wiener
filter can be expected to perform poorly if the spatial 
breadth of features in the interfering noise field is
comparable to that of the gravity features of interest.

Example 4. Deep source of noise

Next, a geologic model is considered in which the 
problem is to separate the gravity effect of a deep
interface (same as that of previous examples) from an even 
deeper source of noise. Conformably underlying the 
signal-generating interface is another interface, 0.223 km
below, that simulates the top of basement in the area. 
Density contrast across the top of basement interface is not

3constant, but varies linearly from 0.0 g/cm at the
3northeast corner of the area to 0.2 g/cm at the southwest 

corner of the area, resulting in an rms noise-to-rms signal 
ratio of 1.27. Hence the basement rocks are either equal or
greater in density than the overlying rocks. Figure 18
depicts a cross-section running from the southwest to the
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Figure 18. Cross-section through geologic model consisting 
of an interface underlain at depth by a flat- 
bottomed layer which contributes noise. 
Structure at the top of the flat-bottomed layer 
is conformable with that of the shallow 
interface. Density contrast across the shallow

3interface is 0.5 g/cm . Density contrast of
the flat-bottomed layer increases from 0.0

3 3g/cm in the northeast to 0.2 g/cm in the
southwest.
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northeast corner of the model. Note that the basement noise 
source has a flat bottom at 4.5 km depth. Conditions are 

such that the noise is due to a combination of top of 
basement relief and intrabasement density variation.

The noise source in this example is fundamentally 
different from that of the other examples studied thus far. 
Being deep-seated, and having a geometry identical to that 
of the overlying signal-generating interface, the noise 
source contributes the majority of its power to the
low-frequency region of the gravity field’s power spectrum. 
Noise sources used in previous examples, being shallower and 
of less smooth geometry, had more of their power in higher
spatial frequencies. This difference in spectral
characteristics is reflected in both the original gravity 
field (Figure 19A), and in the transfer function of the 
Wiener filter designed to accomplish the separation (Figure 
19B). Inspection of the transfer function shows that it 
suppresses a greater proportion of the input field’s
low-frequency spectral content than its high-frequency 
spectral content.

Figure 19C illustrates the model’s filtered gravity 
field. In the southern and western parts of the area, the 
Wiener filter has done a remarkably good job of separating 
the signal of interest. Of particular note is the
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Figure 19A. Total gravity response (top) and signal gravity 
response (bottom) of geologic model for which a 
cross-section is shown in Figure 18. Contour 
interval is 1 mgal.
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Figure 19B. Transfer function of Wiener filter applied to 
total gravity response shown in Figure 19A.
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Result (top) of applying Wiener filter to total 
gravity response shown in Figure 19A. Demeaned 
response of actual signal (bottom) is shown for 
comparison. Contour interval is 1 mgal.
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restoration of proper gravity gradients in the area. The 
filter has not performed as well in the northeastern part of 
the area, where the distortion of the signal in the original 
unfiltered gravity field is most severe. Mean-square error 
after filtering is 0.65 mgal as compared with 6.16 mgal 
before filtering.

Example 5. Noise from both deep and shallow sources

As a final example, Wiener filtering was applied to a
model in which the gravity effect of interest is masked by
the noise fields of both deep and shallow geologic sources.
The geologic model of the last example is used together with
the shallow geologic noise source of Example 3. Figure 20
shows a cross-section running from the southwest to the
northeast corner of the model. Density contrasts for the
deeper sources are the same as those used in Example 4,

3while a density contrast of 0.2 g/cm was specified between 
the low-density layer above and the high-density layer below 
the shallow interface. This model is by far the most 
realistic thus considered.

Figure 21A shows the original unfiltered model gravity 
field as well as the gravity effect of interest (the desired
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Figure 20. Cross-section through geologic model in which 
noise originates from both deep and shallow 
sources. The signal source and the deep noise 
source are the same as in Example 4. The 
shallow noise source is identical to that in 
Example 3. Density contrast across the shallow3interface is 0.2 g/cm .
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Figure 21A. Total gravity response (top) and signal gravity 
response (bottom) of geologic model for which a 
cross-section is shown in Figure 20. Contour 
interval is 1 mgal.
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output of the Wiener filter). The transfer function of the 
Wiener filter designed to accomplish the signal separation 
is shown in Figure 2IB. Note that the filter suppresses 
spectral power at low and high spatial frequencies, and 
passes a greater proportion of power in the middle frequency 
range. On the basis of physical principles, the noise from 
the deep source will make significant contributions to the 
gravity field's power spectrum at low spatial frequencies, 
while the noise from the shallow source will make a larger 
contribution at high frequencies. The equation for filter 
output presented earlier clearly showed that a Wiener filter 
passes the greatest proportion of the input signal-noise 
complex at those frequencies where the noise-to-signal ratio 
is least.

Figure 21C shows the filtered gravity field as well as 
the ideal or desired filter result. As in the last example, 
the Wiener filter has not performed as well in the northeast 
part of the area, where the distortion of the signal in the 
original unfiltered gravity field is worst. Gravity 
gradients in the filtered map do, however, better reflect 
the true gradients in the area. Wiener filtering has 
resulted in an improved map. The mean-square error after 
filtering is 0.68 mgal, a definite improvement over the 6.52 
mgal mean-square error before Wiener filtering. It is worth
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noting that the rms noise-to-rms signal ratio of 1.29 in 
this example is quite high.
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Figure 2IB. Transfer function of Wiener filter applied to 
total gravity response shown in Figure 21A.
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Figure 21C. Result (top) of applying Wiener filter to total 
gravity response shown in Figure 21A . Demeaned 
response of actual signal (bottom) is shown for 
comparison. Contour interval is 1 mgal.
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Real Data - Southern Paradox Basin

Geological setting of the study area 
Introduction

The Wiener filter study area is located in the southern 
Paradox Basin, in the Four Corners area of the southwestern 
United States (Figure 22). The Paradox Basin is a 
trough-like, sedimentary basin of Precambrian origin. Some 
writers, such as Gorham (1975), and Baars (1976), have used 
the more geologically descriptive name Central Colorado
Plateau Aulacogen in recognition of the basin's geologic
origin and subsequent evolution. A great amount of research 
concerning the Paradox Basin's stratigraphy and tectonic
evolution has been published in the last seventy-five years.

A regional synthesis of the Central Colorado Plateau's 
stratigraphy is given by Baars (1972). Pre-Pennsylvanian 

stratigraphy is discussed at some length by Baars (1966), 
while Szabo and Wengerd (1975) focus entirely on the basin’s 
Pennsylvanian rocks. Irwin et al. (1971) also discuss the 
Paleozoic rocks of the region. Additional papers on the 
stratigraphy of the region are to be found in the 197 5 and 
1981 field conference guidebooks of the Four Corners 
Geological Society. The reader is referred to these
guidebooks for information regarding the Mesozoic and
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Figure 22. Regional tectonic map of the Colorado Plateau 

Province showing location of the Wiener filter 
study area in the southern Paradox 
Basin. Figure modified from Baars and Steven
son (1982).
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Cenozoic rocks of the area. Most information concerning the 
Precambrian geology must be inferred from outcrops and wells 
in the surrounding region. This information will be 
discussed below.

In contrast to the region’s stratigraphy, an
understanding of the Paradox Basin’s tectogenesis has come 
more slowly. Some of the more recent investigative work 
involving the tectonic development of the basin is that of
Gorham (1975), Szabo and Wengerd (1975), Baars (1976), and
Baars and Stevenson (1981; 1982).

The majority of economic hydrocarbon accumulations in
the Paradox Basin occur within Pennsylvanian-age reservoir 
rocks located along the southern periphery of the basin. 
The Wiener filter study area is in this region (Figure 22). 
The reservoir rocks consist of algal mound complexes which 
proliferated on shallow water shoals of the basin’s 
laterally extensive, southern shelf.

The difficulty in locating these mounds was once 
attributed to their distribution being more or less random. 
Recently however, Baars and Stevenson (1982) have shown that 
the location of mound developments is sometimes predictable 
since the northwest-trending, shallow-water shoals on which 
the algae thrived are often situated either over or on the 
flanks of similarly trending basement structural highs.
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Baars and Stevenson (1982) go on to suggest that the 
basement paleohighs around which the mounds apparently 
concentrate are the product of the recurrent rejuvenation of 
a conjugate set of Precambrian wrench faults.

Geophysical detection of Pre-Pennsylvanian structural 
highs therefore represents an indirect means of inferring
probable locations of algal mound complexes. The geological 
discussion which follows will suggest a possible use of 
gravity for delineating these structural highs.

B a s e m e n i  s t r u c t u r a l  f r a m e w o r k

A basement structural framework for the Paradox Basin
was established about 1700 million years ago by a conjugate 
set of shear zones arising from two major wrench fault 
systems (Figure 23). The northwest-trending, right-lateral 
wrench fault system is a manifestation of the
Olympic-Wichita Lineament (Baars, 1976), while the
northeast-trending, left-lateral wrench fault system is a 
segment of the Colorado Lineament (Warner, 1978). The
continental scale of these two ancient fault systems is 
depicted in Figure 23. The two systems offset one another 
in places, indicating a common stress field and time of 
development (Baars, 1976). The Wiener filter study area is
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53 KM2
Figure 23. The Wiener filter study area located with 

respect to the northwest-trending Olympic- 
Wichita Lineament and the northeast-trending 
Colorado Lineament. Figure modified from Baars 
and Stevenson (1982).
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located just to the south of the point of intersection of 

the two lineaments (Figure 23).
Surficial expression of the Olympic-Wichita Lineament 

occurs north of the study area in the northwesterly trending 
salt anticlines of the Paradox Basin Fold and Fault Belt 
subprovince (Figure 22). These anticlines resulted from 
moving salt which was forced to move upwards in diapir 
fashion when it encountered the unyielding,
northwest-trending basement fault blocks of the region 
(Baars and Stevenson, 1982). As reported by Joesting and 
Case (1960), and Steenland (1962), the largest salt features 
and basement structures have prominent northwesterly 
elongated gravity and magnetic signatures. The huge frontal 
fault bounding the Uncompahgre Uplift is possibly the most 
impressive local example of the great lineament. The 
importance of the Olympic-Wichita Lineament to the tectonic 
evolution of the region is heavily emphasized by Baars and 
Stevenson (1981, 1982).

Case and Joesting (1961) suggested that the 
northeast-trending, left-lateral wrench fault system of the 
Paradox Basin might be related to the Colorado Mineral Belt. 
Warner (1978) has been a recent champion of this view, 
assigning both the Colorado Mineral Belt and the 
northeast-trending Paradox system to the much larger
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(Figure 23). Geophysical evidence supporting Warner's 
contention comes from the gravity and magnetic 
investigations of Joesting and Case (1960), Case and 
Joesting (1961), Joesting and Case (1962), Case and others 
(1963), Case (1966), and Case and Joesting (1972). Joesting 
and Case (1960) reported left-lateral offset along a 
basement structural boundary. Using drill hole data and 
surface geological mapping, Hite (1975) inferred the 
existence of a deep, left-lateral wrench fault in the 
northern Paradox Basin. Hite went a step farther and 
suggested a connection between this fault and the Colorado 
Mineral Belt.

Baars (1966) demonstrated that minor rejuvenations 
along the fault planes of the Olympic-Wichita system 
occurred from early Cambrian to Mississippian time. A 
similar observation was made for the Colorado Lineament by 
Warner (1978), who noted the occurrence of considerable 
lateral and vertical movement along ancient zones of 
weakness. According to Baars and Stevenson (1982), vertical 
displacement of the fault blocks in the southern Paradox 
Basin often created shoaling conditions favorable to the 
growth of the marine algae Ivanovia, hence the presently
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observed distribution of northwest-trending algal mound 
reservoirs.

T h e  P r e c a m b r  ian b a s e m e n t  r o c k s

No Precambrian basement rocks are exposed in the Wiener 
filter study area. Nearly all information about the 
basement rocks must be inferred from outcrops and wells in 
the surrounding region. The nearest exposed Precambrian 
rocks occur in the vicinity of the Uncompahgre Plateau. 
Farther away, Precambrian rocks are exposed in the Grand 
Canyon country to the southwest, in the Defiance Uplift to 
the south, in the Zuni Mountains to the southeast, and in 
the San Juan Mountains to the east. These exposures are 
discussed below.

On the Uncompahgre Uplift, exposed Precambrian rocks 
are represented mainly by granites, schists, and gneisses 
and are similar to the Vishnu schist terrain of the Grand 
Canyon area (Case and Joesting, 1972). Case (1966) reports 
that the Precambrian core of the uplift is composed of four 
principal units which include various kinds of gneiss, 
gneissic granodiorite, quartz monzonite and metagabbro. The 
older gneissic sequence is intruded by the younger 
batholiths of quartz monzonite and plutons of metagabbro.

Using outcrop samples, Case (1966) conducted density 
determinations for the four Precambrian rock types.
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Thirty-three samples of gneiss from eighteen localities had
3an average density of 2.70 g/cm . The average density of

3five samples of gneissic granodiorite was 2.80 g/cm . 
Thirty-one samples of quartz monzonite from eighteen

3localities had an average density of 2.71 g/cm .
Twenty-three metagabbro samples from eleven localities

3averaged 2.88 g/cm . Case’s density values are in the same 
range as those reported by Joesting and Byerly (1958) for
Uncompahgre Uplift Precambrian rocks. For thirteen samples

3 3with densities ranging from 2.60 g/cm to 3.07 g/cm ,
3they report an average density of 2.71 g/cm .

Wells in the vicinity of the Uncompahgre Uplift, such 
as the Utah Southern Oil Company No. 1 State and the Pure 
Oil Company No. 1 Gateway wells, have encountered 
Precambrian granitic basement. An Equity Oil Company well 
in the northern Paradox Basin, near the northwestern 
extension of the uplift, reported Precambrian granite 
overlain by granite wash (Quigley, 1963). Approximately 80 
km to the north of the study area, the Pure Oil Company 2-A 
NW Lisbon well penetrated biotite granite of Precambrian age 
(Case et al., 1963).

Biotite granite was also penetrated by wells to the 
northwest of the study area on the San Rafael Swell 
(Joesting, Case, and Plouff, 1966). Metamorphosed sediments
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were penetrated by wells on the flank of the uplift 

(Quigley, 1963 ) .
Quigley (1963) gives some information regarding 

Precambrian drill hole penetrations immediately to the west 
of the study area, in the Monument Upwarp area (Figure 22). 
On top of the uplift, schist was encountered by Midwest 
Exploration Company*s Elk Ridge No. 1 and Utah Southern Oil 
Company’s Cedar Mesa No. 1 wells. The 1 Mexican Hat well 
drilled on top of the uplift also encountered schist 
(Petroleum Information). On the eastern flank of the 
uplift, the Shell Oil Company’s Bluff No. 1 well penetrated 
shale. This well is centrally located in the western half 
of the study area. Just as in the case of the San Rafael 
Swell rocks, Precambrian rocks are evidently more highly 
metamorphosed at the top of the uplift than on the flanks. 
This fact suggests that the two uplifts may be underlain by 
intrusive igneous cores (Quigley, 1963).

South of the study area, on the Defiance Plateau 
(Figure 22), Permian rocks unconformably rest on dense 
quartzite (Irwin et al., 1971). To the southeast, in the 
Zuni Mountains (Figure 22), Permian rocks overlie granitic 
rocks of Precambrian age (Irwin et al., 1971).

In the San Juan Mountains, to the east of the study 
area, highly metamorphosed gneiss and schist are overlain by
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much younger conglomerate, quartzite, and slate of
Precambrian age (Baars, 1966). Both series are intruded by 
granite of late Precambrian age. Outcrops indicate that the 
younger series is highly folded and faulted. Baars (1966) 
further reported that five wells in the eastern Paradox 
Basin penetrated coarse grained Precambrian granite, and 
that a sixth well encountered metamorphosed arkosic 
quartzite of Precambrian age. The Precambrian geology of
this area is also discussed by Barker (1969).

From the foregoing descriptions, it is reasonable to 
assume that the Wiener filter study area is underlain by a 
heterogeneous complex of intensely deformed Precambrian 
crystalline rocks. This conclusion is the logical one to be 
drawn from the geological relationships observed elsewhere
on the Colorado Plateau. Density of the basement rocks

3 3probably ranges from 2.6 g/cm to 3.1 g/cm , making them
either comparable or slightly greater in density than the
Mississippian and older Paleozoic rocks (Case and Joesting,
1972) .

T he  P r e - P e n n s y l v a n i a n  P a l e o z o i c  r o c k s

The Pre-Pennsylvanian Paleozoic rocks consist largely 
of indurated limestones, dolomites, sandstones, and shales. 
Limestone and dolomite are present in high proportions (Case
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and Joesting, 1972). As in other parts of the Colorado 
Plateau, Ordovician and Silurian rocks are absent in the 
study area.

The average density of these rocks may be about 2.60
3g/cm (Case and Joesting, 1972). Density logs from the few

logged wells in the study area which penetrate
Pre-Pennsylvanian rocks suggest a density range of roughly

3 32.60 g/cm to 2.75 g/cm for these rocks. It is
therefore probable that the density contrast between the
Pre-Pennsylvanian rocks and the Precambrian basement is
relatively small (Case and Joesting, 1972).

B u r i a l  of the P r e - P e n n s y l v a n i a n  r o c k s

Pennsylvanian time was characterized by an increasing 
level of regional tectonic activity. Some areas of the 
southern Paradox Basin were raised above sea level, and the 
Mississippian rocks at these places were often subjected to 
erosion (Baars, 1966). The Molas, Lime Ridge, and Pinkerton 
Trail Formations were laid down on top of the Mississippian 
topography. Figure 24 shows the stratigraphie nomenclature 
used in the southern Paradox Basin.

The unconf ormable Molas Formation represents the 
karst-like, erosional remnants of the upper part of the 
Mississippian Leadville Formation. Quigley (1963) points
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out that the Molas and later Pennsylvanian formations were 
deposited in and around previously formed structures. Szabo 
and Wengerd (1975) note that thickness changes occurring in 
the Molas and Lime Ridge Formations are indicative of 
topographic variations of the underlying, undulating 
Mississippian surface. The Molas Formation is frequently 
absent on the original Mississippian topographic highs, 
leaving the Mississippian rocks in these areas in contact 
with the Lime Ridge Formation.

Restricted access of marine waters into the broad shelf 
area of the southern Paradox Basin in middle Pennsylvanian 
time triggered the precipitation of thick evaporite 
sequences. A cycle of black shale, halite, anhydrite, and 
limestone or dolomite was deposited with each transgression 
and regression of the Pennsylvanian seas. The numerous 
evaporite cycles are assigned stratigraphically to the 
Paradox Formation (Figure 24). The aforementioned algal 
mounds occur in the penesaline facies of the Ismay and 
Desert Creek Members of the Paradox Formation.

Reactivation of the old basement fault blocks occurred 
contemporaneously with evaporite sedimentation. Baars
(1966) documents a case in which recurrent movement along an 
ancient fault zone occurred until at least early Permian
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time ; the rejuvenated structures had a controlling influence 
on the sedimentary processes taking place (Baars and 
Stevenson, 1982).

Tectonic activity in early to middle Pennsylvanian time 
also took place on the peripheral uplifts fringing the 
Paradox Basin. The Monument Upwarp on the western edge of 
the study area is a notable local example. These structural 
features figured prominently in controlling the thickness of 
precipitating evaporites.

A necessary condition for the accumulation of such 
thick evaporite sequences was the continued subsidence of 
the Paradox Basin throughout Palezoic time (Gorham, 1975; 
Szabo and Wengerd, 1975). Evaporite precipitation
culminated in late Pennsylvanian time, which marked the 
start of an era of increasing clastic sedimentation of 
mainly continental origin.

P o s t - P e n n s y l v n a i a n  t e c t o n i c  a c t i v i t y

Post-Pennsylvanian tectonic activity in the southern 
Paradox Basin was largely limited to the rejuvenation of 
paleostructural elements along pre-existing zones of 
weakness. Little tectonic activity occurred in Triassic and 
Jurassic time and any changes in the structural attitude of 
the basement and overlying sedimentary section was 
negligible (Quigley, 1963).
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The folding and faulting of the basement and overlying 
rocks which occurred in early Cretaceous time was 
immediately followed by a period of tectonic quiescence in 
middle Cretaceous time. In late Cretaceous to early
Tertiary time, Laramide compressional forces acting from 
west to east further reactivated existing structural 
elements, such as the Monument Upwarp on the western edge of 
the study area. The basement and lower Paleozoic rocks were 
for the most part undisturbed after this major orogeny. 
Quigley (1963) writes that in Tertiary time, these rocks 
were probably only slightly altered structurally by simple
stoping and fracturing.

The r o l e  of g r a v i t y  in s t r u c t u r a l  i n t e r p r e t a t i o n

The preceding discussion has focused on the currently 
popular ideas of Baars and Stevenson (1981; 1982) who
propose that the petroliferous mound carbonates of the 
southern Paradox Basin accumulated on basement controlled, 
shallow water shoals. Geophysical detection of
Pre-Pennsylvanian structural highs therefore represents an 
indirect method of exploring for algal mounds in the region. 
Furthermore, the material just presented suggests an
exploration strategy involving gravity data for delineating
the structural highs. This strategy will now be outlined.
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The first Cambrian seas encroached from the west upon a 
Precambrian terrain characterized by a greatly weathered and 
eroded peneplain with little topographic relief (Baars, 
1966) . Hence the present Pre-Pennsylvanian structure also 
reflects rather closely the structural attitude of the 
Precambrian surface (Case and Joesting, 1961 ; Quigley,
1963). Isopach studies as well as the distribution of algal 
mounding in the area show that much of the present structure 
represents true Pre-Pennsylvanian paleotopography (Sherrill, 
1979 ; Baars and Stevenson, 1982).

Well data from Petroleum Information Corporation was 
used to supplement that of Case and Joesting (1972) to 
produce the top of Mississippian structure map in Figure 25. 
Several structurally high and low areas are evident. The 
structural grain has a strong northwesterly component that 
is interrupted to the west by the tectonic elements of the 
Monument Upwarp.

Density logs from the study area reveal a major density 
contrast between the Pennsylvanian evaporite section and the 
Pre-Pennsylvanian rocks. Within the study area, great 
thicknesses of halite occur in the hypersaline facies of the 
Barker Creek and Akah Members of the Pennsylvanian Paradox

3Formation. Hence a density contrast between -0.4 g/cm
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and -0.6 g/cm exists between the evaporites and the
underlying rocks. The interface between the evaporites and 
the Pre-Pennsylvanian rocks is consequently one of the most 
important from the viewpoint of its gravity effect (Joesting 
and Byerly, 1958). Joesting and Byerly (1958) found this 
effect to be significant in the region immediately to the 
northeast of the study area.

Density logs exist for only a few of the wells which 
penetrate the Mississippian. Hence the available density 
logs were supplemented with information from well completion 
cards to construct two density cross-sections in the study 
area. These cross-sections, AA' and BB/, are located on 
Figure 26 and shown in Figures 27 and 28.

A reasonable assumption is that much of the 
Pre-Pennsylvanian paleotopography is presently buried by the 
thick, and much less dense, Pennsylvanian evaporite section. 
Cross-sections AA" and BB" show the way in which the 
base of the evaporites conforms to the underlying 
Mississippian structure. It is also apparent that the 
structure of the top of the salt may in places create a 
gravity effect which partially cancels the effect from the 
base of the salt.

Quite clearly then, gravity data may have an important 
contribution to make in unraveling the configuration of the
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Figure 25. Top of Mississippian structure in the Wiener 
filter study area. Datum is the same as the 
continued complete Bouguer anomaly, 1.6057 km 
above sea level. Well control is indicated.
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Figure 26. Location of density cross-sections A-Az and 
B-Bz in the Wiener filter study area.
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Figure 27. Density cross-section A-A/. Location shown on 
Figure 26. Wells from north to south are (1 ) 
Skelley Oil Company #1-A Ute-Federal, (2)
Cities Service Company Nielson A #1, (3) Cities
Service Company State A #1, (4) Tricentrol
Resources Inc. Federal 34-32, (5) Reynolds
Mining 1 Hatch, (6 ) Superior Oil Company Alkali
Canyon #17-21, (7) Texaco Inc. D-30
Navajo-Tribe, and (8 ) Carter Oil Company #1 
White Mesa Unit.
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Figure 28. Density cross-section B-B/. Location shown on 
Figure 26. Wells from west to east are (9) 
Shell Oil Company 1 Unit, (6 ) Superior Oil 
Company Alkali Canyon #17-21, (5) Reynolds
Mining 1 Hatch, and (10) Superior Oil Company 
Black Steer Canyon #12-11.
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Mississippian surface, a surface which might have exerted 
significant control on the distribution of hydrocarbon 
reservoirs in the southern Paradox Basin. The rest of this 
thesis will be devoted to the analysis of gravity data in 
the Wiener filter study area.

Wiener filtering will be used in an attempt to separate 
the gravitational signature of the Pre-Pennsylvanian 
structure from the net gravitational field. In the next 
section, the gravity data used in the study are discussed. 
Afterwards, the results of Wiener filtering will be 
presented and analyzed.
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Gravity data

Before discussing the results of Wiener filtering on 
data from the southern Paradox Basin, the reduction of the 
gravity data used in the study will be described. The 
gravity data are from the National Oceanic and Atmospheric 
Administration’s (NOAA’s) nonproprietary, United States 
gravity data set.

2A study area of 90 km areal extent was originally
selected which included the 1658 irregularly spaced
gravity stations shown in Figure 29. This area lies in the
southern Paradox Basin between 108.8648 and 109.8637
degrees west geodetic longitude and between 36.9978 and
37.7950 degrees north geodetic latitude.

It was later deemed necessary to reduce the size of the
2study area to a smaller area of 53 km in order to satisfy

requirements of geological homogeneity for the Wiener
filtering (see the theoretical discussion of Wiener
filtering). The smaller area lies within the limits of the
original area (Figure 29). The greater suitability of this
area was not realized until after gravity data from the

2original 90 km area had been reduced. Figure 29 shows
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the distribution of the 1032 irregularly spaced gravity
2stations contained in the 53 km area.

Simple Bouguer anomaly values of the gravity data set 
have an estimated standard deviation of 1.0 mgal. The 
simple Bouguer anomaly represents the difference between the 
corrected value of observed gravity at a station and the 
theoretical value of gravity at the station (Netttleton, 
1976; Ervin, 1977). For the theoretical value of gravity at 
sea level, NOAA uses the reference spheroid gravity formula 
adopted by the International Association of Geodesy in 1967. 
The theoretical value of gravity at each station is obtained 
by adding the standard free-air correction of -0.3086 
mgal/m to the station's theoretical sea level gravity value 
to account for the station's elevation above sea level. The 
observed value of gravity is corrected by subtracting the 
attraction of a laterally infinite Bouguer plate in order to 
remove the gravity effect of a homogeneous layer of mass 
between the observation point and sea level. Subtraction of 
the theoretical value of gravity from the corrected value of 
gravity at each station yields the simple Bouguer anomaly 
values in the NOAA data set.

Terrain corrections computed by NOAA were utilized with 

the simple Bouguer anomaly values to obtain a set of 

complete Bouguer anomaly values. All terrain corrections
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were computer generated using an algorithm that models the
terrain with vertical inclined-topped prisms. The algorithm
is one of the more accurate computerized terrain correction
techniques currently in use (Dewhurst, 1987).

3The reduction density of 2.67 g/cm used by NOAA is
undoubtedly too high for the study area, so the Bouguer
plate corrections and the terrain corrections were rescaled

3to the more realistic reduction density of 2.57 g/cm .
Topographic relief in the Wiener filter study area is
relatively minor as can be seen in the map of Figure 30.
The map is based on NOAA *s thirty second point elevation
data for the United States. Maximum change in relief in the 

253 km Wiener filter study area is approximately 0.2 km. 
Consequently, terrain corrections are small, being generally 
a milligal or less in the study area. The similarity
between terrain corrections in the Wiener filter study area

3 3for densities of 2.67 g/cm and 2.57 g/cm is shown in
the maps of Figure 31 and 32 respectively. The value of the
optimum reduction density, although debatable, is clearly
not critical.

This conclusion is supported by the work of Joesting 
and Byerly (1958), who conducted gravity measurements at the 
top and bottom of the steep canyon of the San Miguel River 
approximately 100 km to the northeast of the study area.
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Figure 30. Topography in the Wiener filter study area 
(boxed area). Datum is the same as the 
continued complete Bouguer anomaly, 1.6057 km 
above sea level. Contour interval is 0.2 km.
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Figure 31. Terrain correction for gravity data in the 
Wiener filter study area (boxed area) based on
a reduction density of 2.67 g/cm3. Contour 
interval is 1 mgal.
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Figure 32. Terrain correction for gravity data in the 
Wiener filter study area (boxed area) based on

3a reduction density of 2.57 g/cm . Contour 
interval is 1 mgal.
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Two measurements vertically separated by a distance of about
244 m were made over an interval incorporating the part of
the sedimentary section between the Triassic Wingate
Sandstone and the Jurassic Morrison Formation. This is a
section dominated by sandstones, siltstones, shales, and
conglomerates of mainly continental origin. Joesting and

3Byerly derived an average density of 2.50 g/cm for this 
sedimentary package, a value which they used in subsequent 
Bouguer plate and terrain corrections.

In the Wiener filter study area, sedimentary rocks of 
primarily Mesozoic age outcrop. The Jurassic Morrison 
Formation and the Lower Cretaceous Dakota Sandstone are 
extensively exposed. In the relatively deep San Juan Canyon 
in the southern half of the area, Triassic rocks are
exposed. Repenning et al. (1969) note that shaly beds of 
the Chinle Shale and Moenkopi Formations in the canyon 
attain thicknesses of nearly 396 m. This shaly section is 
probably more indurated and dense than the sandier,
overlying rocks. Hence its effect on the average density of
the Mesozoic rocks would probably be to raise the average

3density above 2.50 g/cm in certain parts of the study 
area.

Forward modeling suggests that the gravity effect of 
interest lies in the 1-15 mgal range. The similarity in
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terrain corrections for densities of 2.67 g/cm and 2.57
3g/cm (Figures 31 and 32) therefore implies that the

3difference of 0.07 g/cm between reduction densities of
3 32.57 g/cm and 2.50 g/cm is negligible in connection with

the objectives of the present study.
Case et al. (1963) expressed a similar thought

concerning their work in the La Sal Mountains north of the
Wiener filter study area. Although they used a reduction

3density of 2.50 g/cm , they noted that densities between
3 32.40 g/cm and 2.60 g/cm would not affect the anomaly

pattern of interest in a significant way.
The complete Bouguer anomaly obtained from combining a

terrain correction with the simple Bouguer anomaly, after
being gridded at a spacing of one kilometer with a minimum
curvature gridding algorithm, is shown in Figure 33. The
complete Bouguer anomaly is in a sense distorted since the
gravity stations are distributed at different elevations
corresponding to the topography of the earth's surface.
Wiener filtering, like many processing schemes, assumes
coplanar data. Hence the complete Bouguer anomaly was
differentially continued to a level surface 1.6057 km
above sea level. This continuation level corresponds to the
average elevation of the 1658 gravity stations in the

2 2 original 90 km study area. In the 53 km area
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Figure 33. Complete Bouguer anomaly for the Wiener filter 
study area. Contour interval is 1 mgal.
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eventually used, the level of continuation is approximately 
equal to the highest station elevation in the area, a rather 
fortuitous result.

Continuation of the complete Bouguer anomaly to a level
surface was accomplished using the finite harmonic series
approximation method described by Henderson and Cordell
(1971). The noncoplanar complete Bouguer anomaly was fit
with harmonics up to order twelve, an order at which the
goodness of fit between successively higher order harmonics
is marginal (Figure 34). This truncation point is

2acceptable on the additional grounds that in the 53 km 
area, the continuation involves an upward continuation at 
most of the gravity stations, and thus is increasingly less 
sensitive to harmonics of increasingly higher order.

The continued complete Bouguer anomaly is that of 
coplanar, but irregularly spaced data. Frequency-domain 
Wiener filtering makes use of the fast Fourier transform, 
and so requires regularly spaced data. To this end, a 
minimum curvature gridding algorithm was used to grid the 
continued complete Bouguer anomaly at a spacing of 1.0 km. 
Figure 33 shows the gridded, noncoplanar complete Bouguer 
anomaly, while Figure 35 shows the gridded, coplanar 
continued complete Bouguer anomaly used for Wiener 
filtering. Complete Bouguer anomaly values at most stations
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Figure 34. Residual variance estimates indicating the 
goodness of fit of a harmonic series fit to the 
complete Bouguer anomaly shown in Figure 33. 
Truncation of the series after the twelfth- 
order harmonic was judged to give a good fit to 
the original data.



T-3457 123

N
«-------- 1 2 A

10 KM 53 KM T

Figure 35. Result of continuing the complete Bouguer
anomaly shown in Figure 33 to a level surface 
1.6057 km above sea level using a finite 
harmonic series truncated after the twelfth- 
order harmonic. Contour interval is 1 mgal.
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were upward continued in the differential continuation, and 
this is reflected in the greater smoothness of the continued 
complete Bouguer anomaly (compare Figure 35 with Figure 33).
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Wiener filtering results

The desirability of separating the gravitational effect 
of the Pre-Pennsylvanian structure in the southern Paradox 
Basin study area from the complete Bouguer anomaly was 
established in the earlier geological discussion. Wiener 
filtering will now be used in an attempt to effect this 
separation. First however, some of the more notable 
features of the complete Bouguer anomaly will be described. 
The urifiltered complete Bouguer anomaly for the area is 
shown again in Figure 36 for convenient reference.

An arcuate high gradient feature is clearly discernable 
in the southwestern part of the complete Bouguer anomaly 
map. The contoured gravity field lines associated with this 
feature eventually assume a north-trending orientation along 
the western edge of the map, and an east-trending 
orientation along the southern edge of the map. This very 
prominent feature of the gravity field is probably due to 
both structural and lithologie changes, the nature of which 
are as follows.

In moving west across (and eventually out of) the study 
area, Mesozoic strata are vertically displaced approximately 
1.5 km to 2.0 km as the structurally low area in the 
interior of the study area gives way to the structurally
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Figure 36. Continued complete Bouguer anomaly for the 
Wiener filter study area. Contour interval is 
1 mgal.
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higher area immediately to the west (Case and Joesting, 
1972). This structurally high area is part of the major 
tectonic feature known as the Monument Uplift (Figure 22). 
Mesozoic rocks similar to those outcropping in the study 
area are absent due to erosion on the crest of the uplift
(Hintze, 1980 ; Haynes et al., 1972; Case and Joesting,
1961). A similar westerly increase in structural relief 
characterizes all other stratigraphie horizons, including 
for example the Precambrian (Case and Joesting, 1972), the
middle Pennsylvanian (Sherrill, 1979), and the lower
Cretaceous (Haynes et al., 1972).

Structure at the top of the Mississippian is no
exception (Figure 37). In Figure 37, a surface of minimum
curvature has been fit to Mississippian well control in the 
area. Since no additional geological information was used 
to supplement the available well control, and since a 
minimum curvature surface was used in the computer structure 
contouring, the Mississippian structure is suspect in areas 
of sparse well control. Wells outside the study area were 
used where available to control gridding at the edges of the 
map.

Hence the situation is one in which denser rocks are 
nearer the surface in the western part of the study area 
than in the eastern part. However, as Case and Joesting
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Figure 37. Top of Mississippian structure in the Wiener 
filter study area. Datum is the same as the 
continued complete Bouguer anomaly, 1.6057 km 
above sea level. Well control is indicated.
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( 1972 ) point but, the existing structure cannot by itself 
account for the large gravity values associated with the 
arcuate feature in the southwestern part of the complete 
Bouguer anomaly map.

Another structurally high area is present in the 
southern part of the study area. Once more, the structure 
is developed throughout the geologic section (Sherri 11, 
1979; Case and Joesting, 1972; Haynes et al., 1972),
including the top of the Mississippian (Figure 37). This 
part of the complete Bouguer anomaly map is characterized by 
large gravity values. Again however, structural relief is 
insufficient to account for the total gravity effect (Case 
and Joesting, 1972).

Case and Joesting (1972) propose intrabasement density 
contrasts as the other principal mechanism, besides 
structural relief, responsible for the arcuate gravity 
feature in the southwestern part of the complete Bouguer 
anomaly map. As previously mentioned, Quigley (1963) cites 
evidence suggesting that the Monument Uplift, as well as 
other uplifts in the region, may be underlain by intrusive 
igneous cores. The high density basement zones proposed by 
Case and Joesting (1972) are compatible with such a geologic 
picture.
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Gravity values in the western, southwestern, and 
southern parts of the study area, because of their large 
magnitudes, suggest that the relief present on the 
Pre-Pennsylvanian surface is much larger than it actually 
is .

Another feature of the complete Bouguer anomaly is a 
prominent gravity low near the northern edge of the study 
area. Coincident with the gravity low is a
Pre-Pennsylvanian structural low. Well data indicate that 
the gravity low cannot result entirely from salt thickening 

in the basinal depression (Case and Joesting, 1972). Case
and Joesting (1972) suggest the presence of a basement block
of low density material, such as granite or a thick
quartzite sequence. In the preceding geological discussion,
the existence of both these basement rock types in the
Colorado Plateau region was established. Granite or

3 3quartzite (density 2.6 g/cm to 2.7 g/cm ) could be in
juxtaposition with denser metamorphic or mafic rocks

3 3(density 2.8 g/cm to 3.1 g/cm ) similar to those observed 
to the northeast on the Uncompahgre Plateau. The concept of 
basement zones of differing lithologies is echoed by 
Hildenbrand and Kucks (1983), who applied digital methods of 
analysis to gravity data from the same area.
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Attached in pendant-like fashion to the large gravity 
low is a secondary low which projects down to the south. 
This feature coincides approximately in location with a top 
of Mississippian structural low that also pushes down to the 
south (Figure 37). The axis of the structural low however 
is offset roughly 7 km to the west of the gravity low’s 
axis .

Numerous other features of a less laterally extensive 
nature are evident on the complete Bouguer anomaly map. 
These are probably due to shallow geologic sources or, as 
Case and Joesting (1972) suggest, to either local variations 
in salt thickness or small intrabasement density contrasts. 
The gravity effect of soil, alluvium, conglomerate, and wind 
deposits is usually small except in the few places where 
these deposits develop significant thickness (Joesting and 
Byerly, 1958).

As mentioned earlier, thick evaporite deposits, 
particularly halite of the Paradox Formation’s Barker Creek 
and Akah Members (Figure 24), create a significant density 
contrast with the underlying Pre-Pennsylvanian rocks. The 
signal power spectrum used in specifying the transfer 
function of the Wiener filter was calculated from the 
modeled gravity effect of the known Pre-PennsyIvanian 
structure in the area.
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The aforementioned surface of minimum curvature fit to
Mississippian well control (Figure 37) was used to model the
Pre-Pennsylvanian structure. For the model gravity field

3calculations, a density of 2.15 g/cm was assigned to the
3salt and a density of 2.7 g/cm to the largely 

carbonate-crystalline Pre-Pennsylvanian rocks. The modeled 
gravity response is shown in Figure 38. The modeled 
response shows that the Pre-Pennsylvanian structural relief 
can account for only a fraction of the net gravity field. 
Since the Pennsylvanian evaporites create the only really 
significant density contrast within the sedimentary section, 
a large part of the net gravity field must originate from 
the basement. For reasons cited earlier, the Mississippian 
structural model is suspect in areas of sparse well control. 
This fact must be kept in mind when comparing the 
Mississippian structure map with the Wiener-filtered gravity 

map.
In designing the transfer function of the Wiener 

filter, the radially averaged power spectrum of the modeled 
gravity signal (Figure 39) is taken to be the best available 
estimate of the signal's radially averaged power-spectral 
density function. Similarly, the radially averaged power 
spectrum of the complete Bouguer anomaly (Figure 40) is 

considered to be the best available estimate of the observed
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Figure 38. Computed gravity effect of the Pre-Penn
sylvanian structural model. Contour interval 
is 1 mgal.
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Figure 39. Estimate of the gravity signal's radially aver
aged log-power spectrum (top). Approximation 
of spectrum with five straight line segments 
(bottom).
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40. Estimate of the net gravity field's radially 
averaged log-power spectrum (top).
Approximation of spectrum with four straight 
line segments (bottom).
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gravity field’s radially averaged power-spectral density 
function. The ratio of these two spectral quantities 
defines the transfer function of the Wiener filter.

Figure 41 shows the transfer function of the Wiener 
filter obtained for the southern Paradox Basin study area. 
The filter passes a greater proportion of power at low 
spatial frequencies than at high frequencies, reflecting the 
possibility that small, near-surface geologic features may 
cause much of the higher-frequency noise. Noise is also 
contributed by deep features, since the filter passes a 
fraction of the total power at low spatial frequencies.

The Wiener-filtered complete Bouguer anomaly map is 
shown in Figure 42 along with the original unfiltered map. 
Many of the small and irregular features present in the 
original map are absent in the filtered map. The filtered 
map is quite clearly a smoothed version of the original 
f ield.

Perhaps the most obvious aspect of the filtered map is 
that the gravity gradients after filtering more accurately 
reflect the true amount of Pre-Pennsylvanian structural 
relief. This point is best exemplified by comparing the 
filtered map with the computed gravity response of the 

Pre-Pennsylvanian structural model (Figure 38). This
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Figure 41. Transfer function of the Wiener filter used to 
separate the gravity effect of the Pre- 
Pennsylvanian structure.
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Figure 42. Result (bottom) of applying Wiener filter to 
continued complete Bouguer anomaly (top). Con
tinued complete Bouguer anomaly shown demeaned 
for better comparison. Contour interval is 1 
mgal.
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characteristic is an important feature which distinguishes 
Wiener filters from conventional bandpass filters. The 
latter can smooth a potential field, although not generally 
in the same way as a Wiener filter, but cannot, in general, 
restore proper gradients.

Of note is the manner in which the gradient of the 
north-trending contour lines at the western edge of the 
original map has been suppressed in the filtered map. The 
north-northwest-trending contours present in the filtered 
map are more suggestive of the northwesterly grain of the 
actual Pre-Pennsylvanian structure. Furthermore, the
amplitude of the gravity low in the north as well as its 
associated south-trending nose, after Wiener filtering, more 
accurately reflect the true amount of Pre-Pennsylvanian 
structural relief.

Assuming that the model of a uniform (and quite large) 
density contrast between the Pre-Pennsylvanian rocks and the 
overlying evaporites is valid for the entire study area, 
there are features -in the filtered map (Figure 42) which are 
seemingly at variance with the known Mississippian structure 
(Figure 43).

The south-trending gravity nose seems too laterally 
extensive and projects down as far as the southern edge of 
the map, where there is a Mississippian high. The axis of
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Figure 43. Top of Mississippian structure in the Wiener 
filter study area. Datum is the same as the 
continued complete Bouguer anomaly> 1.6057 km 
above sea level.
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the nose, after filtering, is still offset to the east of 
the Pre-Pennsylvanian structural axis. Variations in 
structure at the top of the Pennsylvanian salt section or 
variations in density within the basement are likely causes 
of the anomaly shift.

The gravity high in the southeastern quarter of the map 
may be related to actual Pre-Pennsylvanian structure, to 
salt thinning, or to a zone of increased density within the 
basement. These three possibilities are admitted by the 
absence of deep well control in the area.

The discrepancies between the filtered map and the 
known Pre-Pennsylvanian structure discussed above illustrate 
how Wiener filtering, like conventional bandpass filtering, 
is incapable of separating anomalies when the nature of the 
geological noise sources is such that the noise power is 
concentrated in high proportion in the same spectral band as 
the signal power. Example 3 of the model study shows rather 
clearly that Wiener filtering will not work well when the 
spatial breadth of gravity anomalies from the noise sources 
is comparable to that of anomalies from the signal source.

One objective of filtering gravity data from the 
southern Paradox Basin was to resolve the question of 

whether, as Baars and Stevenson (1981; 1982) claim, there 
are northwest-trending basement fault blocks which
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controlled algal mounding in Pennsylvanian time. The 
presence of northwest-trending basement fault blocks is not 
indicated in the Wiener-filtered gravity map.

One explanation is that such a systematic trend of 
basement blocks does not exist. On the other hand, the 
blocks may exist but are, for whatever reason, undetectable 
by the gravity method. The blocks could, for example, have 
very subtle structures associated with them. Another 
possibility is that the Pre-Pennsylvanian structural model 
used in designing the Wiener filter is too coarse in that 
available wells do not sample the Mississippian surface 
finely enough. If this is the case, then the high-frequency 
content of the gravity signal is underestimated.

The logical question at this point is whether or not 
the Wiener-filtered map is any better than a conventional 
lowpass-filtered map. To answer this question, a colleague, 
Fred E . Berkman, with many years of experience in 
conventional gravity and magnetic bandpass filtering was 
asked to design a lowpass filter to accomplish the desired 
separation. Information provided to this independent 
interpreter included a geological description of the problem 
and a radially averaged power spectrum of the complete 

Bouguer anomaly map. The interpreter was also told that the
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Figure 44. Radially averaged log-power spectrum (top) for 
gravity map of Figure 36. Conventional lowpass 
filter (bottom) designed to separate the
gravity effect of the Pre-Pennsylvanian
structure.
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anomaly of interest has the greatest concentration of 

spectral power at low spatial frequencies.
The lowpass filter thus designed is shown in Figure 44 

together with the radially averaged log-power spectrum of 
the complete Bouguer anomaly. The filter is designed to 
pass the most steeply sloping part of the power spectrum, 

corresponding to the,deeper geologic features.
Figure 45A shows the original unfiltered map as well as 

the lowpass-filtered map. The Wiener-filtered map is shown 
again in Figure 45B for easy reference. Comparison of the 
lowpass-filtered map with the unfiltered map shows the 
filtered map to be essentially a smoothed version of the 
original map. However, the smoothed result in this case 
does not reflect the known Pre-Pennsylvanian structure 
nearly as well as the Wiener-filtered map. This result 
reflects the more restricted frequency selectivity of the 
lowpass filter. Notice too that the large gradients present 
in the original map are also present in the filtered map. 
This result stems from the fact that the filter response has 
a value of unity from 0.0 cycles/km to 0.09 cycles/km.

All conventional bandpass filters are plagued by the 
same problem in that their transfer - functions have values of 
unity over some particular band of spatial frequencies. 
This characteristic prevents the lowpass filter from
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Figure 45A. Result (bottom) of applying conventional 
lowpass filter to continued complete Bouguer 
anomaly (top). Continued complete Bouguer
anomaly shown demeaned for better comparison. 
Contour interval is 1 mgal.
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restoring long wavelength gravity gradients as well as the 
Wiener filter. Indeed, the lowpass-filtered map suggests 
that the Pre-Pennsylvanian structure is much greater than it 
actually is.

The lack of correlation between certain features of the 
Wiener-filtered map and the top of Mississippian structure 
map is seen to be true for the same features on the 
lowpass-f iltered map. The limitations which apply to Wiener 
filtering obviously, and to no great surprise, apply also to 
conventional bandpass filtering.

Once the effect of shallow geologic features has been 
removed from the gravity field by Wiener filtering, it is 
theoretically possible to enhance the gravity effect of the 
deeper sources by a downward continuation operation. 
Downward continuation of the Wiener-f iltered field 
represents an extension of the more basic optimum downward 
continuation discussed by Clarke (1969).

The Wiener-filtered field from the study area was 
downward continued a distance of 1.5 km in an attempt to 
enhance the separated anomalies. This continuation level is 
approximately 0.25 km higher than the shallowest of the 
geological features of interest. The downward-continued 
field is shown for comparison beneath the Wiener-filtered 
field in Figure 46.
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Figure 46. Wiener-filtered gravity field (top) downward 

continued 1.5 km (bottom). Contour interval is 
1 mgal.
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Examination of the downward-continued field shows that 
gravity gradients of features in the Wiener-filtered map 
have been steepened. The continuation has also enhanced 
several features of more local extent. A comparison of the 
downward-continued map and the original complete Bouguer 
anomaly map (Figure 36) however shows that all of the 
secondary features are present in the original, unfiltered 
data. For the case of the smaller features , the downward
continuation has merely enhanced features of the gravity 
field previously suppressed by Wiener filtering.

A question worthy of investigation is whether or not a 
Wiener filter can be designed in the absence of information 
like the subsurface well control that allowed construction 
of the geologic model used earlier in estimating the gravity 
signal *s power-spectral density function.

Working with only general geologic concepts, the 
simplest assumption is that the geologic sources of 
interest, due to their depth (approximately 2.0 km), have 
their spectral power concentrated principally at low spatial 
frequencies. By contrast, shallower geologic sources in 
general have a greater proportion of their power distributed 
at higher spatial frequencies.

Given these assumptions, the radially averaged signal 
power-spectral density function can be estimated as shown at
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the bottom of Figure 47, where a straight line has been fit 
to the most steeply sloping part of the complete Bouguer 
anomaly *s radially averaged power spectrum. The steepest 
part of the spectrum, being at low frequencies, presumably 
relates to deeper geologic sources.

Four straight line segments, as shown at the top of 
Figure 47, are used just as before to estimate the complete 
Bouguer anomaly's radially averaged power-spectral density 
function.

The Wiener filter resulting from use of these spectral 
estimates is shown at the bottom of Figure 48. The 
described method of filter construction is similar to that 
of Gupta and Ramani (1980). This particular filter, by 
virtue of its design, has a response similar to that of the 
conventional lowpass filter discussed earlier (Figure 44).

The complete Bouguer anomaly, before and after Wiener 
filtering, is shown in Figure 49. Not surprisingly, the 
filtered map looks much like the lowpass-filtered map in 
Figure 45. Although the complete Bouguer anomaly has been 
smoothed by the filtering, excessive gravity gradients 
remain in the filtered map, reflecting the fact that a 
significant proportion of the gravity field's low-frequency 
spectral power arises from intrabasement density variations 
in addition to the Pre-Pennsylvanian structural relief.
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Figure 47. Spectral estimates for a simple Wiener filter.

Four straight line segments approximate the 
continued complete Bouguer anomaly's radially 
averaged power-spectral density function (top). 
One line segment approximates the gravity 
signal's radially averaged power-spectral 
density function (bottom).
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Figure 48. Radially averaged log-power spectrum of the 
continued complete Bouguer anomaly (top).
Transfer function of the simple Wiener filter 
used to separate the gravity effect of the 
Pre-Pennsylvanian structure (bottom).
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Figure 49. Result (bottom) of applying the simple Wiener 
filter to the continued complete Bouguer 
anomaly (top). Continued complete Bouguer 
anomaly shown demeaned for better comparison. 
Contour interval is 1 mgal.
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An advantage of using a geologic model to estimate the 
signal’s power-spectral density function is that the 
resulting Wiener filter more adequately restores proper 
gravity gradients. The simple Wiener filter under 
discussion here is really just a regional separation filter 
in that it not only passes the contribution to the gravity 
field’s power spectrum from the geologic sources of 
interest, but also the contribution from any other sources 
which falls within the same spectral band. Performance of 
the filter is limited due to the gross assumption made about 
the spectral distribution of the signal power. Hence a 
method of designing a more effective filter when detailed 
subsurface information is lacking would be highly 
beneficial.

For the Wiener filters discussed in this study, filter 
design is reduced to the problem of estimating the signal’s 
power-spectral density function. As demonstrated earlier, a 
geologic model of the signal source can be built if 
sufficient subsurface control is available.

Of enormous significance is the fact that an equally 
effective filter can be designed from a geologic model whose 
features lack a one-to-one correspondence with the actual 
geology. Since the problem is to specify only the gravity 
signal’s power spectrum rather than both the power and the
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phase spectra, any geologic model will suffice which 
replicates the signal’s power spectrum. For the case at 
hand, it is only necessary to create a top of Mississippian 
model whose surface configuration has undulations of
approximately the same "amplitude" and "period" as those of 
the real surface. Model features need not correspond in 
location to similar features of the actual Mississippian 
surface.

For the southern Paradox Basin study area, the top of 
the Mississippian was assumed to undulate with a maximum 
amplitude of 0.5 km about an average depth of 2.228 km. A 
random number generator was used to produce uniformly
distributed "depth points" in the range 2.228 ± 0.5 km. The 
depth points were regularly spaced on a grid at 12.25 km 
spacing and fitted with a surface of minimum curvature in 
order to create a surface with undulations similar to those 
thought actually present at the top of the Mississippian. 
This structural model is shown in Figure 50. Locations of 
depth points used in creating the gridded surface are also 
indicated.

The radially averaged signal power spectrum generated 
from this model is shown in Figure 51 along with the three
straight line segments used to approximate the spectrum.
Using the same radially averaged total power spectrum as in
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Figure 50. Pre-Pennsylvanian structural model based on 
randomly generated "depth points". Datum is 
the same as the continued complete Bouguer 
anomaly, 1.6057 km above sea level. "Depth
points" are indicated.
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Figure 51. Estimate of the gravity signal's radially 
averaged log-power spectrum (top) based on the 
model of Figure 50. Approximation of spectrum 
with three straight line segments (bottom).
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Figure 52. Radially averaged log-power spectrum of the 
continued complete Bouguer anomaly (top). 
Transfer function of the Wiener filter used to 
separate the gravity effect of the Pre- 
Pennsylvanian structure (bottom).
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Figure 53
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Result (bottom) of applying the Wiener filter 
to the continued complete Bouguer anomaly (top) 
Continued complete Bouguer anomaly shown 
demeaned for better comparison. Contour 
interval is 1 mgal.
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the previous examples leads to the Wiener filter shown in 
Figure 52. Application of the filter to the complete 
Bouguer anomaly results in the map of Figure 53.

Due to the similarity of this filter to the filter- 
obtained from the geologic model constructed from well 
control, the Wiener-filtered maps obtained from the two 
filters are similar. The remarkable result which emerges 
from this example is that an effective Wiener filter can be 
designed from only very general geological concepts.
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CONCLUSIONS

In certain geologic environments, whose characteristics 
are explained below, Wiener filters which have circularly 
symmetric transfer functions and which assume uncorrelated 
signal and noise are useful for separating gravity 
anomalies, even for cases in which the signal and noise 
components of the gravity field are to some extent 
correlated.

Model studies demonstrate that the anomaly-separating 
ability of the Wiener filter is dependent on at least two 
factors. The first factor is the noise-to-signal ratio. 
The performance of the Wiener filter decreases as the 
noise-to-signal ratio increases. Filter performance cannot, 
however, be predicted on the basis of the noise-to-signal 
ratio alone. The second and more important factor to be 
considered is the spectral distribution of noise power 
relative to signal power. Performance of the Wiener filter 
is degraded as the spectral overlap between the signal 
component and the noise component increases. Both of these 
limiting factors, the noise-to-signal ratio and the amount 
of spectral overlap between signal power and noise power, 
are functions of the particular geologic setting.
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Model studies further indicate that some distortion 
remains in the data after Wiener filtering. The amount of 
distortion depends on the relative distribution of noise 
power and signal power. This result is in perfect accord 
with theory. The equation for filter output shows that, for 
the form of the Wiener filter used in this study, the true 
signal can never be exactly recovered in the presence of 
noise. The signal estimate obtained by filtering contains 
residual noise components. Hence the interpretation of 
Wiener-filtered maps must take into account the presence of 
possible filter artifacts which are unrelated to the true 
signal.

A Wiener filter was applied to a set of real gravity 
data from the southern Paradox Basin in an attempt to 
separate the gravitational effect of the Pre-Pennsylvanian 
structure from the complete Bouguer anomaly. The
Wiener-filtered map more accurately reflects known 
Pre-Pennsylvanian.structure than does either the original 
gravity map or a conventional lowpass-fiItered map. The 
apparent superiority of the Wiener-filtered map is 
attributed to a frequency selectivity in the Wiener filter 
which is unattainable in the lowpass filter. The greater 
frequency selectivity of the Wiener filter is a consequence 
of the ability to incorporate geologic information from the
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study area into the specification of the filter’s transfer 
f unction.

The Wiener-fiItered map also contains features that are 
seemingly at variance with the known Pre-Pennsylvanian
structure. It was shown earlier that a large fraction of
the gravity field must have its source in the basement. 
Some intrabasement density contrasts probably give rise to 
gravity features whose spectral power is significantly
distributed in the same spatial frequency band as that of 
the gravity signal which the Wiener filter attempts to pass. 
In such circumstances, a conventional bandpass filter can 
perform no better (in this case much worse, as the lowpass 
filtering example illustrated). Hence the limitations which 
apply to Wiener filtering also apply to conventional
bandpass filtering.

In the southern Paradox Basin, Wiener filtering can 
enhance the gravity effect of some of the more prominent 
Pre-Pennsylvanian structures. Some zones of varying density 
within the basement have associated gravity features whose 
spatial dimensions are comparable to those of the 
Pre-Pennsylvanian structures. Thus these latter gravity 
effects inevitably appear in filtered gravity maps, and can 
be wrongly interpreted as due to structure.
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One objective of filtering gravity data from the 
southern Paradox Basin was to resolve the question of 
whether, as Baars and Stevenson (1981; 1982) claim, there
are northwest-trending basement fault blocks which 
controlled algal mound development in Pennsylvanian time. 
The presence of northwest-trending basement fault blocks is 
not indicated in the Wiener-filtered gravity map.

One explanation is that such a systematic trend of 
basement blocks does not exist. On the other hand, the 
blocks may exist but are, for whatever reason, undetectable 
by the gravity method. The blocks could, for example, have 
very subtle structures associated with them. Another 
possibility is that the Pre-Pennsylvanian structural model 
used in designing the Wiener filter is too coarse in that 
available wells do not sample the Mississippian surface 
finely enough. If this is the case, then the high-frequency 
content of the gravity signal is underestimated.

Wiener filtering makes geologically constrained (and 
therefore physically constrained) linear filtering possible. 
When applicable, Wiener filtering gives superior results to 
normal bandpass filtering. There is no apparent reason why 
conventional bandpass filtering should be utilized in its 
place for anomaly separation applications.
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