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J. INTRODUCTION

Magnetic methods have been used for centuries—to investigate the
éarth's crust. Over the years it has been the backbone of geophysical
exploration in the mineral industry. More recently it has become
an important reconnaissance technique in petroleum exploration. During
the past few decades magnetics has had an increasingly significant role
in regional crustal studies and in fact has triggered today's revolution
in the geoscience; associated with the development of the concepts of
plate tectonics an& sea floor spreading. Looking to the fucure,
additional applications of the magnetic method are anticipated in
regional crustal problems as magnetic coverage of the earth increases
by empiloying magnetic measuring satellites. The im;ending availability
of widespread magnetic data has focused attention on improvsad inter-
pretational techniques.

Geclogic interpretation of magnetic anomalies suffers from a high

degree of ambiguity. This ambiguity is inherent to the interpretation

of all potential fields and thus plaques the interpretation of gravity
anomalies as well. An extension of the Green's Theorem éf Equivalent
Layer shows that observed anomaly values can be reproéuced bv an infinite
numbexr of surface distributions shallower than the maximum possible source
of the anomaly. This lack of uniqueness in the interpretation cannot be
eliminated by measuring gradients or anomalies at various elevations
because these are not independent parameters. Additional ambiguaty in
anomaly interpretation is derived from supcerposition of anomalies and

inadequate isolation of anomalies. Furthermore, wmagnetic Interpretation



is dmpaired by the effects of remanent magnetization which is
superimposed on the magnetization induced in rocks by the earth's
magnetic field.

The ambiguity of magnetic interpretation can be decreased with
constraints placed upon the interpretation by direct geclogic infor-
mation and by extrapolating from known geology to the unknown with
magnetic data. However, these approaches are limited te areas where
the magnetic rocks outerop or are encountered in drilling. Ancother
approach to the solution of this problem is to combine the interpre-
tation of magnetic anomalies with gravity anomalies assuming anomalies
are derived from 2 common source. Gravity é%d maénetic anomalies are

commonly derived from a singular source, but of course this is not a

gravity and magnetic anomalies are largely restricted to visual spatial
correspondence of anomalies on either maps or profiles and independent

source parameter interpretations from each anomaly and subsequent
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synthesisiand correlation of interpretations. These interpretations may
be diterated to increase the correspondence of the calculated source
parametrers from individual anomalies.

I

Preliminary studies indicate that other methods of interpretation
based upon a less subjective and thus more quantitative ap;roach are
possible énd highly desireable to improve our knowledge of the geology
and geophysical properties of the lithosphere. The objective of this
study is to identify methods of decreasing magnetic interpretation

ambiguity bYcombined gravity and magnetic analysis, to evaluate these

techniques in a preliminarxy manner, to conslder the geologic and geophysical



implications of correlation, and to recommend a course of action
to evaluate methods of correlating gravity and magnetic anomalies.

0
The particular emphasis of this study is toward the intexpretation
of magnetic data collected at satellite elevations, but the
techniques considered have broad application to -the geophysical ,
sciences in the interpretation of gravity and magneé&c data for
geologic, petroleum, and mineral exploration purposes.

The major thruét of the study to achieve the stated objectives
was a search and review of the literature. The literature of geophysics,
geology, geography, and statistics was searched for articles dealing
with spatial correlation of independent variables. Emphasis was placed
on the correlation of gravity and magnetic anomalies, but was not
lTimited to these variables. An annotated bibliography referencing
tﬁ; germane articles and books is presented. In the second chapter

the methods of combined gravity a2ud magnetic analysis techniques are

identified and reviewed. The third and fourth chapters are concerned

. .

with a more comprehgnsivé evaluatibn of two types of techniques. The
third deals with internal correspondence of anomaly amplitudes, which
is a zero lag cvoss—correlation scheme usiﬁg a limited-size moving data
window, and clustering and characterization techniques. These are
investigated utilizing empirical modél studies. The fourth chapter is
directed toward combined analysis utilizing Poisson's theorem. The
fifth séction discusses the geologic and geophysical implications of
gravity and magnetic correlation based on both' theoretical and empirical

relationships,



IX. COMBINED MAGNETIC AND GRAVITY
ANATYSIS TECHNIQUES
Introduction

A common approach to magnetic interpretation is to compare
magnetic data either in profile or map form to corresponding spatial
variations of other geophysical parameters or geclogic variasbles or
to magnetic data from other areas. The purpose of these comparisons is
to determine similarity between areas, to extrapolate known geologic
conditions into unknown areas by magnetic data and to decrease Ehe
ambiguity of the magnetic interpretation. The central theme of this
discussion is a consideration of techmniques to achieve the latter
purpose, that is to decrease the ambaguity of magnetic interpretation.
The geologic interpretaticn cf magnetic data as explained in the previous
chapter is subject to considerable ambiguity due to inherent restrictions
in potential theory and problems associated with the geologic and geo-
physical characteristics of the geologic sources.

One method of enhancigéqéagnetic interpretation is to perform com-
bined magnetic and gravity analysis. Numerous magnetic and gravity sur-
veys of the same area and theoretical considerations show that
variations in density which preduce gravity anomalies are commonly related
to magnetization variations vhich cause magnetic anomalies. This is

particularly true of gravity anomaly sources occurring in igneous and
metamorphic rocks because of the generally low values of magnetization

of sediments and sedimentary rocks. Even the lack of a relationship between

magnetic and gravity anomalies can be informative about the geology of



an area by using basic geologic and geophysical concepts. Another

reason for considering cowmbined magnetic and gravity aralysis 1is
the increasing availability of world-wide gravity measurements to
relate to magnetic measurements made from airborne platforms,
particularly satellite magnetic data.

Combined mﬁgnetic and gravity analysis techniques cover a broad
range of methodologies to determine the degree and direction of corres-—
pondence and relationship between these two independently measured
potential fields. Correlation is the general term used in this dis-
cussion for these techniques, but it is used in a far broader éense than
the simple statistical definition of correlation. Thus, "correlation' ig
used as a broad umbrella term to cover “qualitative", “semi—quantitative',
and “quantitative' methods of combined magnetic and gravity analysis.
These terms are enclosed in quotation marks to emphasize that they are

relative terms. A flow chart of combined magnetic and gravity analysis
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(Figure 1) separates the various tecﬁniques under these headings on the
basis of their approach and the degree of subjectivity in%olved in their
interpretation. "Qualitative" methods have the highest degree of sub-
jectivity and “quantitative’ methods have the lowest. F?r example,
"gqualitative"” methods may simply involve an overlay of gravity and magnetic
anomaly maps to visually determine their degree of similarity, while
Yquantitative" techniques may use Poisson's theorem to determine the
direction of magnetization within a causative geologic body.

The following discussion of combined magnetic and gravity analysis

follows the flow chart shown in Figure 1. In general, magnetic and gravity



data, in map or profile form and either in analog or digital format,

may be subjected to.z variety of pre—-processing steps Lo prepare

the data for correlation. In addition, for some types of correlatien
procedures the magnetic and gravity data must be registered by obtain-

ing digital data at common points. The data may then be correlated

by one or more of five basic techniques which fall under the 'qualitative”,
"semi-quantitative", or "quantitative" groupings.

The correlation techniques lead to a2 number of possible results
that are shown in rectangles on the flow chart. The ultimate result
is of course the geologic interpretation which is shown at the bottom
of the flow chart.

For ease in relating the combined magnetic and gravity analysis
techniques to the references given in the annotated bibliography (Appendix)
avflov chart (Figure 2) has been prepared which refers the particular
method to approprizte numbered references, the annotated bibliography is

limited to references that were available in english for review and con-

tains only representative articles dealing with qualitative correlatiomn.

Pre~Processing
Magnetic and gravity data may be subjected to one or more pre-
processing steps to facilitate the correlation procedure. A wide variety
of techniques of achieving these techniques have been discussed in the
geophyéical literature. Therefore, the procedures will not be discussed
in detail here. TFourier transforms have'been used in combining gravity
and magnetic anomaly data with Poisson's theorem by Kanasewich and Agarwal

{(1870) and Cordell and Taylor (1971) and Bhattacharyyﬁ (1965) and oilhers



T
have used Fourier transforms to calculate the magnetic field reduced
to the pole, upward continuation and a host of other potential field
qualities. Baranov (1957), Baranov and Naudy (1964), Bhattachoryya (1965 )
and others have discussed methods of‘transforming the magnetic field to ihe
pole to eliminate the distorted magnetic anomaly patiern produced by non-
vertical magnetication. Applicalicn of this technigue to magnetic dailz,
particularly data observed at low magneiic latitudes will aid in vaisual and

analytical spatial correlation. Wavelength filtering of magnetic and
gravity data as suggested by Dean (1958), Robinsen (1970) and others
Tnay be used to isclate particular anomalies for correlation. Upward
continuation as suggested by Peters (1949) and others may be used to
smooth gravity and magnetic data for correlarton and to place surface

gravilty anomalies at the same elevation as airborne magnetic observations
A

for processing by Poisson's theorem and other correlation techniques.

Tgualitative" Correlation
“"Qualitative" correlation as used in the combined magnetic and gravity
analysis flow chart involves two basic approaches to carrelation, visual
spatial correlation and inverse interpretation. Currently, of all the
combined analysis teckniques, the most widely used correlation scheme

is visual spatial correlation. This involves a technique which has

long been used by geoscientists whereby a subjective, gqualitative correlatio
is made by the overlay of maps and profiles. Correlation is used here in
its broadest sense and not in a strict statistical definition. Im

visual correlation the analyst searches for a spatial ceincidence of



gravity and magnetic anomalies. A coincidence of anomalies suggests
a common source and the relative amplitudes and their sign, gradients,
shape, strike and other parameters which can be visually character-
ized are used together with geologic concepts and a knowledge of rock
properties to arrive at a geologic interpretation. The resulrs are
largely subjective and the accuracy of the inQerpretatlon is strongly
biased by the experience of the interpreter and the geological back-
ground and concepts used in the anaiysis.

Visual spatial correlation has been primarily used in the analysis

of basement rocks because the igneous and metamorphic rocks which make
up the basement commonly show both magnetization and density.variations.
Furthermore, there is a likelihood of a general correspondence between
densities and magnetizations {Hettleton and Elkins, 1944; Garlané: 1§51).
However, there are many exceptions to this correspondence and Affleck
(1857) considers that magnetizations are much less uniform than
densities. This is also shown to be true by the multitude-of magnetic
susceptibility and densi;y (specific gravity) measurements made by
Werner (1945)‘on acidic and basic rocks, sedimentary ro?ks and iron ores
(Figure 3). The densities of acidic and basic rocks.vary by much less
than an order of magnitude, while susceptibilities vary by over four

. orders of magnitude. Undoubtedly, this dis at least in part due to the
fact that magnetic susceptibility is caused primarily by a minor mineral
(magnetite) which does not affect the density appreciably. Other reasons

for the lack of correlation between gravity and magnetic anomalies include

remanent magnetization effects and the variable effect of depth which



causes the amplitude of magnetic anomalies to decrease one power
faster than gravity anomalies from the same source. Chereau and
Naudy (1967) discuss other reasons for lack of correlation., None—
theless, visual spatial correlation has been useful in basement
geology analysis. Representative examples are given by

Woollard (1943 and 1959), Henderson and Zietz (1958), Leney (1966},
Chereau and Naudy (1967), Mzclaren and Charbonneau (1968}, Hinze and
Merritt (1969), Lidiak (1971), King and Zietz (1971), Rudman and
others (1972), and Eaton and others (1975).

Visual spatial correlation can be enhanced by removing the effect
of horizontal ma;netization by transforming the magnetic anomaly to
the pole and comparing this field with the vertical grad&ent of gravity.
The vertical gradient of gravity is related to the magnetic fisld at
the pole through Poisson's theoreubby a constant which includes the
ratio of the magnetization to density. This technique has been used by
Chereau and Naudy (1967).

The other basic approgéﬁ to qualitative correlation, inverse inter-
pretation, involves independen% source parameter interp{etation from the
gravity and magnetic anomalies using standard modeliﬁg procedures and
subsequent synthesis and correlation of interpretations. These interpre-
tations by source modeling may be iterated to increase the correspondence
of the calculated source parameters from the individual anomalies. The
source parameters are then used to derive a geologic interpretation.

The caleculated source parameters and geologic interpretation’ are not
necessarily unique, but greater confidence can be placed in the combined

interpretataion than in the inverse interpretation of a single force ficld
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anomaly. This approach to combined gravity and magnetic analysis
has been used by several investigators. Typical examples have
been given by Hinze and Merritt (1969), Rudman and Blakely (1965),

and Oray and others {1973).

"Semi-Quantitative' Correlatiocn

Semi—-guantitative correlation techniques which provide combined
magnetic and gravity analysis by a variety of statistical methods have
been used to only a minoxr degree in geophysical intexpretatiocn. As
shown?in Figure 1 there are two broad general classes of these methods,
clustering and characterization and analytical spatial correlation.

4 search of the literature has found no example of the use of
clustering and characterization in combined magnetic and gravity analysis,
hewever, it has been emphasized in magnetic interpretation using a
limited number of parameters (Hall, 1964).

Clustering and characterization refers to statistical correlation of
multi-parameter data to define point or areal data that have common
characteristics within certain limits. Its purpose here is to classify
geographical areas inmto more or less homogeneocus groups so that areas of
similar geophysical parameters can be identified and mapped. Geobhysical
analysts are very well acqgainted with delineating geologic zones on the
basis of similarity in the "character" of anomalies. This is commonly a
step in visual spatial correlation described under gualitative interpre-
tation. Clustering and characterization is designed to minimize the sub-

jectivity of this approach and to make 1t possible to handle more paramcter:
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than can usually be considered in visual techniques. Magnetic and
gravity data generally consist of the measurement of a single
Parameter, the amplitude of scme component of their raspective force
fields. However, a host of paraemeters describing and derived from
the inter-relationship of neighboring data points are available to
the analyst. The sum total of these parameters define the "character"
of the anomalies. Affleck (1963) has discussed a nummber of thesa
features or parameters found on magnetic maps. Similar parameters

are available from gravity data and still more are defined by the
correlation of magnetic and gravity parameters. The use of both
gravity and magnetic data in the classification of areas shouid enhance
the discrimination procedure.

A variety of multi~parameter analysis procedures have been develoned
(Davis, 1973). They are complicated in their theoretical structure and
operational methodology and as pointed out by Davis "For many of the
procedures, statistical theory and tests have been vorked out only for
the most restricted set 6% ;ssumptions." Hotwrever, the general procedure
as illustrated in Fﬁgure 1 involves determination of the critical para-
meters of the gravity and magnetic data, correlation of the selected
critical parameters, and identification of the classifiers from tﬁe
correlation procedure. These classifiers are then used to isolate geologic
zones of homogeneous source parameters.

Simplified, preliminary applications of this technique are discussed
and illustrated in the next chapter.

Analytical spatial correlation, the second general group of methods

in semi-quantitative correlation, is concerned with the quantitative
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comparison of gravity and magnetic anomaly maps or portions of these
maps, The quantitative cowmparison of maps has been a subject of
considerable interest to geographers and geologists, but has re-

ceived only limited attention from geophysicists. Three general
methods have been suggested; internal correspondence, cross-correlation,
and surface coefficient correlationm,

Internal correspondence is a procedure defined by Robinson (13%62)
té determine the spatial similarity between maps of different parameters
of the same area by zero-lag cross—correlation using a2 limited size
moving data window. The sa%e procedure can be used on profiles. Empirical
studies reported on in the next chapter suggest that in .addition to the
zero—lag cross—correlation value or the coefficient of correlation,
cEitical information can be de;ived from the slope and intercept of the
least‘squares line fitted to the data within the window, The application
of this technique to theoretical and observed data is illustrated and
discussed in the next chapter. It is apparent that this technique holds
considerable potential in combined magnetic and gravity analysis, but
many questions remain to be explored. These include the effect of
window size, removal of trends or regionals, methods of interpreting the
data, effect of normalizing and standardizing data and others.

Botezatu and Calota (1973) have studied the properties of non-
normalized cross~correlation functions of gravity and magnetic anomalies
derived from idealized sources. They show that the function can be used
to discriminate between genetically related anomalies and separate sources

situated on a vertical line. They have applied thelr method to forxce



field data from Romania with success.

The majority of the work done in analytical spatial correlation
has been done through variations of the surface coefficient corre-
lation technique, although the literature on the subject is not
extensive. The general procedure of this technique is to compare
the mathematical expressions of the surfaces. Hide and Malin (1970)
have correlated and tested the correlation of selected coefficients
of the spherical harmonic expansions of the geomagnetic and the earth's
gravity field. A similar approach has been used by Merriman and
Sneath (1966). They" compare the coefficients of well-fitting surfaces
of the szme order. According to Bassett's (1972) review, "if
orthogonal polynomials are used to fit surfaces to reguiérly spaced
data ' the successive cbefficients are independent. Each coefficient
nq?ber can be regarded zs an orthogonal damension and each surface can
be represented as a point in the resulting multidimensional space.

A variety of distance grouping procedures is then appropriate.”
Mandelbaum (1966) has pointed out some potential practical limitations
to this approach. Merriam and Lippert (1966) compared residuals from
trend surfaces and calculated the coefficients of association based on
the number of matches between residual maps. Curry {(1967) has suégested
fitting a polynomial to one surface and then reducing a second surface
by the same expression., "The measure of association would be the pro-
portion of the variance of the second map explained by the polynomial

of the f{irst."

Both Bassett (1972) and Davis (1973) have more detailed reviews of
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surface coefficient .correlation techniques. The application of these
-methods' to regional magnetic and gravity anomaly maps remains untest-
ed. Their effectiveness in dealing with magnetic maps which contain
relatively high frequency components is in doubt. However, these
techniques may be applicable to satellite magnetic observatioms which
are devoid of strong high frequency anomaly components. Further
testing and evaluation of these techniques are definitely warranted.
N
"Quantitative" Correlation

Poisson in 1826 discussed the mathematical relationship between
magnetic and gravitational potentials associated with any body that
is homogeneously magnetized and dense. These potentials are related
to force fields at any position in a manner that their derivatives or
gradicnts in a direction equals the magnitude of the force in that
direcrion. Thus Poisson’s theorem

J a3y

V=% o

e

where V is the magnetic potential of a source

U is the gravitational potentizl of a source

J is the magnetization contrast of the source with the surrounding

rocks

o is the density contrast of the source with the surrounding rocks

i is the direction of magnetization of the source
G is the gravitational constant N
. 4 3u . . .
can be used to relate gravity anomalies {  /3z) with magnetic anomalies

(e.g., vertical magnetic anomalies, av/Bz). Utilizing Peoisson's theorem

and observed gravity and magnetic anomalies, it is possible to determine
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characteristics of the source in a much more definitive manner than
from the interpretation of a single force field anomaly. Thus
corfelation techniques employing numerical application of Poisson's
theorem are referred to as "quantitative" in Figure 1. A complete
1ist of references annotated in the appendix on the theory and
application of Poisson's theorem is given‘in Figure 2.

Despite the great potential of Poisson’s theorem in quantitative
combined magnetic and gravity analysis only approximately a dozen
references have been found which discuss applications of this method.
This uvndoubtedly is due in large part to the assumptions that are
\ﬁecessary to implement it. The assumptions can never be mel, but
only approached in practical cases. Thus there is a strong need to
relate thg accuracy of the assumptions to the correctness of the
results obtainable by employing Poisson's theorem. Until this is
achieved, Poisson's theorem will remain a mathematically interesting
technique which is only used under specialized circumstances. Further
discussion of Poisson's theorem, its application ;nd limitations, ds

developed in Chapter IV.
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III. COMBINED ANATYSIS USING

1
INTERNAL CORRESPONDENCE AND CLUSTERING

Introduction
This chapter treats in a preliminary way two potentially important

techniques of combined magnetic and gravity anal&sis, internal correspond-
ence and cluster analysis. Intermal correspondence is based on a procedure
first outlined by Robinson (1962) to deal with geographic data. In this
method, gravity and magnetic maps or profiles are divided into equal segments
and a least squares linear regression between the gravity and magnetic
amomaly amplitudes is conducteq within each segment. The spatial variation
of the regression coefficients are used to analyze the relationships between
the profiles or maps. Several problems involved in the application of this
mgyhod, such as data standardization, segment (or window) size, the effect
of body depths,. and the meaning of the regression coefficient values, will
be digéussed. Two model and one observed data profile will_also be analyzed.

’ Cluster analysis is a general term including several rather complex
statistical techniques. However, the objective of each technique is
basically the same; classifying similar objects into common groups based
on variables found in each ogject. Little has been done in the application
of this procedure to geophysics, but there is no reason why gravity and
magnetic maps or profiles cannot be divided into smaller segments and
treated as objects in a clustering procedure. A variety of vafiables
describing aspects of the gravity and magnetic data are available to the
geophysical analyst. The clustering algorithm used in this study is from
Davis (1973). Clustering as applied to gravity and magnetic data is yet

in its infancy, but preliminary results indicate that it may prove Lo be



17

of great value in mapping regional geology.

o

Internal Correspondence Analysis
Method

One method commonly used by geographers when comparing two contour
maps involves linear regressicn and the generation of so-called residual
maps. In this technique one set of data is selected as the independent
variable and a linear regression is made over the entire data set.

From this, a map of the regressed dependent variable is constructed
and subtracted from the observed dependent variable map. The residual
map, the regressed map, and the regression coefficients are then used
to determine the relationship bhetueen the two original maps.

This approach, however, is of limited use in the analysis’ of
gravity and magnetic data. Over a large area, the relationshap between
é;avity and magnetic anomalies change and thus a linear relationship
is not applicable. Regressed lines were fitted to the scatter diagrams
of Profiles 1 and 2 (Figures 9 and 12) and it is clear that a linear
fit oversimplifies the actual relationship between the gravity and magnetic
data,

An alternative to vhole map correlation has been suggested by
Robinson (1962) in a study of the relationship between two sets of
contoured geographic data. The procedvre consists of first dividing
the regional area into a number of smaller square subareas. Within
each suvbarea, the correlation coefficient between the tuo sets of data
is calculated and plotted at its center. Finally a correlation

(
coef{icient contour mdp is plotted and analyzed. Robinson calls this

L]
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method "internal correspondence" and it would seem that it can be
applied directly to gravity and magnetic contour maps.

Nevertheless, several %mprovements should be applied to Robinson's
procedure to strengthen its use in the analysis of gravity and magnetic
data. First, the choice of proper subarea {or window) size for a
particular set of data is still a rather arbitrary procedure (Robinson,
personal communication) and some improvement on this matter may be
helpful. Second, Robinson’s technique only includes the correlationl
coefficient which carries with it no information regarding the relative
magnitudes of variation between the two data sets. Thus, for ex;mple,

a correlation coefficient camot differentiate between a comparison of

a small gravity znomaly to a 1a;ge magnetic anomzaly ox vice versaj. it
merely gives the strength of the linear relationship between the two

éata sets within a given subarea. The regression coefficients, especially
the so called slope coefficient, may yield information regarding the
relative magnitudes of variation between the gravity and the magnetic data
within a given subarea. ’Eﬁus, linear regression coefficients will be used
in the internal coirespondence analysis.

The data analyzed by intemmal correspondence in this report are all
in the form of profiles. Thus it is assumed that the gravity and magnetic
data are two—dimensional or strike infinite perpendicular to the profile.
A subarea is simply a segment of the profile. A vertical magnetic field
of 58,000 gammas and a common level of observation for the gravity and

magnetics is also assumed for all prdfiles. The two models are 400 km

in length and are sampled at an interval of 0.5 km.
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Before analysis is made of the gravity and magnetic data, the data
are standardized. ZEvery data point has the mean of the entire population
(here the profile) subtracted from it and the remainder is divided by
the standard deviation of the population. The resulting number is what
will be used in the internal correspondence. Standardization is generally
recommended when two sets of variables having different units of measurement
are being regressed. The use of standardized data will also assist in the
interpretation of internal correspondence.

A computer program was designed at Purdue University to do the actual
calculations involved in the internal correspondence analysis. First,
the digitized values along the gravity and magnetic profiles are read in,
as well as the size of the window or subarea to be analyzed. After
standardization, the window is centered over the first data point and a
lﬁast squares linear regression is performed over the data within the
window. The_resulting slope, intercept, and correlation coefficients are
stored into arrays, the window is shifted one position over, and the process
is repeated. When completed, every point along the profile will have a
corresponding slope, intercept, and correlation coefficient value. These
values are then plotted as three profiles for visual inspection.

The problem of selection of optimum window size depends primexrily on
the width of the anomalies to be correlated. During this study it became
apparent that the wider windows are associated with lower correlation
coefficients, especially if the regilon is characterized by relatively
narrow anomalies. It is doubtful that any coefficients would be signifi-
cant if they are derived from a window producing an absolute correlation
value below 0.5. Thus, the value of.the correlation coefficient can be

helpful in selecting an upper bound for uindow‘ﬁize. The lower bound for
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window size is related to the q}nimum number of points required for
an accurate regression analysis and the narrowest anomalies of interest

in the area. This problem of window size will be further pursued in

the analysis of Profile 1.

Significance of Internal Correspondence

Before going into the analysis of several thoretical and observed
data profiles, it is appropriate to outline some of the basic concepts
of this relatively unexplored technique in terms of the three coeffi-
cients and the scatter diagrams.

The correlation coefficient defines how well a change in gravity
is reflected by a linear change in magnetics within a given window.
Inverse relationships are given by negative coefficients. Houwever, as
étated before, the correlation coefficient is devoid of information
Tegarding relative magnitudes of change. As the geoclogic imterpretation
of an area depends heavily on the magnitudes of the gravity and magnetic
anomalies it is necessafém;é use an additional parameter.

Regression coefficients, especially the slope coefficient, have
proven useful in expressing the magnitude relationships between gravity
and-magnetic anomalies. For the sake of consistency, gravity wuwill
always be regressed to the magnetics. Thus, the regression within each
window will be of the {orm:

- m= g5+ 1T
vhere m is the magnetic value estimated by regression, g is the gravity
‘

value, S is the slope coefficient of the regression, and I is the inter-

cept of the regressed line onto the magnetic axis.
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The value of the slope coefficient from a regression using standardized
data strongly reflects the effect of the relative magnitudes between a
gravity and magnetic anomaly within a given subarea. If the slope vilue
within a window is one, the variation of the standardized gravity is
equal to the variation of the standardized magnetics. For example, a
slope coefficient value of one would occur when a subarea has a large
gravity anomaly matched by a large magnetic anomaly.
A slope value in excess of one means that a small variation in
gravity within a window is matched by a large change in magnetics.
The limit cccurs as the slope goes to infinity meaning that a variation
. ,
in the magnetics has no corresponding variation in the gravity. In contrast,
a slope value less then one indicates that-a large variation in gravity
is matchedﬁby only a small variation in magnetics. Thus, two unmatched
ampiitude relationships can exist between gravity and magnetic data,
oéé as the slope value tends to infinity and one as the slope value tends

to zero.

The slope parameter takes on the same signs as the correlation

coefficient plus yields a nuwber expressing the relationship of the
magnitudes of variation between the two data sets. Therefore, the
slope parameter is critical to internal correspondence analysis.
However, a slope value should be cross-—checked with its corresponding
coxrelation coefficient to be certain that there is a significant
relationship. Should the relationship within a given window fall
below an absolute value of correlation of 0.5, the slope value should

be regarded with caution.
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The intercept coefficient does not have the same sign relationship as
the correlation or slope coefficients, thus it does not have the ability
to separate direct from inverse relationships between gravity and
magnetics. Therefore, at present, the use of the intercept coefficient
in internal correspondence is limited. Like the slope parameter, an
extremely large value.indicates that a low variation in gravity is
matched with a large wvariation in the magnetics.

TIncluded with every internal correspondence analysis is a scatter
diagram of the gravity versus magnetic values for every dala point
along the profile. Two varieties of‘this diagram are presented. The
first diagram shows the gravity and magnetic values along each point
in t@e profile as an asterisk. A least squares line fitted to all the

4

data is also included in this diagram. The second type of diagram
shows the same points, gut now they are joined in sequence by a line
representing their order in the profile. Horizontal distances at
every 20 km are plotted along this curve. Internal correspondence can
be seen as a performing linear regression within a moving window over
the profile as represented on the gravity-magnetic scatter diagram.
Though no detailed analysis will be made of these diagrams in this

study, they have proven to be a helpful supplement during both the

internal correspondence and clustering analysis.

Internal Correspondence Analysis of Profile One
Profile 1 is a model that consists of three sizes of square
eross—sectioned two-dimensional bodies arranged at three diffecrent

depths. There are bodies one by one km on a side at one km depth,
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bodiﬁs 5by 5 km at 5 km depth, and bodies 5 by 30 km at a depth

of 20 km (Figure 4). The bodies display a variety of density contrasts
ranging from -0.3 tot+0.3 g/cc and magnetic susceptibility contrasts
ranging from ~6000 to +6000 x 10~0® emu/cc (Table 1). Proceeding from
Jeft to right, the shallow bodies are numbered 1 to 10, the intermediate
bodies from 11 toc 17 and the deep bodies from 18 to 20.

The observed gravity and magnetics of Profile 1 (Figure 5) present
anomalies of three different widths. 1In order to observe the efiect of
window width, windows equal to 2.5, 12.5, and 22.5 km were selected for
the internal correspondence amalysis (Figures 6, 7, and 8). The selected
window sizes correspond  approximately to the three anomaly half-widths
at one-half the maxdimum amplitude.

The region between 0-180 km is characterized by shallow and inter—
mediate bodies that generally display large magnetic anomalies but only
small gravity anomalies. This situation gives rise to eeremé siope
énd intercept;values as observed in Figure 6. Elsewhere in the profile
the shallow and intermediate bodies are iess magnetic and their slope
and intercept values are correspo;dingly nuch lowex.

The narrow anomalies are best emphasized at narrower window lengths
but the highly magnetic zone from 0-180 km gives rise to relatively
high slope and intercept values even at wider window intervals (Figure 8).
The effect of the deeper bodies appears to be best observed at vider
window intervals. The area between 180 and 270 km shows up as a
general region of predominantly negatlive correlétion at a window of
22.5 km (Figure 8) and most certainly is the effect of the high density

low susceptibility deep body that underlies this area. The effects of
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the large regional scale anomalies can be seen on the internal
correspondence results of the small bodies, even at narrow window widths
(Figure 6).

The scatter diagrams for this profile yield several interesting
patterns which correspond to the various types of bodies involved
(Figure 9). The regional anomalies show up as gently sloping to
nearly horizontal broad curves on the profile. Regions numbered
200-260 or 300-400 are regions dominated by the effect of deep seatred
regional anomalie;. The shallower, more magnetic bodies show up as
nearly vertical, sharp peaks. Their configuration clearly emphasizes

A
the high slope and intercept values observed during the internal

correspondence analysis,

Analysis of Profile Two

The second model was designed primarily for cluster analysis, but
a brief account of the internal correspondence results is warranted.
The model represents anp;;;; of four distinct igneous provinces (Figures
4 and 10). The region between 0 and 130 km is characterized by large
5 x 5 km plutons of diorite. TFrom 130-240 km is an area intruded by
1 km thick dikes of basalt, most of which are Yertical. Between
320-400 km occur two large triangular masses of granite. Finally,
between 240-320 kilometers a mixture occurs of the three previous rock
types in a variety of shapes and depths. The density and magneLic
susceptibility contrasts for the bodies are given in Table 2.

Internal correspondence of this profile using a window of 7.5

ki demonstrates several important aspects of the method (Figure 11).
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An increase in-depth corresponds to a decrease in slope coefficients

over bodies 1 vs. 2 and 6 vs. 7. In addition the shapes of the bodies

affect the ;hape of the slope coefficient profiles. Thus, depths and

shape of the body as well as the magnetization/density ratio, affect

the value of the slope coefficient. It is also noteworthy that inter-

ference between two anomalies can generate slope coefficient values

that are unusually high, such as those observed at 90 km and between

240-310 k¥m. It is encouraging that the slope coefficient curves

show different valqes and shapes over different geological sources.
The scatter diagrams (Figure 12), although complex in pattern,

do delineate the three basie lithologies. The curves which occur

to the left of the diagrams are associated with the granite bodies.

The .steeper curves appear to roughly fall into two groups. The

group to the right is associated with the basaltic bodies and the one

;; the left is associated with the diorite plutons. Therefore,

snternal correspondence results of the model profiles indicate that

the coefficients are sensitive to different geologic sources and

that there is potential for using internal correspondence to infer

geologic parameters.

Analysis of Woollard's Transcontinental Profile

As a further test for the internal correspondence analysis, Woollard's
(1943) . transcontinental profile of North Amcrica was selected. The
choice of this survey over several more recent works of a similar nature
was based on two reasons. First, both the gravity and wmagnetic data were

taken at the same level. Thus, no upward continuation was necessary to
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bring the gravity and magnetic data to a common level of observation.
Woollard's observations are of the vertical magnetic field and are thus
more consistent with our previous assumption of a vertical magnetic field.

The use of a two dimensional profile analysis seems valid as most of
the major structural features in North America are elongated to the north
or northeast. Among these features are the Appalachizn Mountains, the
Appalachian Basin, the Midcontinent gravity anomaly, sznd the Colorado
Front Range. ,

The profiles are based on Woollard's observed Bouguer gravity
values and his observed magnetics. (Figure 13). Therefore, no regional
scale anomalies have been removed. Both the gravity and magnetics
were sampled at a 10 km sampling interval. It should be pointed out
that at regions betwesen 400 and 800 km the profile departs significantly
fzom it usual east-west trend which may have some effect on the resuits
of thé analysis.

Several internal correspondence runs were made with various
window sizes and the results of an analysis using a window size of 150
km is presented in Figure 14. The data arxe somewhat more irregular in
character that our previcus model studies but several regional scale
interpretations are attempted.

Retween 0-300 km, which is primarily over Southern California,
there appears to be a region chavacterized by positive correlations
and slope coefficient values ranging from 1.0 to 3.0. The primary
sources for these positive relationships appear to be the San Joaquin

Valley and a zone of positive gravity and magnetic ancmalies along the

western edge of the Sjierra Nevada Mountains. The region betwcen 300
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—~and 800 km on the profile is characterized by a rapidly changing
correlation coefficient values but appears to be predominantly
negative. .The slope coefficient values seem to range between +1.0
and ~6.0. This region is underlain primarily by the Basin and Range
Province.

Between 800 and 1000 km along the profile there is a zone of
positive correlatiog with corresponding slope coefficients of-
approximately +1.0. This region contains the northwestern portion
of the Colorado Plateau. The northeastern margin of the Colorado
Plateau is characterized by a weak negative correlation. Betiwreen 1200
and 1500 km there is a region ?f generally positive correlation with
slope values ranging from 0.0 to about +6.0. This region includes
the Colorado Fron Range and the Denver Basin. The negative correla-
t%on at 1600 km is not reflected by any sunface geological feature.

From 1700 to 2200 km there is a general tendency for positive
correlation and slope coefficients with this region having a fairly
consistent value of about +2:0. The western great plains and the
Midcontinent gravity and magnetic anomaly fall within this area.
Between 2200 and 2400 km a weak negative correlation between gravity
and magnetics exist and the slope coefficients reach values below
-20.00. This area may correspond to what Zietz and others (1966)
have called the "Eastern Iowa Magnetic Area" which lies to the

north of this profile. Within this area, several large scale magnetic

L]

anomalies occur with little corresponding variation in the gravity field.

L]
The area between 2600 and 3400 km is a zone of generally positive

correlation with slope coefficients that vary from ~-5.0 to +6.0.
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Between 3400 and 3600 km there is a negative correlation with slope
values of as low as -15.0. This-negative area corresponds to what
Zietz and others {1966) has called the "Central Dhio Magnetic Area'.

The western boundary of this magnetic area, Zietz and others have
suggested may be the southern extension of the Greaville froat in
Canada. This region would occur at about 3200 km on Woollard's
profile., From 3600 to 400 km the correlation is generally positive
with slope coefficient values of between +2.0 and +5.0. This region
includes the Applachian Basin and the Appalachian Mountains.

The scatter diagrams of the transcontinental profile are more
irregular in pattern and harder to interpret than the theoretical
data (Figure 15). The effect of isostasy tends to scatter the
diagrams along the gravity awis with the western states generally
oééurring to the left,

In general, internal correspondence anzlysis of Woollard's trans-

continental profile indicates that this method is potentially valuable

for the identification and intexpretation of geologic provinces.

Cluster Analysis
Introduction
During the combined analysis of gravity and magnetic data, the
interpreter oflten outlines regional areas where the magnetic and
gravity relationships are similar and relates these to regional geologic
provinces., A good example of this work is Lidiak's (1971) work on
the basement of South Dakota. This visual process resembles cluster

analysis. A brief review will be made of this technique and its
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possible applications to the seml-quantitative analysis of gravity
‘and magnetic data.

Cluster analysis inVolves the measurement of several variables in
each of a group of samples. The similarity between the samples based
upon a comparison of their.variables is determined with some statistical
parameter, usually a correlation coefficient. Thus, the initial group
of samples is broken down into smaller groups of similar samples.
Cluster analysis has been successfully used by paleontologists for vears
and its potential uses in other fields of geology are currently being
realized.

The application of cluster analysis to gravity and magnetic dala
are straight forward. An area.of gravity and mignetic data can be
divided into several subareas representing separate samples. A variety
. of traits deséribing the gravity and magnetie data can be determined

"
for each subarea and subsequently undergo cluster analysis. An analysis
as described could be a significant improvement for regional geologic
interpretation using gravity and magnetic data. The use of cluster
analysis is anticipated.to be superior to visual clustering in that it

can consider several variables at once over a whole range of subareas;

a rather difficult task by any visual process.

Technique

The clustering computer program is based on an algorithm given in
Davis (1973). This program uses a correlation coefficient to determine
similarity between equally weighted variables. Digitized gravity and

magnetic profiles and a specified window size are input into the program.
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The distance along the profile is divided up into non—overlapping
segments of the specified window size. The pre-determined variables
are measured within each segment and the clustering is conducted.

The program outputs a dendogram consiting of joined groups of subareas
(Figure 16). The axis describing the significance of each junction
on the dendogram is simply a correlation coefficient, the most similar
samples are joined at a high positive correlation value.

Seven variables were selected for this preliminary study of
clustering. These variables are the mean gravity value, the mean
magnetic value, the ;ariance of the gravity, the variance of thé
magnetics, the correlation coefficient between the gravity and
magnetics, the regressed slope coefficient between the gravity and
magn;tics and finally, the regressed intercept coefficient between
éhe gravity and magnetics. The first four variables are independent
to either gravity or magmetics only and the final three concern a

combined linear relationship between them.

Analysis of Profile Two

This profile was previously described in the section on inter?al
correspondence. Several runs were made with different window sizes and
the results of an analysis using a 22.5 km window is shown in Figure 17.
A series of samples was considered a cluster if they joined at or above
a correlation value of 0.5 on the dendogram.

Although the results of clustering are far from perfect in this

preliminary analysis, in an overall view thcy are encouraging. There
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is a definite tendency for clusters to be associated with distinct
lithologies. The segments for one cluster group, those designated
by 3's, are associated with the granite bodies. Ancofther cluster of
segments, those designated by 6's, are associated with the basaltic
dikes. A third cluster of segments, designated by 4's is associated

with both the diorite and basalt bodies.

Analysis of Woollard's Transcontinental Profile

Cluster analysis was conducted on Woollard's transcontinental
profile which is described in the section on internal correspondence.
An analysis using a window of 250 km is presented in Figure 18.
Once again, a series of segments was considered a clusgér if they
joined above a correlation value of 0.5.
. ?he largest cluster on the profile, designated by 7's im the
diagram, is associated with the midwesternm craton. One segment of
this cluster falls over the Midcontinent Anomaly area. A second
cluster of two subareas, designated by 8's, are from geographically
separated segments that may correspond to Z%etz and others (1966)
Central Chio and Eastern Iowa Magnetic Areas. The érenville front
has been interpreted by Zietz and others at approximately 3200 km on
Woollard's profile. There is a noticeable change in the clustering
pattern near this position. Another small cluster ol two subareas,

designated by 3's on the figure correlate with the Basin and Range

Province plus the western margin of the Colorado Platcau.
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Analysis of Lake Huron Maps

As a further test of cluster analysis, an Investigation was
performed on 2 set of gravity and magnetic maps. The data (Figures
19 and 2Q) are taken from a survey of Lake Huron (O‘Hara and Hinze,
1972} whose location is shown in Figure 20. The area is 370 by 170 knm
and is sampled on a 10 km grid. The gravity data were rounded to
the nearest milligal and the magnetics to the nearest 10 gammas. The
conversion of the profile clustering routine to maps is straight
forwvard; instead of a segment and a profile, square suﬁareas and a map
are used. The same variables used in the profile analysis were used
in this test.

The yesults of a 50 by 50 km subarea clusrer analysis is shown
in Figure 20. The geology of this map: is based primarily on inter-
g;etations by O‘Hara and Hinze (1972) on the gravity and magnztic data.
For £his analysis a group of subareas was considered a cluster iif
they joined at a correlation level of 0.24 or higher.

One cluster specified by 3's on the figure is associated with the
areas immediately west of the interpreted Grenville front which is a

)

portion of the Penckean Province. A second cluster occurs in areas

‘

immediately east of the proposed position of the Grenville {ront
and are designated by 5's in Figure 20. A small cluster of two subareas,
designated by 4's on the {igure, fall directly on the interpreted

position of the Grenville front. A cluster group delineated by 2's

tends to favor areas within the Crenville Province.
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Conclusions

Two possible approaches to semi-quantitative analysis of gravity
and magnetic data have been discussed and have been applied with
encouraging results. The correlation of magnetics and gravity using
internal correspondence ;nd clustering are shown to aid in the inter-
pretation and mapping of regional geophysical paramters and delineation
of geologic sources and provinces. However, both procedures are in
their infancy and much work remains before they can be effectively

applied to geophysical interpretation.
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IV, UTILITY OF POISSON'S THEOREM

IN MAGNETIC AWD GRAVITY ANALYSIS

Theoxy

The gravitational potential U, at an exterior point, due to
the mass of a body of uniform‘density ¢ can be related to the magnetic
potential V due to the same body polarized uniformly in the direction
i with an intensity of magnetization J by the theorem attributed to

Poisson (1.826)

J U
V=0 o @

where G is the gravitation constant (6.67 x 10™% cgs units). Thus
the magnetic potentizl and the derivative of the gravitational potential

are related linearly by a comstant factor J/Go.

It is important to emphasize the assumptions under which Poisson's

£
a

thecren is valid. It is assumed that the potentials U and V are due

-

to a common causative body which has a uniform density o and magnetization

J (in both intensity and direction of maénetization) and, the ratio J/Go
. s

and the inducing magnetic field H are constant over the entire area of
potential fields. 'Usually the anomalous potentials are used from which
the earth's main potential fields have been removed and local variations
are analyzed in terms of density and magnetization contrasts. It is also
important to note that the validity of Poisson's theorem is not dependent
on the shape or the depth of the causative bodies with the maneor exception
of the effects of the demagnetization factor for bodies whose surfaces

are very irregular.

1f the vertical component of the magnetic field is measured, (1) may
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be differentiated to obtain

7= So= e ()

ox, interchanging the order of differentiation

J_ 2% _J g

2 =G5 »isz ~ Go 31

(3)

vhere Ag = %%’is the vertical component of gravity that is measured
by the gravimeter.

1f instead of the vertical magnetic field, the total field AT
is measured, then two additioqal assumptions are necessary in order to
convert (1) to a workable form. Differentiating (1) in the direction

of the total field, we obtain

oo BV _ 3 %
b =517 & 312 ¥

For this equation to be valid the anomalous field AT due to both
_induced and remanent effects must be small relative to the.earth's
main field. Fortunately, except for wvery large local disturbances
{on the order of 10,000 géﬁmas) this condition is satisfied. TFurther-
more {(4) r;quires that defivatives of U be known. U may be calculated
approximately (Cordell and Tayloxr, 1971) or the spatial derivatives of
U approximated directly (Kosbahn, 1949) by integration of Ag. This
operation is valid only if Ag is small relative to the main earth's
gravitational {ield; again a condition which is usually satlgfied in
practice.

Equations (3) and (4) are useable expression of Poisson's theorem

and are linear equations relating measured values:of the mapnetic field

to derivatives of the gravitational field. ‘Assuming that sufficient
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observations of the gravitational and magnetic fields are availlable

over a finite homogeneous source body, then (3) and (4) are over-
determined equations having three independent unknowns, J/o and the
direction of J which can be expressed most easily by inclination It

and declination Dt of the total magnetization vector. Here it is
assumed that the inducing field strength H and its direction (IO, Do)
are known. J is actually the length of the total magnetization vector
which is the sum of induced and remanent magnetization vectors of length
kH and JI and direction (Io’ Do) and (Ir’ Dr) respectively, where k

is the magnetic susceptibility.

It is clear that one canno£ uniquely determine all of these
quantities even given perfectly accurate magnetic and differentiated
gravity obsérvations. Theoreticall} J/c and the direction of J can
b; deternined uniquely, given the assumpiions implicit in applying
Poisson's theorem. If we assume remanent magnetization is meglagible

then J = Jo = kH and given certain bounds on ¢ the range of k may bde

calculated from

_ 32y
J/o = (G EEQJBT)
or (5)
_ 3hg
Jfo = (G o1 /2)

Since J is the length of the vector sum of the induced and remanent
magnetization, both of these vectors cannot be uniguely determined.
However their lengths are related by the Koenigsberger ratic Q = Jr/kH,

the ratio of remanent to induced magnetization in a rock. Various values
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of Jr and kH and their associated directions may satisfy Polsson’s
theorem. However the minimum value of @ = Jr/kH,is found when the
remanent and total magnetization vectors are perpendicular (Grossling,
1967; Cordell and Tayloxr, 1971). Therefore, solving equations (3)

or (4) can yield, theoretically, unique determinations of J/o,

the inclination and declination of the total magnetization vector (J),

and the minimum Koenigsberger ratio.
t

Applications .
Poiséon's theorem was expressed explicitly by Eotvos (1907) in

terms of the cowmponents of the magnetic field relative to the se;ohé
dexivatives of the gravitational potential which are measured by the
torsion balance. Haalck (1929) applied the equations given by Eotvos

~
to to&sion balance and magnetic observations in the Kursk avea of
Russiz and determined the density-susceptibility ratio of the anomalous
bohy. Garland (1951a, b) extended Poiss;n‘s theorem to vertical and
total magnetic field and gravimeter measurements. Garland (1951b) applied
Poisson's theorem teo the Crow Lake ancmaly in the Canadian shield by
calculating the theoretical total magnetic field from the gravity data
assumi;; uniform density and magnetization and comparing with the
oﬁserved magnetic data. The results, indicated dramatically that the
source body was of non-uniform magnetization. However the difference
between the calculated and observed magnetic field data served to delineate
thé separation between two rock types which provided the source of the

anomalies. The rock types were of uniform density but differed markedly

in their magnetization. Using the simpler and more isolated Marwora
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anomaly, CGarland estimated the magnetization/density ratio using the
total field magnetic anomaly and derivatives of the gravity data
calculated at six locations. Remanent magnetization was assumed to
be negligible and the density contrast was estimated to be 0.3 g/cc.

The results dindicated that the assumption of uniform magnetazation,
and neg%}gible remanence were at least compatible with the observations.

A common source for the gravity and magnetic anomalies was therefore
indicated, having a J/o ratio of 90,000 x 10~6.

Garland (1951a) also determined J/¢ for an anomaly in Arkansas
and attempted an intérpretation of the range of J/v values in teéms of
rock type. Garland also mentions the importance of remQVing regional
gravity and magnetic fields, removing thedeffects of neiéhboring bodies
and éesting for uniform magnetization.

« Nettleton (1942) derived several formulas for gravity and magnhetic
calculations over single bodies such as spheres and cylinders. Although
Nettleton does mot refer to Poisson's theprem, he expresses the relation-
ship between the gravity_;ﬁé magnetic fields over the center point of
single bodies (for vertical field and vertical magnetization) such that
J/o can be determined from the peak amplitudes of the gravity and magnetic
fields. The formulas given by Nettleton may be used for quick esiimates
of Poisson's relation and determination of J/; since no derivatives are
needed. This approach requires an assumption of source geometry and depth.

Several authors have investigdted the determination of the direction
of magnetization of a body using some variation of Poisson's theorem.

Lundbak (1956), Ross and Lavin (1966), Bott and others (1966) and Robinson

(1971) have determined the magnetization direction for two- and three-

dimensional theoretical and rcal bodies by successively transforming the
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gravity or magnetic fields according to Poisson's theorem assuming
values of the inclination and declination of the magnetization vector.
The direction of magnetization is selected on the basis of the best
fit between the transformed and the observed field. If the suscegti—
bility and density of the causative body are assumed, then limits can

&
be placed on the range of compatible remanent magnetization vectors.
The remanent directions thus determined have been applied to paleo-
magnetic studies (Lundbak, 1956; Ross and Lavin, 1966). The importance
of the estimation of the base level of the ancmalies and removal of re-
gional gradients has been emphasized by Ross and Lavin (1966) and Bott
and others (1966). '

~

Baranov (1957) has employed Poisson's theorem to derive a pseudo-
-1

gravity field in which the magnetic field is effectively "reduced to

h oY .
the north magnetic pole" assuming a direction of magnetization and the
ratio J/o. The effects of asymmetry of magnetic anomalies due to

inclination of magnetization is thus removed and the pseudo-gravity data

are much easier to corréiate with observed gravity for subsequent inter-
pretation.

Recently, Kanasewich and Agarwal (1970) have applied modern digital
processing' techniques to Poisson's theorem to provide a statistically
significant determination of J/¢. The analysis is carried out in the
wave number domain. Both the gravity and magnetic data are transiormed
to the wave number domain, filtered to remove short wavelengih noise,
the gravity data upward continued to the {light elevation of the aeromag-
netic data, and the necessary horizontal and vertical derivatives of the

gravity field determined. The observed magnetic data are reduced to the
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pole before comparison with the transformed gravity data. It is
assumed thaL remanent magnetization is negligible and that the magneti-~
zation vector is constant in both direction and length over the entire
area. A broad region encompassing many anomalies is used in the hope
of statistically enhancing the J/o estimate. J/o is determined for
each wavelength by dividing the Fourier amplitudes of the magnetic
field by the differentiated gravitational field for each wavelength.
J/o may be plotted against wavelength and an average value determined.
The distribution of J/0 as a function of wavelength alsc may contain
valuable although not readily interpretable information. In order to aid
in the selection of a representative J/c value for the area, the
coherency of the magnetic data and the differentiated gravity data is
‘qalculated. Thus for each wavelength a coherency between the graviiy
agh magnetics and an estimate of J/o is determined.

There are several“éifflculties with the approach of Kanasewich and
Agarwal to Poisson's theq;em. First, all spatial domain information is
lost since the J/0 and éoherency éstimates are accomplished in the wave
number domain. This is a serious problem whenever more than a single,
isolated anomaly is treated since the gravity information of a particular
wavelength from one section'of the map is included in the analysis with
the magnetic information of the same wavelength irom an entirely unrelated
part of. the map. Furthermore, since a broad area is used, the assumption
of uniform density contrast and magnetizaiion over the map 1s espccially
suspect. However, the Kanasewich and Agarwal approach cannot be applied

on a very small area since the entire anomaly must be included and the

number of data points must be large enough (relative to the dominant
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wavelength of the anomaly) for adequate wave number estimates to be
nade by the‘Fourier analysis. MNo provision is made for remanent
magnetization except as can be included in trial and error calculation
of the transformed gravity data, and even in this case the magnetization
vector must be assumed constant over the entire map.

Perhaps the most complete numerical approach to the application of
Poisson's theorem has been developed by Cordell and Taylor (1971).
These authors determine J/¢ and the direction of the magnetization
vector by a least squares inversion of the gravity and magnelic data.
Basically equation (4) is used and the observed data are transformed to
the frequency domain. An estimate of U.is found by expressing U as the
integral of Ag in the frequency domain. A linear system is expressed
_in which the unknownsﬁare the compon;nts of the total magnetization vector
di;ided by ¢ and the known quantities are the inducing magnetic field
-strength and direction and the Fourier transformed obsexvations of the

.

gravity and magnetic fie%ﬂF:_ The equation is greatly overdetermined and
is solved by the method 5f least é;uares at times weighting the solution
by using only certain wavelengths of the transformed data.

Cordell and Taylor applied the method to a theoretical anomaly with
excellent results. Application to an isélated gravity and magnetlic anomaly
over a seamount was also successful. Determination of J/g byrthis method
was shown to be highly accurate so long as the assumptions iwplicit in

Poisson's theorem are met. Using reasonable estimates of density the

range of susceptibility contrast may be estimated as well as the
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range of possible remanent magnetization directions and intensities
and the minimum Q. Paleomagnetic pole positions were them calculated
based on the possible Q values for the seamount.

Although the method presented by Cordell and Taylor appears to
be very powerful, it is still subject to several limitations partly
imposed by the assumptions of Poisson's theorem and partly by the
numerical techniques used. The anomalies considered must be disolated
so that the spectral amplitudes are répresentative of the fields due
to a single body and so that the base level of the anomalies may be
determined satisfactbrily. Numericzl estimates of the spectrum‘;f an
anomaly are also inadequate unless the available data covers an area
which is large relative to the dominant wavelength of the anomalies.

Application of Poigson's theorem has proved to be of significant
;alue in peological and geophysical interpretation, and the method
appears to have potential for greater emphasis if the many limitations
imposed by the theory and the‘numerical épplication can be reduced. Thesc
difficulties are summari;;&iénd evaluated below. -

1) The wvalidity of Poissonfs theorem is dependent on gravitataonal
and magnetic anomalies arising from a common, finite homogeneous source
having uniform density and magnetization. While these assumptions are
seldom if ever satisfied in practice, the results of application’o{
Poisson's theorem may yield significant results even if reliable values
of J/o and the direction of magnetization cannot be given. Comparison

of magnetic and transformed gravity data may be used to delincate zones of

anomalous J/o or magnetization as shown by Garland (1951b).
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2) Intexrference of gravity and magnetic anomalies due to
small separation between source bodies will reduce the effective-
ness of the Poisson analysis 1if the bodies differ in-dcnsity
or magnetization. Real data nearly always will be contaminated by
the effects of several sources or at least regional ancmaly fields.
Wilson (1970) presents a method based on Poisson's theorem which allows

s

the separation of the anomalous gravity and magnetic fields of neigh-
boring bodies. However, the method requires the assumption of the
number of source bodies present, the value of J/o and the direction
of magnetization for each body. Wilsen's method may have advantages
in the accurate modeling of a gingle anormaly since the indiv1dua1~
fields can be separated, but as an aid to the Poisson's theorem
analysis it involves too many assumptions about the bodies. One of the

g

approaches to a better application of Poisson‘g'thecrem 1n the presence
of interfering anomalies is to attempt to apply the method to the central
pértion of the anomaly. This will probably require a spatial domain
approach and particular attention paid to the base level of the anomaly
as discussed below. If a method for Poisson’s analysis using a relatively
small portion of an anomaly could be developed, the technique could be
applied successively over a large map area yielding nearly continuous
estimates of J/o and direction of magnetization.

3) It is clear from the form of equation (5) that the base level or
regional gradients of the gravity anl magnetic fields will significantly

influence the J/o determination. Gradients will especially affect the

gravity data since horizontal derivatives arc necessary unless the direction
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of magnetization is vertical. These effects can be minimized by
removing known base levels or gradients, When an anomaly is not
isolated, the base level is difficult to determine and the central
portion of the anomaly may be all of the data that is useful in the
analysis. In this case if one plots the magnetic data versus the
differentiated gravity data, the slope of the resulting line vill
be J/Go which will not be affected by the base level.
,
4) Several numerical techniques are necessary for the application
of Poisson's theorem. Vertical and horizo&tal deravatives of the
gravity data must be adequately determined. Vertical gradients have
commonly been calculated by Baranov's (1953} formula and horizontal
derivatives by simple difference methods. lternatively , all derivatives
could be evalvated by wave nulber domain methods ag descxibed by
Bhattacharyya (1972). The possible extent of inaccuracy of Poisson's
analysis due to numerical derivative opevations is not presently knowma.
Gravity data must be upward continued to the elevaltion of the magnetics
2for application of Poisson's theorem. Uptvrard continuvation ac%s as a
wavelength filter and tends to remove a certain amount: qf noise.

Upward continuation of both the gravity and the magnetics, for example

to satellite elevation, may be a desireable approach to Poisson's theorem

¢

in that interfering anomalies and fields due to bodies having non-uniform
density and magnetization will be smoothed and averaged. A representative
value of J/o and direction of magnetization might then be determined for

a broader region although the exact averaging process thal would determine

J/o and direction of magnetization is not prescntly known.
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Until a thorough study of the application of Polsson's theorem
to theoretical and real gravity and magnetic datas comprising a wide
range of geological and geopﬂysical conditions and an analysis of
the effects of various numerical techniques is made, the resolution
and applicability of Poisson's theorem will remain unknown and the
method will be restricted to a limited range of rather simple geologic

applications.
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V. GEOLOGIC IMPLICATIONS OF

COMBINED MAGNETIC AND GRAVITY ANALYSIS TECHNIQUES

The objective of combined magnetic and gravity analysis 1s to map
geologic and geophysical characteristics of the lithosphere and to
decipher geologic history from these data. This information i;
important not only to the basic understanding of the earth and its
processes, but also to the solution of envirommental and mineral
and petroleum exploration problems. Thus the results of the
suggested, but largely untested numerical techniques for magnetic and
gravity analysis must be related to parametexs of the earth. This at
least in part can be accomplished by extending correlations achieved
by qualitative techniques and conjecture founded on fundamental geo-
pgysical and geologic concepts.

An important and direct use of combined magnetic and gravity analysis
is the identification of source lithology. WNettleton and Elkins (1944)
have deterﬁined the ratio of magnetization (induced) to density for
igneous rocks classified by the C.I.P.W. and-Iddings-methods. Hovever,
this ratio does not lead directly to identification of lithology because
the magnetizations and densities of rocks generally ovexrlap (Dobrin, 1960).
This has been corroborated by physical property measurements of basewent
yvocks in the central United States (Rudman and Blakely, 1965). The
proble;’is further complicated by other problems leading to amBaguity,
particularly the effect of remanent magnetization.

In spite of the difficulties of relating specific lithologics to

gravity and magnetic anomalies, certain generalizations are possible.
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These generalizations are based upon correlation of anomalies with
direct geologic information from cutcrops and drill holes. Mafic
intrusive and extrusive rocks are generally associated with positive
gravity and magnetic anomalies. However, locally both ¢f these

rock types may produce negative magnetic ancmalies due to remanent
magnetization. Granite Intrusives generally cause negative gravity
anomalies and either negative or positive magnetic anomalies depanding
on the nature of the country rocks. Over the Canadian Shield granitoid
rocks and highly altered gneisses generally correlate with magnetic
highs and belts of Precambraian sedimentary and volcanic rocks and low-
grade gneisses correlate with magnetic lows, although the latter may
contain numerous narrow magnetic highs. Within this area, gravity
highe corralate with granitoid belts and highly metamorphosged wvolcanic~
sgdimentarf formations, vhereas regional gravity lows correspond to
weakly metamorphosed volcanlc—sédimentary formations. One of the
richest ore depesits in the world is located within the Boulder
batholith in Montana. The ﬁatholith 1s correlated with a broad

gravity low and 2 magnetic anomaly maximum. Interestingly, the actual
ore deposit shows up in a reverse sense, an intense magnetic minimum
and a low-amplitude graviiy maximum. In South Dakota Lidiak (1971) has
f9und that mafic¢ schists in the basement are characterized by gravitly
highs and less pronouced magnetic highs than are assoeiagcd wvith the
gneiss belts. The relationships between gravity and magnetic anomaliecs

and rock type are obviously complex. However, even in the case of a positive

gravity anomaly (the Mid-Michigan gravity anomaly) which along its strike
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has correlative positive, negative and no magnetic anomalies, lithologic
dmplications can be inferred {rom the correlations or lack thereof

(iiinze and others, 1975). .

‘ Correlation of the characterastics of both gravity and magnetic
anomalies may be extremely useful in mapping geolegic provinces that
reflect units of relatively homogeneous lithologic suite, tectonics,
and geophysical parameters. Utilizing in part gravity and magnetic
data Pakiser and Zietz (1965) have divided the crust of the United
States into two major zones separated by the eastern edge of the Rocky
Mountains. MacLaren and Charbonmneau (1968) have discussed the magnetic
and gravity patterns associateé with the provinces of the Canadian _
Precambrian shield. Rudman and others (1965) and Hinze and others
(1875) give examples of the identification of buried basement provinces
i;.the Midwest using magnetic and gravity data. Identification and
mapping of similar provinces over the entire earth may be possible
utilizing satellite magnetic observations and world—wige gravity data.
This would supplement an& perhaps refine the correlations of gravity
vith vworld-wide tectonics (Kaula, 1972) and vith plate boundaries
(Wilcox and Blouse, 1974).

The geologic utility of combined gravity and satcllite magnetlic obser-
vations cannot be determined until the accuracy and resolution of the

satellitc observations is specified and analysis is performed incorporating

L

vpward continued aeromagnetic and gravity data and model studies.
However, the potential is present for obtaining regional geologic infor—
mation previously unavailable. This information may take the form of

defining present plate boundaries or provinces which outline stablized
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plate boundaries on continents which relate to Pre-Mesozoic sea
floor spreading. Broad zones of widesprecad hydrothermal alterataon
which accompany mineralization may be detected. Thermal plumes may
be traced on the basis of decreased overall magnetization caused
by temperatures excecding the Curie temperature of magnetite. The
high thermal inertia of the earth which causes temperatures within
the earth to change very slowly may be used to detect previous
positions and thus paths of thermal plumes in reference to the crust
of the earth, these are only a few of the many excating potential
applications of combined gravity and sateliite magnetic analysis.

It is clear that magnetic and gravity data at satellite observations
will fail to resolve many of the types of anomalies that the geo-
physical analyst is accustomed to dealing with on ground or aero-
ma§netic maps. This will be a disadvantage. However satellite magneiic
observations also have an advantage. An advantage because local pertur-
bations in geology wi.ll not be observed at satellite elevations. These
local anomalies are really noise in‘the interpretation of regional
structures — noise which can seldom be extracted'satisfactoriiy by
-filtering. Ore bodies are best studied from ground observations and
batholithic sized features can best be investigated at aircraft elevations,
but features ;uch as the Colorado Plateau and ifs relation to the tectonics
of southwestern United States is best studied at satellite elevations
where the anomalies are free of noise due to local geologic features. Thus,
satellite derived data is expected to aid in mapping regional s;ructurcs

and provide average properties of the lithosphere. These are objectives

that are difficult to achieve with our present data basc.



50

To achieve Fhese goals and utilize the satelllte magnetic
data to the maximum degree, combined gravity and magnetic analysis
of data must be performed. Only continued research will decide
which of the methods outlined in this report, analytical spatial
correlation, clustering or use of Poisson's theorem, will provide
the optimum approach under varying geologic and geophysical conditioms.
Regardless of the method, quantified interpretational tools are
urgently needed. The importance of these ftools and research to refine
them was foreseen by Davas (1973) when he stated "The subject of map

\

comparisons is one which will become increasingly important in the -
future, because interpreting the voluminous data from Earth-sensing
satellites will require development of avtomatic pattern recognizers
and map analyzers. The algorithms which control these machines must
é% developed by geologists and other earth scientists, who alone have
the knowledge of the Earth necessary to interpret the data. Imn turn,
geologists must learn to quantify and systematize their mental recognition
skilis so that machines can be taught Lo assume some of the butrden for
them, If this is not done, we will be literally buried under reams of

charts, maps, and photographs returned from resource survey satellites,

orbiting geophysical platforms, and other exotic tools of the future."
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MAGNETTC
SUSCEPTIBILITY
DENSITY CONTRAST

BODY CONTRAST (g/cc) (x 107% emu/ce)

1 0.30 6000

2 0.30 -6000

3 -0.05 6000

4 0.05 ~6000

5 0.00 6000

6 0. 30 1000

7 ~0.30 0

8 ~0.05 1000

g 0.05 1000
10 0.00 1000
11 0.30 6000
12 0.05 6000
13 0.30 1000
14 0.05 1000
15 ~0.05 1000
16 ~0. ;0 1000
17 ~0. 30 0
18 ~0.30 0
19 0.30 ~6000
20 0.30 1000

TABLE 1. Density and magnetic susceptibility contrasts for bodies
of Profile One.
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MAGNETIC
SUSCEPTIBILITY
DENSITY CONTRAST

-BODY CONTRAST (g/cc) (x 1076 emu/cc)

1 0.05 BOOO

2 0.05 8000

3 0.05 8000

4 0.05 8000

S5 0.05 8000

6 0.25 14000

7 0.25 14000

8 0.25 14000

9 0.25 14000
10 0.25 14000
11 0.25 14000
12 0.25 314000
1; 0.25 14000
14 0.25 14000
15 0:05 : 8000
16 0.25 14000
17 -0.10 3000
18 0.25 14000
19 0.05 8000
20 -0.10 3000
21 0.25 14000
22 —0.16 3000
23 ~0.10 3000

TABLE 2. Density and magnetic susceptibility contrasts for bodies
of Yrofile Two.
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ANNOTATED BIBLIOGRAPHY OF
METHODS FOR CORRELATING MAGNETIC

AND GRAVITY ANOMALIES.

1. Bassett, K., 1972, Numerical methods for map analysis: Progress
in Geography, v. 4, p. 217-234.

A comprehensive review of map analysis and
correlating methods and their Iliamitations
are presented. A good reference list is
included.

2. Bhattacharyya, B.K., 1967, Some gencral properties of potential

fields in space and frequency domain: a review: Geoxplorataioen,
v. 5, p. 127-143.

A discussion of the properties of gravity and
magnetic fields is presented. If a suitable
combination of gravaity and magnetic fields can
be obtained it is possible to calculate the
magnititude and directaon of the magnetization
vector.

3. Botezatu, R., and Colata, C., 1973, Cross correlatiomn as an aid
in simulianeous gravity and magnetic analysis: Geophysical
Prospecting, v. 21, p. 472-483..

A non-normalized cross correlation funetion is used to
relate gravity and magnetic iptensities. Genetically
related anomalies can be discriminated from ancnalies
produced by different geological bodies situated on
the same vertical line.

4. Bott, M.H.P., Swmith, R.A., and Stacey, R.A., 1966, Estimation of the
) direction of magnetization of a body causing a magnetic anomaly
using a pscudo-gravity transformation: Geophysics, v. 31,

p. 803-811.

The direction of magnetization of a two-dimensional body
is estaimated using an adaptation of Baranmov's transior-
mation of magnelic anomalies to pseudo-gravity anomalics.
This method can be extended to three-dimensional bodies.
Sources of error are briefly discussed. Both theorectical
and observed examples are given.
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5. Chereau, J.Y. and Naudy, H., 1967, Combined interpretation
of gravity and magnetic data: U.N. ECAFE Mineral
Resources Dev. Series No. 26, p. 464-477.

The importance of combined interpretation

1s stressed. Indirect comparison, direct
comparison (using Poisson's theorem) and
combined interpretation are described in a
non-quantitative manner., Examples of various
degrees of gravity and magnetic correlation
are given.

b. Choxley, R.J., ed., 1972, Spatial Analysis in Geomorphology:
Barper and Row, New York, 393 p.

This book includes several excellent articles
on map analysis. Introductory article by
Chorley contains very good lisi of references,

7. Corbett, J.D., Binze, W.J. and Secor, G.B.; 1967, A regional geo-
physical study of the Port Coldwell Complex, Ontario (abstr.):
Inst. on Lake Superior Geology.

Combined gravity and magnetic analysis utilizing
Poisson's theorem was employed to investigate the
phiysical properties of rhe intrusive.

8. Cordell, L., and Taylor, P.T., 1971, 'Investigation of magnetization
: and density of a North American seamount using Poisson's
theorem: Geophysics, v. 36, no. 5, p. 919-937.

A relationship is developed through Poisson's theorem’
between gravity and magnetic anomalies in the fre-
quency domain for an isolated and uniformly magnetized
body. A series of linear equations involving density,
magnetization and calculated Fourier-series coefficients
are used to solve for the three components of the

total magnetization vector divided by the density. An
example is given.

g. Curry, L., 1967, Quantitative geography: Canadian Geographer, v. 11,
p. 265-279.

The author suggests fitting a polynomial to one surface

and then reducing a second surface by the same expression:
the measure of association is the proportion of the variance
of the sccond map exlained by the polynomial of the first.



io.

11.

iz2.

i3,

14,

oL

Davis, John C., 1973, Statistics and Data Analysis in Geology:
New York, Jotm Wiley and Sons, Inc., 550 p.

This book discusses various correlation, cluster-
ing, and map comparison techniques. A good
list of references is provided.

Eaton, G.P., Christiamsen, R.L., Iyer, H.M., Pitt, A.M.,
Mabey, D.R., Blank, H.R., Jr., Zietz, I., and Gertings,
M.E., 1975, HMagma beneath Yellowstone National Park:
Science, v. 188, p. 787-796.

Gravity and magnetic anomalies are correlated
with geology and each other to decipher the
subsurface geology of Yellowstone Park.

Garland, G.D., 1951, Combined analysis of gravity and magnetic
anomalies: Geophysics, v. 16, p. 51-62.
A comprehensive discussion is given of the use
of Poisson's theorem with particular application
to gravity and vertical magnetic anomaly inter-
pretation. An example of its use in physical
property, determination is given.

Garland, G.D., 1951, Comparisong of gravitational and magnetic
anomalies over certain structures in Southeastern Ontario:
The Canadian Mining and Metallurgical Transactions,

V. 59, p. 340-345.
This article trecats the general relationship between
gravity ancmalies and tclal field magnetic—anomalies
utilizing Poisson's thecrem. Examples of application
are given.

Grossling, B.F., 1967, The inkernal magnetization of seamounts
and its computer calculation: U.S. Geol. Surv., Prof.
Paper 554-F, p. 26.

A method is presented for determining the magnetization
of a body by an analysis of the magnetic anomaly in
relation to the shape of the body. The method gives
the total magnetization vector {rom a comparison of

the observed field with three hypothetical fields
obtained by assuming unit magnetizataions in three
orthogonal directions. A least-squares fit of a linear
combination of the three ficlds te the observed

one pives the magnetization components.
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15. Hide, R., and Malin, S.R.C., 1970, Novel correlation between
glebal features of the earth's gravitational and magnetic
fields: MNature, v. 225, p. 605-600.

A correlation is made of gravity and magnetic
fields of the earth's core. The coefficients

of the spherical harmonic expension of the
magnetic field (with the secular varistion
removed) are used to correlate with gravity.
They apply Student'’s t test and a2 stronger test
by Brice to determine the significance of the
correlation. Both show conclusive correlation,
The geophysical significance of this correlation
is reviewed.

16. Hinze, W.J., and Merritt, D.W., 1969, Basement rocks of the
southern peninsula of Michigan; in Studies of the
Precambrian of the Michigan Basin, ed. H.B. Stonehouse,
Michigan Basin Geol. Soc., p. 28-59.

An interpretation ¢f the basewment rocks of the
Michigan Basin in part by the correlation of
gravity and miagnetic anoralies is presented.

i7. Henderson, John R., Jr., and Zietz, Isidore, 1958, Interpretation
of an aeromagnetic survey of Indiana: U.S. Geol. Surv. Prof.
Paper 316-B, p. 37. :

Correlation betueen gravity and magnetic anomalies
is discussed. ‘The cerrelation is found to vary widely.

18. Kanasewich, E.R. and Agarwal, R.G.,1970, Analysis of combined
gravity and magnetic fields in wave number domain: J. Geophys.
Res., v. 75, no. 29, p. 5702-5712. .

Gravity and total field magnetic anomalies are
correlated using two-dimensional fast Fourier
analysis. They calculate Jfo ratio in the {re-
quency domain using Poisson's theorcem. Examples
are given. Ccherency test is used to measure the
source corrclation.

9. Karataev. G.I1., 1964, Correlation scheme for linear prediction
of crustal struclure and composition f{rom gravitatjonal
and mapnetic anomalies: Institute of Geology and Geophysads,
Siberian Division, Academy of Science of the USSR, Novosibirsk.
Geologiya i Geopizika, no. 10, p. 33-49,



20.

21.

22,

23,

24,

83

A descriptien is given of a linear correlation
model for gravity and magnetic features of the
crust, together with the application of this model
to prediction of geologic parameters.

King, T.R. and Zietz, ¥., 1971, Aeromagnetic study of the
mid—-continent gravity high of central United States:
Bull. Geol. Soc. Amer., v. 82, p. 2187-2208.

An exawple of nmon-quantitative gravity and
magnelic anomaly correlation and interpre-
tation is given.

Leney, G.W., 1966, Field studies in iron ore geophysics:
Mining Geophysics, v. 1, p. 391.

This paper gives an example of the use and the
coincidence of magnetic and gravity anomalies
with reference to a buried iron formation.

An example is given.

Lidiak, Edward, 1971, Buried Precambrian rocks of South Dzkota:
Bull. Gecl. Soc. Amer., v. 82, p. 1411-1420. '

This is a survey article about the basement rocks
of South Dakota. A comparisen of the lithology
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