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Summary

The MAGSAT scalar data are processed to construct a crustul magretic
anomaly map over the continental U.S. The processing steps include a removal
of the reference field model, a path-by-path subtraction of a low order
polynomial through a least-squares fit to reduce orbital offset errors, and

a two-dimensional spectral filtering to mitigate the spectral bias

induced by the path-by-path orbital correction scheme. The resultant anomaly
map shows reasonably good correlations with an acromagnetic map derived from
the project MAGNET. Prominent satellite magnetic anomalies are identified in
terms of geological provinces and age boundaries.

To reduce the MAGSAT data to a common altitude, we attempted three types

of functional representations of the field, namely, a spherical harmoaic

series, a finite harmonic series, and a triple half-range cosine

series. While these representations properly reduce simulated satellite data
to a common level, their results derived from the actual MAGSAT data show
unacceptably high rms residual errors. This implies that the difference in
the magnetic data among different satellite paths cannot be solely accounted
for by the variations in orbital altitude alone. Only after the temporal
changes in the external field are properly removed, can the data be

reduced successfully to a common level.

Finally, we applied to the MAGSAT data a newly developed method of
estimating the Curie depth. The inversion wethod produces both the Curie
depth topography and laterally varying magnetic susceotlbility of the crust,
A contoured Curie depth map thus derived shows general agreements with a
crustal thickness map based on seismic data.

Based on the current study, we believe that the satellite magnetometry,

particularly with improved methods of correcting the external field
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varfation, can make further significant contributions toward the understanding

of the earth's crustal structure,
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Analygis of the MAGSAT data over the U.S.

The MAGSAT data used for this report consist of the entire Investigator
B data file for the satellite duration. The dats area is bounded by latitudes
24N-52N and longitudes 230E-295E. The magnetic field measured at the
satellite level consists of various contributions: the internal and external
parts of the geomagnetic field, its temporal variations, and the anomalous
field caused by magnetized bodies in the crust of the earth. In order to
study the crustal contribution of the field, we selected only those
geomagnetically quiet time data (geomagnetic planetary index Kp less than 2+)
and removed the reference field of MGST (6/80) (Langel et al., 1981).

Figure 1 shows the distribution of data as a function of satellite
altitude. We notice that the majoritr (56X) of the total 49,000 data points
fall within the alt{itude range between 350-450 km. Figure 2 shows spatial
distributfon over the U.S. of about one third of the total data used for the
study. As expected, the data are evenly distributed over the entire region.

The wide scatter of the satellite altitude poses a rather difficult
problem of compiling and presenting the data as a single magnetic anomaly map.
To demonstrate this problem we show, {n Figure 3, a contoured map of the raw
data falling in a relatively small altitude window between 350-400 km without
any corrections. By limiting the altitude range, we initially attempted to
minimize the effect of the altitude variation.

The orginal data were resampled on a 1 x 1 degree grid for contouring,
The value at each grid point was evaluated using all data within a circular
area of a three-degree radius and imposing a weighting function of 1/R where R
is the distance between the grid point and the data point. No reduction of

data to a common altitude was made.




The orginal data “hus contoured show numerous narrow anomaslies parallel
to the satellite paths. These anomalies are believed to be caused by
differences of the satellite altitude, static bias, and drift rate among
paths as well as temporal variations of the external geouagnatic field.

In order to reduce these inconsistencies among different paths, we

removed a best-fitting low order polynominal along each path, thus minimizing
the rms difference between the observed data and the predicted reference field
data. The optimum order of the polynomial obviously depends on the linear
path length and longest wavelength features desired to be retained. We have
tested polynomials of order O, 1, and 2. Among these, we find, somewhat
subjectively, the first order polynominal most optimal. The resultant map,
after removing the first order polynomials, is shown on Figure 4. The average
slope is found to be 3.5 x 1073 gamma/km, with a standard deviation of 5.7 x
1073 gamma/km, implying that the drift rate is highly random among paths (Won
and Son, 1982). The removal of a second order polynomial for each path did
not change the result significantly and showed signs of over-correction
indicated by some diminishing long wavelength anomalies.

The removal of a best-fit polynomial along each flight path reduces
considerably the offset problems among ad jacent paths, thereby eliminating
narrow north-south flight line anomalies. However, since the scheme does not
take into coasideration the three-dimensional nature of the magnetic field
outside the flight paths, it can potentially create spurious long wavelength
east-west trending anomalies. Most MAGSAT anomaly map;, including the one
shown on Figure 4, wanifest dominant east-west trending anomalies while
suspiciously lacking 1orth-souii: trending anomalies. From a mathematical
viewpoint, once we remove a 13th order-and-degree reference field, the
resultant data should not contain any anomalies whose spatial wavelengths are
greater than those of the highest harmonic constituent. The fact that these

3

kM



long wavelength anomalies still exist leads us to believe that the
path-by-path polynomial adjustment is the potential source of these long
wavelength east-west anomalies. We attempted to reduce the dominant east-west
anomalies by applying a two-dimensional spectral highpass filter with a cutoff
wavelength of 16.5 degrees roughly corresponding to the wavelength of 13th
order spherical harmonic term. Figure 5 shows the resultant map after the
spectral filtering. The map is now fairly compatible with known geological
and geophysical features and will be the basis for geological interpretation

later in this report.

Analysis of the MAGNET U.S. Aeromagnetic Data

The MAGNET U.S. aeromagnetic survey data, obtained by the U.S. Naval
Oceanographic Office and available from the National Geophysical and
Solar-Terrestrial Data Center (NGSTD) of NOAA, were collected during 1976 and
1977 at altitudes above ground level of 500-700 m in non-mountainous terrain
and 900 -1,000 m in mountainous terrain. The MACNET file contains some
650,000 measurements at approximately 100 m intervals along the flight path.
Spacing between the N-S flight paths is about 1.l degree in longitude. Since
the data density along the path is much higher than the line spacing, we
averaged over every 100 data points to reduce the total data amount to about
6,500 points. This gives approximately a 0.1 degree sampling interval
along the path.

Initially, we removed a 13th order-and-degree reference field of
GSFC(9/80-2) with secular variation. The residual field thus obtained still
showed considerably longer wavelengths than those of the 13th order spherical
harmorics. Although the reason for this discrepancy is not clear, it is
perhaps due to insufficlent removal of the non-crustal field. Other reference

field models produced varying, yet similar results.
9
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In order to reduce further the remaining long wavelength anomalies from
the data, we removed a best-fitting third order polynomial surface from the
MAGNET residuzl data. The resultant data were contoured from 1 x 1 degree
gridded data with the same saupling window and weighting function used for the
MAGSAT data. The map (Figure 6) thus produced shows a qualitative resemblence

to the MAGSAT anomaly map of Figure 5.

Crustal Geological Interpretatfon of MAGSAT Data

The MAGSAT map (Figure 7) shows mostly broad-scale features that reflect
fundamental crustal structures that persist to depths at which the Curie point
is reached. Although somc upper crustal structures can be delineated on the
map, the finer details that can be correlated on standard aeromagnetic maps
(Zietz, 1980) are not present. The anomalies on the MAGSAT map must be
related to structures that exist in the lower crust and possibly even the

upper mantle in some areas.

Northeast Trending Anomalies

Perhaps the most striking feature of the MAGSAT crustal anomaly map 1is
the northeast trend of the major magnetic anomalies (Figure 7). Northeastern
trending structures have been described across the entire United States and
represent one of the principal crustal fabrics of ine craton. Some of these

better documented structural features are:

(1) Colorado lineament — a belt of Precambrian faults (Warner, 1978)
that cuts across the Colorado Plateau from south of the Grand Canyon

and Rocky Mountains into southeastern Wyoming (Figure 7). It is




approximately aligned with the boundary of two distinct Precambrian
terrains in Minnesota (Morey and Sims, 1976).

(2) Proterozoic chronologic province boundary that separates 1690-1780
Ma old rocks on the north from 1610-1680 Ma old rocks on the south
(Silver, 1968; Silver, et al., 1977). This boundary extends
from southwestern Arizona through northern New Mexico into
southeastern Colorado.

(3) Shear zones in the western United States (Chapin, et al., 1978) and
in the Great Lakes region (LaBerge, 1972; Sims, 1976).

(4) Midcontinent geophysical anomaly that extends from Lake Supericr to
Nebraska and is counsidered to be a major crustal rift. It contains
Keweenawan basalts and is flanked by elongated basins filled with
red sandstones (King and Zietz, 1971).

(5) New York-Alabama lineament which is defined by a serles of linear
magnctic anomalies and separates provinces with different trending
gravity anomalies King and Zietz, 1978). Zietz (1980) has pointed
out that the lineament seems to delineate the northwestern boundary
of a seismically active block in the eastern United States.

(6) Seismically active belt that extends from the St. Lawrence River

Valley through New Madrid, Missour{ (King and Zietz, 1978).

It 1s clear that northeast-trending structural features form some of the
largest and most pervasive disruptions in the crust across much of the United
States. They all pass through reglons that overlie Precambrian basement rocks
at ¢epth and are well inboard of tnose areas thought to represent suspect
terrains. The parallelism of the northeast-treanding crustal structures and

the major MAGSAT linear anomalies suggests the two are directly related.
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Precambrian Terrains

Precambrian terrains also show some correlation with the MAGSAT data.
One of the most striking correlations is the apparent coincidence of the
southern boundary of Archean gneiss-migmatite basement (Van Schmus and
Bickford, 198l1) and the magnetic low that sweeps across the midcontinent from
Wisconsin to Colorado and then northwestward into Idaho. This boundary is
thought to mark the edge of the Archean craton and, therefore, may represent
the site of anclent plate tectonic processes.

Another, less convincing, correlation is the approximate coincidences of
the southern boundary of the early Proterozoic (1690-1780 Ma old) belt of
megasedimentary, metavolcanic, and plutonic rocks that are largely felsic (Van
Schmus and Bickford, 1981) and the northern limit of the belt of magnetic
highs that extends from Texas to Michigan. There i8 no agreement as to the
tectonic character of this belt of rocks; both plate margin and intracratonic
settings have been proposed to explain its origin. Van Schmus and Bickford
(1981) argue rather coavincingly that the available data indicate the be't

represents a contirental aargin.

Geological Provinces

On a smaller scale, correlations can also be made with certain geological
provinces. Some of the more obvious are:
(1) The Northern Rocky Mountains are magnetically high.
(2) The Middle Rocky Mountains are generally low magnetically except for
a8 weak magnetic high that parallels the Front Range.
(3) The Great Basin of the Basin and Range Provinces is characterized by
a magnetic low that may be the result of decrease in depth to the

Curie point in that region.
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Raduction of Satellite Data to a Common Altitude Surface

In order to remove the effect of altitude varistion and to adequately
preserve brosd-scale magnetic anomalies, we next attempt to reduce the data on
a common altitude. There are two principal methods: 1) equivalent source
representation and ii) functional representation,

Mayhew (1979) ux<d the equivaleat source techniques where the parameters
for regularly-spaced magnetic dipoles are determined in the least-squares
sense so that the magnetic field calculated from such a source distribution
approximates the observed data. Bhattacharyya (1977) proposed a technique
specifically designed for the efficient reduction of satellite data to a
common altitude and {ncli{nation. From an equivalent magnetic dipole
distribution of magnetization at surface, he calculated the magnetic field at
any point above the surface utilizing the relationship between the observed
values and the spatial gradient of magnetization.

As for the functional representation approach, we have considered a) a
spherical harmonic series, b) a finite harmonic series in Cartesian
coordinates, and c) & triple half-range cosine series in Cartesian coordinates
(Son and Won, 1982).

Firet we subjected the entire data over the U.S. to a least-squares fit
to the surface spherical harmocic series up to 15th order-and-degree. The
resultant coefficients are then used to recompute the field at a common
wititude of 350 km (Figure 8). The result is rather dieappointing: while the
re: iltant map retains the broad features, it is completely devoid of small
features of geological interest. The overall rms error amounts to about 5
gammas. Due to reasons to be discussed later, a further increase in the
number of terms does not improve the resolution; nor would the reduction of

area size resolve small wavelength features.
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Next, we consider the finite harumonic series representation. Henderson
and Cordell (1971) used this representation combined with the least-squares
techniqre for three dimensional data. Regan (1979) applied it to reducing
satellite magnetic data using Cartesian coordinates. We applied this wmethod
to the MAGSAT data over a portion of the eactern U.S.

Figure 9 shows a contour map of raw data in the region uncorrected for
orbital offset errors. Figure 10 shows an anomaly map recomputed at 400 km
altitude by the finite harmonic series representation using 10 terms along
each direction (100 coefficients). The overall rms error is still 2.9 gammas
unacceptably high.

Finally, we consider a triple half-range cosine geries in the

Cartesian coordinates to represent the crustal magnetic field T(x,y,2):

m, n 1o x y z
T(x,y,z) = L X I Ap,) costm - cos¥xn - cos¥l- (1)
m=0 =0 1=0 Ly Ly Ly

where L, Ly, and L, are the dimensions of an arbltrary rectangular volume
occupying the data space. The coefficient Ay,) can be found by the method of
least-squares. Once these coefficients are determined for the data they may be
used to recompute the field at any point inaide the vclume. The number of
terms to be usel in the series approximation my,, ny, 1y depends cn the size of
the region to be analyzed and the required spectral resolutiou of the crustal
field. The method has been tested successfully against sets of simulated
satellite data due to simple anomalies. Figure 1l shows the resultant anomaly
map through the triple half-range cosine series representation using 6 terms
alony each direction (216 coefficientg) in the eastern U.S. region. The
overall ras error is 2.4 gammas.

From all three methods and results, we do not note any significant
improve.ients on the anomaly resolution through the reduction to a common

9




altitude. Let us =onsider some basic reasons for this apparent failure in the
following.

All three representations are the solutions of the Laplace equation in
the respective coordinates and, therefore, physically valid. It should bde
noted, however, thar the raw data subjected to these representations were
inevitably not corrected for orbital offsets. Thus, if these orbital offsets
are truly caused by the altitude variation alone, the methods should have
properly reduced the data to a commun altitude to the spatial resolution of
the highest order base function used for the ficld representation. Howuver,
iv is obvious that these results do not show the spatial resolution prescribed
by ;he series representation.

This fact, along with high overall rms errors, testifies that the
altitude variation alone cannot completely account for the orbital offsets.

It appears that other causes such as the temporal variations of the external
field dominate the orbital offsets. Only after these causes are properly
accounted for and removed, the representation method can successfully reduce
the data to a common altitude. Presently, we do not seem to have solution for

this difficult problem.
Interpretation of MAGSAT Data for Crustal Magnetization

The basic objective in relating the magnetic field data with the crustal
structure of the earth is to compute the lower depth limit of magnetized
masses in the earth's crust. Rocks lose their magnetlgm at the Curie
temperature at which ferrimagnetic rocks become paramagnetic, and their
ability to produce detectable magnecization disappears. Thus, the deepest
level in the crust containing materifals with discernible magnetization is

geuarally interpreted as the depth to the Curle point isotherm.

10
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The Curie point is about 580°C for magnetite. With appropriate titsnium
substitutions, Buddington and Lindsley (1964) calculated an »varage Curie
point ranging between 520°C and 560°C for rocks in the deep crust. It {is
generally believed that the amount of geothermal heatflow should corre¢late
vith the Curie depth and thus, in turn, to the crustal magnetic field.

Our main goal is, therefore, to determine th; bottom shape of the
magnetized crust from a magnetic ancmaly map. Since the magnetic anomalies
attributable to the bottom geometry are usually quite smaller and have auch
longer wavelengths than those produced by shallow geological variations, the
problem is comparable to searching for a needle in a haystack. Early studies
1nciude those by Vacquier and Affleck (1941) and Bhattacharyya and Morley
(1965). 1In both cases, each irolated anomaly was filtered snd separately
interpreted by the empirical graphic wmethod using & vertical-sided prism.

A more sophisticated method was proposed by Bhattacharyys and Leu (1975a
and 1975b). Their method requires an extensive initial filtering of the
magnetic data in both regional and short wavelength domains. The filtered
data is subsequently dividad into a large ~umber of blocks. For each block, a
two-dimensional spectrum and its moments are computed and compared with a
model of an {solated vertical-sided prism within a block in order to locate
the corners of the body. The total amount of comgutation is tremendous since
the method requires a two-dimensional Fourier transform for each block.
Applying the method to the Yellowstone National Park area, they produced the
Curie isotherm map well correlated with the known 3eoth;rmal area.

Employing a similar technique, Shuey et al. (1977) concluded that it {s
essentially impossible to determine Zurie depth with any resolution at all by
fitting a vertical prism to a single aromaly. The Curie depths they derived

could be changed by as much as 10 km without violating the observed data.
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This conclusion is seexingly in conflict with those of Bhat:acharyys and Leu
(1975b).

All methods reviewed here are commonly based on the assumption that there
exists an isolated magnetic source for each anomaly. Each individual anomaly
is assumed to be caused by a single vertical-sided prism (Bhattacharyya and
Leu, 1975a, and 1975b) or a truncated vertical ccne (Shuey et al., 1977).
Such isolated moduls are apt to generate 3purious anomalies due to their
unrealistically well-dafined corners and vertical surfaces. These spurious
anomalies can ‘nduce significant errors in either direct-modelling or spectrum
crlcuiration.

Rock formations causing long wavelength magnetic anomalies at a depth
rlose to the Curie point are more likely to have a continuous lateral
distrirution rather than isolated blocks of well-defined geometrical bodies.
A re-listic nodel at this depth should manifest a continuous lateral
distribution of magnetic materials having variable thicknesses and
sus~eptibilities.

Fluctuations in long wavelength magnetic anomalies zan be attributed to
lateral variations either ifn magnetization strength or in Curie depth. These
double uncertalnties make the task of simultaneously determining both the
magnetizations and the Curie depths very difficult, if not impossible.

Similar uncertainties apply to many geophysical modelling theories, e.g., a
thin magnetic dike for which the anomaly is the same, as long as the product
of thickness and susceptibility remains the same. How;ver, it can be shown
that the statement is no longer true if the dike has a considerable thickness,
for which case both the thickness and the susceptibility can be indeperd ntly
determined from observed data (Won, 198l). The r-e;ent approach is based on

the classica) Gauss method for solving non-linear equations (Corbato, 1965;
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Johnson, 1969; Won, 198l) coupled with Marquardt's inversion wmethod
(Marquardt, 1963) to derive continuous crustal thickness and susceptibility
profiles from regional magnetic data (Won, 1982).

Figure 12 ghows the model which is used for inverting megnetic data. The
model consists of laminated thick vertical prisas having flat top surfaces and
linearly-connected inclined bottom surfaces. The magnetic susceptibility
below the lower boundary is assumed to be zero so that the bottom geometry
represeats the Curie isotherm topography. Althcigh data will be confined
within the laminated block region, two semi-infinite slabs are added on either
side in order to reduce the edge effects of the first and last blocks. The
unkﬁown parameters to be determined are the depth (h's) at each nodal point
and the magnetic susceptibility (k's) of each prismatic body.

The model is two—dimensional with an arbitrary strike angle with respect
to the magnetic north. Since the method uses total field mag-etic data, there
is no need for reducing the data to the polar anomalies. The magnetic anomaly
generated by a single vertical block having a flat top and an inclined bottom
can be derived by analytically combining two inclined dikes. By summing up
these individual blocks, we can compute the total field for any given set of
blocks having variable depths and susceptibilities (Won, 1982).

Techniques for determining unknown parameters of a nonlinear function
involve iteratively correcting currently assumed parameters by differential
amounts, thereby winimizing the rms error between the theoretical prediction
and the observed data. Two predominant techniques of d;tetmining the
.orrection amounts are Gauss' method and the gradient, or the steepest-descent
rethod. Marquardt's method combines these methods by controllirg the amounts

of ditrterential correction to insure both convergence and speed.

13




TR . . e g

. o T . St o s 2w i W oo n s e e

Using the geometrical model and the inversion technique thus described,
we analyzed a MAGSAT crustal anomaly profile across U.S. continent at laiitude
36°N. Figure 13 ghows the data profile and the computed profile along with
the bottom topography of the zmagnetized crust and the lateral susceptibility
variation. The rus deviation of the model is only 0.19 gammas.

A total of twelve equally-spaced east-west MAGSAT profiles were subjected
to this inversion technique and a Curie depth map is constructed (Figure 14).
As expected, the magnetized crust is thin in the oceanic regions (less than 30
kam) with relatively high magnetic susceptibilities (see Figure 13), while it
is very deep over the geologically old Apalachian region. Comparison of this
map with the crustal thickness map (Figure 15) compiled by Allenby (1980) from
seismic data shows qualitative agreements. We believe that the inversion
technique can be improved even further by adopting a three-dimensional crustal

magnetization model.
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Figure Captions

MAGSAT scalar data population as a function of satellite altitude
over the continental U.S.

Footprints of one-third of MAGSAT data in the continental U.S.

MAGSAT raw residual data within an altitude window of 350-400 km
contoured at a two gamma interval.

i
}z
MAGSAT anomaly map after removing a best-fit straight line from !
each path.

MAGSAT anomaly map after a two~dimensional highpass spectral
filtering for wavelengths shorter than 16.5 degrees.

MAGNET U.S. aeromagnetic map referenced to GSFC (9/80-2) field ,
model contoured at a 50 gamma interval (after Won and Son, 1982). |

Geological correlation of the filtered MACSAT crustal anomaly map.

Reduction of MAGSAT data to 350 km alt{tude by a spherical harmonic
analysis contoured at a two gamma interval.

MAGSAT raw data over a portion of the eastern U.S contoured at a
two gamma interval.

An anomaly map of the eastern U.S. reduced to 400 km altitude
through the finite harmonic series represeatation.

An anomaly map of the eastern U.S. reduced to 400 km altitude
through the half-range cosine serles representation.

Model geometry used for inversion of magnetic data to estimate the
Curie depth and iateral susceptibility variation.

Profiles of the bottom of the magnetized crust and susceptibility
based on a MAGSAT crustal anomaly profile at 36°N across the
continental U.S.

Thickness of the magnetized crust based ian the continental U.S.
on the MAGSAT data.

Crustal thickness based on selsaic studies (from Allenby, 1980),
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Figure 1. MAGSAT scalar data population as a function of satellite altitude
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MAGSAT anomaly map after a two~dimensional highpass spectral

filtering for wavelengths shorter than 16.5 degrees.
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Figure 6. MAGNET U.S. aeromagnetic map referenced to GSFC (9/80-2) field
wodel contoured at a 50 gamma interval (after Won and Son, 1982).
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Geological correlation of the filtered MAGSAT crustal anomaly map.
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Reduction of MAGSAT data to 350 ka altitude by a spherical harmonic
analysis contoured at a two gamma interval.
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Figure 9. MAGSAT raw data over a portion of the eastern U.S contoured at a
two gamma interval.
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