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Crustal magnetic anomalies in a region of the eastern Indian Ocean have
been studied using data from NASA's Magsat mission. 	 The investigation
region ( 0 deg to 50 deg South, 75 to 125 deg East) contains several im-
portant tectonic features, including the Broken Ridge, Java Trench,
Ninetyeast Ridge, and Southeast Indian Ridge.	 A large positive magnetic
anomaly is associated with the Broken Ridge and smaller positive anomalie s
correlate with the Ninetyeast Ridge and western Australia.
The investigation first considered individual profiles of scalar data
(computed from vector components) to determine the overall data quality
and resolution capability.	 Spectrum analysis indicates that anomaly
features with wavelengths shorter than 250 km are not resolved. 	 Spectral
coherence analysis of closely - spaced tracks shows that magnetic anomaly
features with wavelengths longer than 700 km are rcpeatable from track
to track.
After these assessments of data resolution capability, a set of Magsat
"Quiet-Time" data was used to compute an equivalent source crustal mag-
netic anomaly map of the study region. 	 Maps of crustal magnetization and
magnetic susceptibility were computed from the equivalent source dipoles.
Gravity data were used to help interpr. ;tation, and a map of the ratio of
magnetization to density contrasts was computed using Poisson ' s relation.
The results are consistent with the hypothesis of induced magnetization
of a crustal layer having varying thickness and composition.
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PREFACE

Satellite observations of the earth's mag-
netic field have resulted in improved models for the
earth's main field, better observations of time-
varying and external field effects, and mapping (on
a consistent global basis) of the long-wavelength
component of crustal magnetic anomalies. The Magsat
mission, which spanned a period of seven months from
November 1979 to June 1980, was the first to carry
both vector and scalar magnetometers. It success-
fully completed all of its major objectives, and
provided data from altitudes as low as 250 km. One
of the major contributions of Magsat to global geo-
physics is the extensive data set that has permitted
the mapping of crustal magnetic anomalies. These
large-scale magnetic anomalies are still not fully
understood, but further progress will be made as
analysis progresses on the data from Magsat and sub-
sequent missions.

The present investigation has been concerned
with crustal magnetic anomalies in a marine area.
The main objectives were to evaluate the quality of
Magsat data and to produce and interpret crustal
magnetic anomaly maps of t!^e eastern Indian Ocean.
That region was selected because of the presence of
significant tectonic features and a significant posi-
tive magnetic anomaly that was recognized over Broken
Ridge by earlier investigators using POGO satellite
data.

Proper interpretation of satellite magnetic
observations begins with understanding the data col-
lection and reduction process, and especially by
determining how the resolution of the observations
is limited by noise and other factors. Because of
the attenuation of the magnetic field with increas-
ing altitude, the presence of external and time-
varying field components, and the effects of instru-
ment noise and spacecraft motion, crustal anomaly
features with wavelengths shorter than some cutoff
value will not be observable. Determination of this
resolution limit for Magsat data for the eastern
Indian Ocean was made by spectrum analysis of indi-
vidual data profiles. The main conclusions from the
analysis of individual tracks of Magsat data crossing
the eastern Indian Ocean are:

i i i	 P^MDIN GECg(ANK^M6 FILOE6
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•	 Major magnetic anomaly features
are correlated with tectonic
features

•	 Magnetic anomaly spatial wavelengths
shorter than 250 km are not observable
in Magsat data because of noise

•	 For pairs of closely-spaced tracks
of Magsat data, features with
wavelengths longer than 700 km
are repeatable from track to track.

These results, concerning data quality,
data preprocessing, and analysis of individual anom-
aly profiles are discussed in Chapters 2 and 3.

The information on data quality and resolu-
tion capability helped direct the two-dimensional
map analysis that followed. A map of crustal mag-
netic anomalies for the eastern Indian Ocean was
made from the data designated by NASA as "quiet-time"
(generally free of external field disturbances).
This map was constructed using the Equivalent Source
modeling software provided by NASA. In this proce-
dure, a grid composed of dipoles aligned parallel to
the earth's main magnetic field is used to represent
the magnetized crustal layer. The dipole moment for
each of the equivalent sources is computed by a least-
squares fit to the observations. This correctly
accounts for variations of satellite altitude. Since	 f
this technique does suffer from edge effects at the
boundaries of the dipole grid, a set of sixteen equiv-
alent source solutions for different overlapping 	 j
sub-regions of the study area were computed. These 	 1
were combined to form a final set of solution dipoles
covering the central 40 deg X 40 deg portion of the
study area. The solution dipoles were used to pro-
duce a magnetic anomaly map (reduced-to-the-pole)
for an altitude of 350 km. This altitude is approx-
imately the average altitude of the Magsat mission
and has been used by other investigators for crustal
anomaly maps. In addition to producing a map of
magnetic anomaly, the solution dipoles were also
used to produce maps of crustal magnetization and
susceptibility. These maps are described in
Chapt%r 4.

The final stage of this investigation was
geophysical interpretation of the map products that

iv
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were developed from Magsat data. Maps of bathymetry
and gravity anomaly were used to show the correlation
between magnetic and tectonic features. A quantita-
tive merging of the magnetic and gravity data was
done using Poisson's relation. This relation, based
on the assumptions of uniform density and magnetiza-
tion, allows computation of the ratio between the
magnetization and density contrasts. This was done
by dividing the reduced-to-the-pole magnetic field
map by a map of the vertical gradient of gravity at
an altitude of 350 km. The resulting map for the
eastern Indian Ocean has nearly constant values over
most of the region, suggesting that Poisson's rela-
tion is applicable over most of the area. However,
an exception to this rule is a long linear trend
that parallels to the south of the Diamantina Frac-
ture Zone and cuts across the boundary between the
Broken Ridge and Ninetyeast Ridge.

The main conclusions from the map analysis
and geophysical interpretation are:

•	 Significant positive crustal mag-
netic anomalies are associated
with Broken Ridge, Ninetyeast
Ridge, and western Australia

• The western and eastern parts of
Broken Ridge have different char-
acteristics for both gravity and
magnetic anomalies

•	 Positive crustal magnetic anom-
alies may be associated with
thicker crust

•	 Results are consistent with a
hypothesis of induced magnetiza-
tion of a crust of varying thick-
ness and composition.

The consistency with the hypothesis of induced
magnetization is based on the fact that reduction-to-
the-pole gives reasonable results. The competing
hypothesis of remanent magnetization has not yet been
ruled out. These results are discussed in Chapter 5
while Chapter 6 is a summary of the report.

Recommendations for further work include
additional analysis of correlations between the mag-
netic and gravity fields to determine the depth of

v
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sources for both types of anomaly. This should be
done in both the spatial and frequency domains.
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1.	 INTRODUCTION

1.1	 BACKGROUND AND OBJECTIVES

The TASC Magsat Investigation covers an area in the

eastern Indian Ocean that contains several major bathymetric

and tectonic features (Figs. 1-1 and 1-2). The iverall objec-

tives of this investigation are:

•	 Determination of the resolution of Magsat
data and the optimum grim' spacing for
magnetic anomaly maps of the study region

•	 Production of magnetic anomaly maps from
Magsat data covering the study region
(0-50 deg S, 75-125 deg E)

•	 Comparison of Magsat and gravity field
data in tht area, and quantification of
their relationships

• Interpretation of the Magsat data using
satellite altimeter and other geophysi-
cal data in order to determine the ori-
gin of the observed magnetic anomalies.

The investigation area contains a variety of tectonic

and physiographic features as shown in Fig. 1-1. The most

prominent features include the Southeast Indian Ridge, the 	 -

Ninetyeast Ridge, broken Ridge, Wharton Basin, Java Trench,

and Diamantina Fracture Zone. Since the tectonic histories of

the Ninetyeast Ridge and Broken Ridge are still controversial,

any new information that can be gained from satellite magnetic

observations will be valuable. For example, a global magnetic

anomaly map prepared from POGO data (Ref. 1) showed a signifi-

cant magnetic high over the Broken Ridge. This anomaly feature
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Figure 1-1	 Tectonic features of investigation region
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Figure 1-2 Bathymetry (in ►un) of investigation region.
Inset box is area covered by final magnetic
anomaly map.
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might be cited as evidence indicating the presence of conti-

nental ciu!^.t at _cuken midge. 	 (See Chapter 5 for more dis-

cussion of Brok(n Ridge.) By using gravit.v data to supplement

the Ma-sat magnetic anomaly observations, the present study
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has achieved better interpretations than would be possible

using only one of these data types.

i

1.2	 OVERVIEW OF THIS REPORT

This report summarizes the TASC Magsat investigation

of crustal magnetic anomalies in the eastern Indian Ocean.

Chapter 2 begins with a brief description of the Magsat data

that was provided by NASA GSFC. This chapter also describes

the initial assessments of data quzlity and the steps of data

preprocessing that were performed in order to analyze the

crustal magnetic anomalies.

In Chapter 3, the analysis of crustal magnetic anoma-

lies begins with examples of the anomaly features that are

observed along individual Magsat passes. These one- dimensional

studies enabled the resolution capability of the fundamental

data products to be determined, that is, how well can the Magsat

Investigator-B data resolve crustal magnetic anomaly features.

The data profiles do reveal significant anomaly features asso-

ciated with Broken Ridge, Java Trench, and the Southeast Indian

Ridge. These features are consistent from track-to-track,

although they are distorted by the long-wavelength effects of

the external field, and by short wavelength noise. Thus, an

important question concerns the separation of the crustal anom-

aly field from the external field and from other noise sources.

The approach of this chapter is to consider this question in

the frequency domain, that is, to determine the frequency bands

over which noise dominates and over which the crustal anomaly

signal is dominant. The approach is to compute power spectral

density (PSD) estimates from the Magsat data and to compare

these with the spectra that are expected to result from crustal

magnetic anomalies. The noise contribution to the data PSD

1-4



was identified by analysis of nearly repeating passes of Magsat

data. This was done in the frequency domain by computing the

spectral coherence between pairs of Magsat tracks which have

nearly the same geographic location. The results of these

computations indicate that for wavelengths less than about

700 km, the Magsat data is not repeatable from track-to-track.

This chapter concludes with a review of the characteristics of

Magsat data in several different frequency bands.

Chapter 4 describes the two-dimensional (map) analysis

of crustal magnetic anomalies. The chapter begins with a dis-

cussion of the data resolution and the effect that this has

upon the accuracy of two dimensional maps. The Magsat tracks

covering the study area are used in an equivalent source in-

version to produce a map of crustal magnetic anomalies. The

results of this are also shown for a separate portion of the

study area surrounding Broken Ridge. The equivalent source

technique also was used to construct maps of relative magneti-

zation and relative magnetic susceptibility of the crust.

Chapter 5 is devoted to geophysical interpretation of

the Magsat results. Additional data sources, including gravity

anomaly and bathymetry have been compiled for the study area.

Poisson's relation, an analytic relationship between the poten-

tials of the gravity and magnetic anomaly fields, is used to

relate the gravity and the Magsat observations.

Chapter 6 discusses the final results and presents

the summary, conclusions, and recommendations for further

research.

1-5



	

2.	 DATA PREPROCESSING AND OUALITi ASSESSMENT

	

2.1	 MAGSAT DATA SOURCES

NASA GSFC has released two main types of data prod-

ucts for the Magsat mission: 1) CHRONICLE data includes all

magnetometer measurements (at a data rate of 16 samples/sec

for vector measurements) plus ephemeris information. 2)

INVESTIGATOR-B data has been reduced in sampling rate to one

sample every five seconds (by averaging over 80 observations),

contains values predicted by a core field model, values of

magnetic activity indices, and is available for specified geo-

graphical regions. These data types are described further in

a NASA Technical Memorandum (Ref. 2).

The results shown in this report are based mainly on

the Investigator-B data, limited to the eastern Indian Ocean

(Investigation region defined by Fig. 1-1). For the produc-

tion of the magnetic anomaly maps, TASC used only those orbits

designated as "Quiet-Time" by NASA -- 631 passes crossing the

investigation region between November 2, 1979 and May 17, 1980.

	

2.2	 DATA QUALITY AND PREPROCESSING

Before large scale processing of Magsat data can be

accomplished, it is necessary to evaluate the data quality and

determine what preprocessing, if any, is required. Optimum

computational methods and parameters (e.g., the minimum spacing

for equivalent sou-.:e dipoles) can then be determined. This

2-1



section will discuss the effects of data preprocessing or spec-

trum results. The two main areas of data preprocessing are:

1) correction of spikes and data gaps, and 2) subtraction of

linear trends to reduce external field noise.

For the analysis of along-track data, 24 revs cros-

sing the region without major data gaps were selected from the

Investigator-B tapes. The data quantities used were the scalar

magnitude computed from vector components using the 80-point

average. Figure 2-1 shows the locations of some of these

tracks. All revs had 180 points or fewer, 4nd none had fewer

than five missing points (flagged with 99999.0). In order to

maintain a uniformly spaced data series, the actual value of

the missing points must Le estimated and inserted into the

time series. For this analysis, linear interpolation was used

to estimate the missing data values. After subtracting field

values predicted by a 13th order field model, MGST(4/81-2),

spikes of up to 15 nT were found to contaminate the residual

time series (Fig. 2-2). It is likely that these smaller

spikes are noise, as their spatial wavelengths are shorter

than the resolution limit for the data (Section 3.4).

These small spikes and areas of increased high frequency

noise are an important aspect of data quality. For the pur-

pose of identifying noisy portions of data, it seemed appro-

priate to first look at the standard deviation of the 80-point

running average, which is provided on the Investigator-B tapes.

However. as Fig. 2-3 shows, this quantity mainly reflects the

field gradient since the field changes significantly in the

Z36 km interval over which the 80 observations are averaged.

Thus, this quantity would not be useful, except for identify-

ing only the largest spikes. Discussions with Dr. Langel led

to the suggestion by 'TASG that this standard deviation quan-

tity be replaced on future Investigator tapes, as it is not

2-2	 u
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	Figure 2-2	 Rev 645 scalar magnitude data minus
MGST(4/81-2) field model. The 8 to 15 nT
data spikes are noise in the Magsat data

Figs. 2-4 and 2-5, which show this quantity to be much less

sensitive to the field gradient and shows more clearly the

data spikes and the areas which are more noisy. Analysis of

this quantity (e.g., ccmputing running averages over several

points) could be used to identify and correct spikes. Further

development of such a procedure is recommended for future stud-

ies. For the remainder of the present investigation, spikes

were identified and removed using a five-point running average

on the anomaly profiles: a data point with value more than

three standard deviations away from the running mean was re-

placed by the value of that mean. The averaging interval was

automatically changed if several spikes or data gaps were

within the interval.

i

2-4



ORIGINAL PAGE 13
OF POOR Q" I' !TY

1131 REV 45

	

40.0
	 R-7Q

r

30.1

Z
O
H
Q

C 20.

C

Q
D
Z
Q
H	 10.1 )F

0.0 L
0.0
	

20.0	 40.0	 60.0	 60.0	 100.0 120.0	 140.0	 160.0	 180.0

DISTANCE (SAMPLES)

Figure 2-3

	

	 Standard deviation of the running average
over $0 observations

Effective analysis of crustal anomaly fields requires

a knowledge of both the wavelength passband which contains the

desired geophysical information and the effective passband

where sufficient information exists in the data. Knowledge of

these passbands will permit determination of the optimum spac-

ing for the grid of equivalent dipole sources. As a first

step in defining these passbands, the effects of ramp removal

on spectral estimates will be shown.

The first stage of data reduction for the study of

crustal magnetic anomalies is the subtraction of the effects

of the core field. Subtracting a field model of degree and

order 13 removes wavelengths longer than about 3000 kilometers.
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The residuals are then assumed to be crustal magnetic anomalies

plus external field effects. The external field effects wre

difficult to model, but the major effects are at longer wave-

lengths than crustal anomalies, and thus can be reduced by

subtracting a ramp (or a low-order polynomial) from a pass of

the residual data. This alters the spectrum of the data.

The effects on the data PSD of removing a mean, or

mean and ramp, are illustrated in Fig. 2-6. This shows auto-

regressive spectrum estimates of order 5, for'IBI anomaly data.

Mean and ramp removal have no significant effect on the PSD

for wavelengths shorter than 1050 km. Considering the confi-

dence bounds (not shown in the figure) of these three PSDs,

they are in agreement for wavelengths shorter than about 1900 km.

3000	 1200	 300	 72

WAVELENGTH (km)

Figure 2-6	 Curve 1 is an autoregressive PSD estimate
for the data of Fig. 2-2 with spikes removed.
Curve 2 is for the same data, but with the
mean removed. Curve 3 is for the data with
mean and ramp removed.

2-7



Further illustration of mean and ramp removal is shown

in Fig. 2-7. The slope in the midsection of the spectra, and

the noise floor are unchanged because mean and ramp removal

are a form of high-pass filtering.

Subtracting the mean from the data removes any bias

which may be due to instrument error or a uniform external

field. Subtracting a ramp from the data is expected to remove

primarily the effects of the major external current fields.

However, mean and ramp removal will also take out any long-

wavelength regional components, evident in single tracks, that

may exist in the crustal field. Since the Magsat tracks are

oriented nearly N-S, information in the E-W direction will be

removed when the tracks are processed individually.

The conclusion is that, for tracks crossing the inves-

tigation region (and consisting of arcs of approximately 50 deg),

the wavelength passband from 2800 km to 1050 km is modified by

the removal of a mean or a mean and a ramp. The noise floor

appears to be reached at wavelengths slightly shorter than

250 km. Thus, the band between 1050 km and 250 km contains

information which may pertain to crustal geophysics and is

unaltered by the removal of a mean or a mean and a ramp. The

tradeoff invoked by mean or ramp removal involves decreasing

or eliminating the effects of external fields at the expense

of perturbing the data with wavelengths longer than about

1050 km in the TASC investigation area. With this analysis in

mind, the linear trend removal procedure was followed (after

correction of spikes and data gaps) for all tracks of "Quiet-

Time" data crossing the study area. This was done prior to

the production of anomaly maps, which are described in Chap-

ter 4. However, before computing the anomaly maps, a power

spectrum and resolution analysis was performed on along-track

data. Those results are discussed in Chapter 3.
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•	 Results presented in this report are based
mainly on the Magsat Investigator-B data,
limited geographically to the eastern
Indian Ocean

•	 Scalar data (computed from the vector
component data) were selected from data
designated as "Quiet-Time" by NASA for
production of magnetic anomaly maps

•	 Anomaly profiles were formed by subtract-
ing values predicted by a degree and
order 13 core field model, MGST(4/81-2)

•	 Spikes with amplitudes of up to about
20 nT occur in the anomaly profiles and
were removed and replaced using a five-
point moving window along the anomaly
profiles

•	 Caution must be exercised when using the .
standard deviation of the 80-point run-
ning mean (provided on Investigator-B
tapes), as this quantity mainly reflects
the gradients of the main magnetic field.
It does not reveal data spikes as clearly
as the observed field quantity minus the
80-paint running mean of that quantity

•	 A mean and ramp were removed from the
arcs of data crossing the investigation
region. This reduced anomaly power for
wavelengths longer than about 1050 km,
but does not affect shorter wavelengths.
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3.	 ONE-DIMENSIONAL ALONG-TRACK ANALYSIS OF
MAGNETIC ANOMALIES

	

3.1	 CRUSTAL ANOMALY FEATURES ALONG TRACKS

The region of the eastern Indian Ocean covered by

this investigation is shown in Fig. 2-1, which also Lhows sev-

eral selected Magsat tracks. One objective of the first part

of this investigation is to determine the nharacteristics of

magnetic anomalies that might be associated with these features.

Figures 3-1 through 3-4 are anomaly profiles for Magsat

Rev 45. Figure 3-1 is the residual total. field magnitude, de-

termined by subtracting the value predicted by the core-field

model from the observed field magnitude computed from the three

vector components. Figures 3-2 through 3-4 are the X. Y. and

Z vector components. The locations of the major physiographic

features are indicated on all of these plots. Some of the

features in the anomaly profiles coincide with tectonic fea-

tures. For example, a significant perturbation in the anomaly

profiles is associated with the Broken Ridge and Diamantina

Fracture Zone. This anomaly has an amplitude of about 10 nT

and its form depends on the vector field component. Equiva-

lent source modeling is necessary for further study of the

origin and nature of this anomaly.

Figures 3-5 through 3-8 show the same type of anomaly

profiles for Rev 685. Again. the locations of the major physi-

ographic features are shown, and some of these are associated

with features in the anomaly profiles. These profiles have
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more spikes than those for Rev 45, but the Broken Ridge-

Diamantina Fracture Zone anomaly is still apparent, particu-

larly in JB) (Fig. 3-5).

Figures 3-9 and 3-10 illustrate the repeatability of

certain anomaly featues in Magsat data. Shown is the anomaly

in (BI relative to the MGST(4/81-2) field model (Ref. 2). Al-

though the scales on the plots are different, there is good

qualitative agreement in the form of the major anomaly features.

(Linear trends have not been removed from any of the anomaly

profiles shown.) These and other magnitude profiles derived

from the vector data, show consistency between "repeat" tracks,

even though the anomaly profiles of the individual vector com-

ponents appear to be more noisy and show less visual correla-

tion with the corresponding component of other "repeat" tracks.

This is because the individual components are more sensitive

to satellite position and attitude than the magnitude values.

The most prominent anomaly feature in these tracks,

associated with Broken Ridge and Diamantina Fracture Zone, has

an amplitude of up to 10 nT. The anomaly features associated

with the Java Trench and the Southeast Indian Ridge are not as

consistent. It may be that anomalies associated with the lat-

ter features have longer wavelength components and thus do not

show up as well against the background of the time-varying

effects, which contribute long-wavelength trends to the

profiles.

3.2	 ALONG-TRACK DATA POWER SPECTRA

3.2.1 Examples of Magsat Data Spectra

Figure 3-11 is a typical Magsat data power spectrum

estimate, from the anomaly profile shown in Fig. 3-1. This
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1201. Although the long wavelength compo-
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spectrum estimate was obtained by fitting autoregressive (AR)

models to the anomaly time series. The 95% confidence bounds

for this estimate were computed from the AR model parameters

and the residuals. The optimum order for the AR model was

chosen using an information criterion (Ref. 3). For the pro-

files analyzed, the :-* i mum order ranges between two and seven.

The AR spectral estimates showed that the along-track

Magsat spectrum may be divided into three portions. At low

frequencies (wavelengths greater than 2900 km) the spectrum is

flat, as the core-field model has removed most long-wavelength

features. At intermediate frequencies, the spectra t)ehave as

a power law (f -b ), in this case (Fig. 3-11) with exponent, t),
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of about 3.7. At high frequencies there is an apparent noise

floor, beginning at about 10-1 sample
-1
 (corresponding to a

wavelength of about 360 km). If it is assumed that this rep-

resents a component of white noise, then this component con-

tains 0.3 nT rms. The interpretation is that this apparent

noise floor represents instrument noise plus uncorrelated ex-

ternal field noise.

Table 3-1 lists the values for total rms power and

noise level for spectra of all of the anomaly profiles of

Figs. 3-1 through 3-8. The total rms power ranges between 9

and 56 nT with all but one of the spectra having less than

30 nT rms. The rms noise level is between 0.7 and 4 nT, with

all except one case having less than 2.5 nT rms noise. For

all of the spectra, the noise floor is reached at a wavelength

of about 250 km. These results can be compared with the pre-

Magsat mission specifications, i.e., a resolution limit of

about 300 km for lithospheric anomalies and a noise level of

about 3 nT for the vector magnetometer measurements. Since

the Investigator-B data used for Fig. 3-11 were 80-point aver-

ages, the observed noise floor could be due to white noise

with a level of 3 nT rms per original measurement, which when

divided by 80 gives the 0.3 nT noise floor.

It should be emphasized that the spectra shown in

this chapter are for one-dimensional analysis of the along-

track power for individual tracks, and are appropriate for

short wavelengths. For wavelengths much longer than about

5000 km, spherical harmonic analysis should be used. The next

section discusses some of the relationships between spherical

harmonic spectra, flat-earth two-dimensional spectra, and

along-track spectra.
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TABLE 3-1

RESULTS FROM SPECTRAL ANALYSES

FIELD COMPONENT

REV # 1 (nT)

JBI X Y Z

Total rms Power* 9.2 9.5 19.9 19.6
45

rms Noise* 0.7 1.2 0.9 2.5

Total rms Power 10.2 56.3 29.4 11.1
685

rms Noise 1.7 2.0 1.1 4.1

The values given for JBI are the difference in magnitude
between the observed field and the model field. These
values are not equal to the magnitude of an anomaly vector
formed from the X, Y, and Z anomaly components.

3.2.2 Models for Crustal Anomaly Spectra

The along-track power spectrum of Magsat data has

been estimated and used as a tool to study the data quality

and resolution capability. It would also be useful, for inter-

pretation purposes, to know what these spectra are expected to

look like for reasonable physical models of the earth's mag-

netic field. Analytic models for these spectra could allow

study of the effects of instrument noise. external fields, and

change in altitude. In this section, some preliminary results

of model development are described. The purpose of this work

was to develop a simple analytic model of along-track spectra

that could both describe the data and be easily upward con-

tinued. A model that can be upward continued analytically can

easily demonstrate the ►..agnitude of the effects of satellite
altitude on the observed power spectrum. This is important

because features in the spectrum representing crustal magnetic
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anomalies are attenuated rapidly with altitude and are obscured

by'noise when their power drops below a certain level. Further

work is necessary to relate the parameters of this initial

model to physical quantities such as magnetization of a crustal

layer.

Upward continuation of a spherical harmonic power

spectrum (The R  defined by Lowes, 1974, Ref. 4) is accomp-

lished by multiplication of the individual terms of degree n

by the factor (a/z)(2n+4) (where a is the earth's radius and r

is the radius of the observation point). For small values of

altitude and for high degree, this spherical harmonic power

spectrum,

R = (n+1) nn ((gm ) 2 + (hm)2]
n	 m=0	 n	 n (3-1)

asymptotically approaches a continuous flat-earth spectrum.

For cases where the flat. - earth approximation is valid ( r-a<<&,

n»1), a two -dimensional power spectrum, 4(w x ,Wy ), is upward

continued by multiplying the factor exp(-2h( w2+w2y ) 101 ^. Thus,

O(wx ,wy ,r) = 4'(wx ,Wy )-exp(- 2hn) 	(3-2)

where h = r-a is the height, and 0 2 = wX + wy.

For along - track, or great - circle spectra, ( such as

would be observed along tracks of aeromagnetic or satellite

data), upward continuation is not so straightforward. Formu-

lae relating great-circle spectra to spherical harmonic spec-

tra, and along-track spectra to two -dimensional isotropic

spectra, have recently become available but have not been wide-

ly used. Thus, for example, the along - track (great-circle)

aeromagnetic spectrum of Alldredge e t al. ( Ref. 5) was not
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proper:, interpreted in many of the older papers which tried

to relate these observations to global magnetic models. Re-

cently, McLeod and Coleman (1980, Ref. 6) derived expressions

for the relationships between great-circle and spherical har-

monic spectra and applied these to model satellite observations.

To derive a simple model of Magsat along-track power

spectra which permits upward continuation, the following assump-

tions are made: 1) the flat-earth approximation is valid for

features in the wavelength range of interest, 2) the two-

dimensional power spectrum is isotropic and has the fora of an

exponential. These assumptions allow the development of an

analytic expression to describe the along-track power spectrum

at any altitude. The second assumption is equivalent to stat-

ing that the two-dimensional power spectrum at any altitude

may be described by the following function:

•(n) = c exp(-ba) - exp(-20h)
	

(3-3)

where c and b are parameters, h is altitude, and a is radial

frequency for the two-dimensional isotropic spectrum. This

model is an "attenuated white noise" (AWN) type model since

00) - c at a depth of h = -b/2 (Ref. 7).

It can be shown that the along-track power spectrum,

SW,  corresponding to this two-dimensional power spectrum is

the Abel Transform of Eq. 3-3 (Ref. 8). Thus,

S(W) = 1
J 
	 " it	 do	 (3-4)

fW Fg2-W2

The solution of this integral for the AWN model is:
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S(w) _	 w Kl [w(b+2h)]	 (3-5)

where K1 is the modified Bessel function (Ref. 9).

A choice of values for the parameters b and c was

made by fitting Eq. 3-5 to an observed Magsat power spectrum

at h = 300 km. (The modeling discussed here is being done for

the spectrum of (BI.) The values obtained were c = 1.0 x 108

and b = 6.37 x 10 -1 . With these parameter values for b and c,

the function of Eq. 3-5 is plotted in Fig. 3-12 for altitude
values of h = 150, 300, and 450 km. if it is assumed that the

noise floor, representing white noise, is at the level of ap-
I

proximately 0.2 (nT) `/(cy/sample), then the resolution limit

of satellite data would be approximately 160 km for h = 150,

350 km for h = 300 km, and 540 km for h = 500 km.

This model has certain simplifications: most notably

the flat-earth approximation and isotropy of the two-dimensional

power spectrum. However, the estimates of the resolution capa-

bility at different altitudes are reasonable. The formula of

Eq. 3-4 is very similar to the formula of Eq. 27 of McLeod and

Coleman (1980, Ref. 6), which is the asymptotic approximation

of an expression describing the relationship between an average

great-circle power spectrum and the spherical harmonic spectrum.

When plotted on a log-linear scale, the function

(Eq. 3-5) has the form of a straight line with a slope = -2h,

indicating that it is essentially exponential. This is the

form of along-track spectra observed in aeromagnetic surveys

and as modeled by Spector and Grant (1970, Ref. 10) for the

plrpuse of determining depth to magnetic basement. The fact

that our along-track spectrum estimates from Magsat data show

power-law (straight lines on log-log plots), rather than expo-

nential behavior, is discussed below.

W
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3.2.3 Verification of Spectrum Analysis Techn ique

Figure 3-12 compares an observed Magsat along-track

power spectrum with curves predicted by a simple attenuated

white noise (AWN) model of the magnetic anomaly field. 'rhe
lack of agreeuie nt between the shape of these theoretical spec-

tra and the estimated spectrum may he explained by the follow-

ing possibilities:
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•	 The spectrum estimation technique may
not be sensitive enough to resolve the
properties of the anomaly field from the
relatively short time series of observed
data

•	 Noise in the observations may distort
the estimate of the spectrum of the
crustal anomaly data

•	 The AWN model may not describe the actual
behavior of the crustal anomaly field.

In order to investigate these possibilities, computa-

tional tests of the autoregressive spectrum estimation algo-

rithm were performed using synthetic data. Thcse synthetic

time series are realizations of a process which has the AWN

(modified Bessel function) along-track power spectrum.

The synthetic time series were formed by computing a

realization of the process in the frequency domain and then

using the FFT to produce a time series. The PSD of the desired

discrete-time zero-mean random process is S xx (F), where F is

frequency in cycles/sample. The goal is to construct a time

series {yk, k = 0,1.2 .... n-1} that is a realization of this

process. The 'First step is to construct the periodic complex

sequence uj , j = 0,1,2,...N-1, with period N>> n, given by:

u  = (aj + ibj ) N Sxx (F)	 (3-6)

where the frequency F = j/N and (a j ) and (bj ) are independent

realizations of zero-mean white-noise processes, each with

unit variance. Then the FFT of the sequence u  is a complex

periodic sequence, Zk , with period N>> n such that

y I k = Re[Zk MI.	 k = 0,1,2,3,...,n-1	 (3-7)
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and

y" k = Im [ Zk (N)l.	 k = 0,1,2,3,... ,n-1	 (3-8)

are two independent realizations of a process that approaches

the desired process yk as N/n + «^.

To construct the realizations appropriate for the

Magsat problem illustrated in Fig. 3-12, N was 8192 and n was

180 samples. The spectrum S xx (F) was given by

Sxx(F) = CFK 1 (2nF(b+2h))	 (3-9)

where K1 is the modified Bessel function. F is frequency in

cycles/sample, the parameter C = 5.556x10 6 nT2/cycle/sample,

the parameter b = 1.764x10 -2 samples, and h = 8.333 samples

(h represents a height of 300 km, expressed in terms of the

typical distance between samples which is 36 km). The com-

puted realizations were then comparable to the Magsat data

provided on the Investigator-k tapes.

A series of numerical experiments were conducted,

using synthetic time series of varying length as inputs to the

Alt spectrum estimator. Figure 3-13 is the result of one of

these computations. There is excellent agreement between the

spectrum estimated by the autoregressive technique (using 360

samples) and the original theoretical (AWN) spectrum. These

and other computations verify that the TASC autoregressive

spectrum estimation technique is capable of resolving an expo-

nential-type spectrum in the absence of noise, even when as

few as 180 samples are used.

When whi te rose is added t o the synthetic t ime.% series

to represent the measurement errors o f the Magsat magnetometer).

the Alt spectrum estimation requires more samples to obtain an
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Figure 3-13	 Comparison of theoretical PSD (dash-dot)
curve) and PSD estimated from synthetic
time series (360 samples)

accurate estimate. As more and more white noise is added, the

spectrum estimate using only 180 samples becomes biased in

that it has a less-steep slope in the frequency range between

O.Oi and 0.1 cycles/sample. However, when white noise with

o = 0.5 nT (Fig. 3-12) is added, the spectrum estimate using

only 180 samples is still able to resolve the steepening roll-

off of the PSD at frequencies lower than 0.1. This result is

shown in Fig. 3-14.

Since the accuracy of the spectrum estimation technique

and the effects of noise have been established, it is concluded

that: the spectrum of Magsat data is not modeled well by an AWN
i

contribution plus white noise. While the AWN model for the
f	

crustal anomaly fiel-' cannot be ruled out, Magsat along-track

data may contain some colored noise which reduces the rate of
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roll-off of the estimated spectrum. The colored noise may be

due to variations in the external field, and thus would be

uncorrelated between adjacent Magsat tracks. The presence of

this colored noise might account for the fact that spectral

coherence between nearly coincident Magsat tracks is not sig-

nificant for wavelengths less than 700 km, even though the

noise floor of individual Magsat spectra is not reached until

wavelengths as short as about 300 km (see Section 3.3, and

Ref. 11).

The following points summarize the results of the

tests that verified the technique of spectrum analysis of

along-track Magsat data:
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•	 The TASC AR spectrum estimation tech-
nique is capable of giving correct spec-
trum estimates from relatively short
time series of observations such as the
Mussat data

•	 The spectrum estimates obtained from
Magsat crustal anomaly profiles are not
consistent with a model in which the
data spectrum consists only of an AWN
component (from crustal anomalies) plus
white noise (from the sensor)

•	 The spectrum estimates and spectral co-
herence computations from Magsat data
indicate that these data may contain a
noise contribution from the external
field and that this contribution may
have more power than the crustal anomaly
field for wavelengths less than about
700 km.

These conclusions have important implications relative to the

production and interpretation of crustal magnetic anomaly maps

from Magsat data. More work is necessary to ensure that the

time-varying effects of the external field do not contaminate

these maps.

3.3	 SPECTRAL COHERENCE AND RESOLUTION

Magsat tracks which are geographically separated by

less than about 100 km along the entire track segment are con-

sidered repeat tracks. Some of these are shown in the map of

Fig. 2-1. This separation, and the altitude variation, are

both small compared to the geophysically significant correla-

tion distances in major crustal magnetic anomalies. Within

the usable wavelength passband (1050 to 250 km) described in

Section 2.2, computations were performed to find where the

data are repeatable from track to track (high coherence), and

where they are not (low coherence). The shortest wavelength
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to which data are repeatable represents a resolution limit for

the data. This limit must be taken into account when con-

structing two-dimensional maps from the data.

In this section, the concept of repeatability is quan-

tified and illustrated in the frequency domain by computations

of spectral coherence between nearly repeating tracks. These

computations have defined two bands of differing behavior within

the usable data passband (1050 to 250 km). A high coherence

passband (1050 to 700 km) defines the region where the data

are repeatable and the spectrum of the data can be considered

to contain geophysically significant information. A low co-

herence passband (700 to 250 km) defines that part of the data

which is not repeatable from track to track, but which may

still contain useful data along single tracks. The low coher-

ence in this passband is partly due to track separation and

partly to colored ( f -n ) noise, possibly caused by the time-

varying external field.

A quantitative measure of repeatability is provided

by the spectral coherence function (Ref. 12) which is the

squared correlation coefficient of the data along the tracks

at each frequency (or wavelength) in the spectrum. Spectral

coherence, p(w), is defined as follows:

IS	 (u► ) 12

	

P(w) = 5 (W S (w	
(3.10)

xx	 yy

where, for the two tracks x(t) and y(t), Sxx and Syy are the

corresponding auto-spectra and Sxy is the cross-spectrum.

Autoregressive methods of spectrum estimation are discussed

in Ref. 13.
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The coherence between pairs of repeat tracks is re-

duced from the maximum value of 1 by non-repeating errors or

noise in the individual measurements. The observed Magsat

data is composed of the signal (considered here to be crustal

anomalies) and noise (e.g., instrument noise, orbit errors,

time-varying external fields). The noise is the major con-

tributor to the non-repeatable portions of the spectra, more

significant than effects due to the fact that the pairs of

tracks do not perfectly match in altitude and position.

An autoregressive spectral estimation algorithm was

applied to the Indian Ocean sections of Rev 645 and Rev 861.

These two tracks are separated by 49 to 92 km in surface dis-

tance, and by 70 to 80 km in altitude. This spectral estima-

tion algorithm differs from that used in Section 3.1 in that

it uses information from both tracks to estimate the spectra

of either track. Thus, where the two tracks are coherent, the

two-channel spectral estimate is better (as it operates on

more data). This algorithm then estimates the coherence be-

tween the two tracks (Eq. 3-10), which is a measure of how

well one track can be predicted from the other. The result is

shown in Fig. 3-15. The anomaly profiles are visually compar-

able after linear trends have been removed.

The spectral structure in Fig. 3-15 is more detailed

in appearance than those than shown and discussed in Sec-

tion 3.2.1. The spectral estimation algorithm chose order 10

as the best fit here, versus order 5 chosen previously. This

may be partially due to the increase of the available data

(two tracks are used simultaneously). A spectral peak at

about 1700 km is clearly evident here, and was not seen with

the order 5 model. The cause of this peak is a nearly periodic

structure of the data, as may be seen in the time series of

Fig. 3-15.
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mation algorithm chose order 10 for the best
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Figure 3-15 also shows the squared coherence between

the two repeat tracks. The dashed curves are 95'X, confidence

bounds, which reach zero coherence at a wavelength of about 	 t

700 km. This means that wavelengths shorter than about 700 km

are not repeatable from track to track. Results from other

coherence computations using other repeat track pairs show

that coherence becomes either insignificant, or less than 0.5,

at wavelengths between 800 and 700 km.

The conclusion then, is that wavelengths longer than

about 700 km have significant coherence, while wavelengths

shorter than 700 km are not coherent. Figure 3-16 (from

Ref. 11) summarizes these observations about the usable infor-

mation content of each wavelength band.

The low coherence in the band between 700 and 250 km

does not mean that geophysical information cannot be obtained

in this band. It could be due to variations in altitude and

geographic position of the repeat tracks, or, the low coherence

in this band could be due to external field noise, which would

vary from track to track. The properties of this band must be

investigated further with gridded data and by comparison with

gravity data.

?"M

»00	 700	 260	 70

-	 1000

NOT
COHERENT

++- - w-
KNOW4 FIELD

REMOVED DATA ALTERED
BY REMOVING

MEAN AND RAMP

\- FOLDING
NOISES	 FREQUENCYFLOOR

Figure 3-16	 Properties of different regions of the Magsat
along-track power spectrum, as determined
from spectrum analysis and coherence studies.
Numbers indicate wavelengths in km.



The results of this and the previous section suggest

that low-pass filtering and decimation of Magsat data into

sampling intervals substantially longer than the 80-sample

averav s now available on the Investigator tapes would not

degradr the analysis of crustal magnetic anomalies. Low-pass

filtering and decimation over as many as 200 to 300 samples

could result in more cost-effective data analysis as it would

only delete incoherent noise.

3.4	 SUMMARY OF ALONG-TRACK ANALYSIS

The following points summarize the analysis of indi-

vidual tracks of Magsat data crossing the eastern Indian Ocean:

• Anomaly profiles of the field magnitude
IBI show better visual correlation with
tectonic features than anomaly profiles
of the X, Y, or Z components

•	 The most consistent anomaly feature ob-
servable on profiles is associated with
Broken Ridge, and has an amplitude of up
to 10 nT. Other physiographic features
such as Diamantina Fracture Zone, Ninety-
east Ridge, Southeast Indian Ridge, and
Java Trench are associated with smaller
visible features in the anomaly profiles

•	 PSD estimates derived from anomaly pro-
files show that the spectra have a power

law (f - b ) behavior and reach a noise
floor at short wavelengths between 360
and 250 km

•	 Numerical experiments with synthetic
data have verified the technique of spec-
trum analysis and have showed that Magsat
along-track anomaly profile spectra are
not simply described by an AWN crustal
field (Section 3.2.3) plus white noise
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•	 Computations of the spectral coherence
between pairs of closely-spaced MaSsat
tracks show that wavelengths shorter
than 700 km are not highly coherent,
while longer wavelengths aru more re-
peatable from track to track

•	 Analysis of power spectra and spectral
coherence indicate that the Maasat data
sampling interval could be lengthened
from about 36 km to about 125 km. This
would reduce the data handling requirements.
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4.	 TWO DIMENSIONAL ANALYSIS OF MAGNUIC ANOMALIES

This chapter builds upon the one-dimensional analysis

of Chapter 3 and describes the construction of the two-

dimensional magnetic anomaly maps from Magsat data. The

technique used is equivalent source modeling which was devel-

oped and applied to anomaly map production by Mayhew and

others (Refs. 14, 15, 16). This involves using &.grid of

equivalent source magnetic dipoles, and an important question

concerns the optimum grid spacing for these model dipoles.

The resolution capability analysis provides guidance in this

choice.

Section 4.1 describes a survey simulation which rep-

resents how well one could expect satellite magnetic anomaly

surveys to agree with high-altitude aeromagnetic surveys. It

does not take into account some of the inaccuracies that might

be introduced by the equivalent source technique, but it is

presented here for reference, as it shows the effects of

changes in the satellite altitude. This type of simulation

should be used in the planning of future satellite magneto-

meter missions.

Since the TASC investigation used the NASA-supplied

software (ESMAP) to perform the equivalent source inversion

and produce anomaly maps, this software was first tested.

These tests, described in Section 4.2, confirmed that ESMAP

was working correctly when installed at TASC.

The remainder of Chapter 4 (Sections 4.3, 4.4, and

4.5) describe -he results of equivalent source inversions:
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maps of magnetic anomaly.for the Broken Ridge Area, for the

entire investigation area, and maps of relative crustal mag-

netization and susceptibility.

4.1	 MAGSAT SURVEY SIMULATION AND MAP RESOLUTION

Based on experience with analysis of gravity survey

data, TASC developed a survey simulation to estimate the accu-

racy of various satellite survey configurations for extracting

the crustal magnetic anomaly field. The analysis is performed

in the two-dimensional spatial frequency domain, taking into

account the geometry of the survey (e.g., orbit inclination,

altitude) and the power spectra of: external field noise,

instrument noise, and the crustal anomaly field to be derived

from the noisy observations. In addition to the effects of

the external field and instrument noise, the analysis takes

into account the errors caused by aliasing and the pattern of

track coverage. Hr vever, in the current software, a constant

altitude (ci rrul?r orbit) has been assumed.

The simulation requires spectral models fov the crustal

anomaly field, the external field noise, and the instrument

noise. For the results shown here, the instrument noise was

modeled as white noise with an rms of 0.3 nT. The external

noise power spectrum was modeled according to a formula based

on observatory data (Ref. 17):

P  = (3.68 x 10 -5/f2 ) exp (-2.25f)	 (4-1)

The crustal anomaly field was modeled as white noise at the
earth's surface: 0.082 (nT) 2/cycle/rev) (Ref. 18). This mod-

eling pertains to the vertical component of the field.
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Table 4-1 illustrates the results of several runs of

the survey simulation program. Results are shown for several

different satellite altitudes, asem ping a constant altitude

and a track separation of 1/2 degree at the equator. In this

case, the analysis is concerned with wavelengths between 3000 km

and a variable short wavelength cutoff (A s ), which nirho be

chosen for low-pass filtering of the data to remove short wave-

length noise. The results of the different runs are expressed

in terms of the rms residual power that would remain within

the indicated wavelength band after the survey. The residual

power represents survey errors plus noiso and is the magnitude

of the error wade if it were assumed that the output of the

survey represented the crustal anomaly field.

TABLE 4-1

RESULTS 01 SURVEY SIMULATION
RMS RESIDUAL VERTICAL FIELD COMPONENT (nT) IN THE

BAND 3000 km > 
AnAST' NORTH As

A s

(ko)

RAW
FIELD

HIGH ORBIT

(600 ka)

INTERMEDIATE
ORBIT
(1-50 ka)

 I NTEKKU I A71%
ORBIT
(200 ka)

1A)W ORBIT

(160 kn)

100 221.4 218.4 216.1 193.3 176.1

300 75.9 66.8 58.6 6.1 2.4

500 45.5 28.0 13.8 0.6 0.3

700	 1 32.2 8.3 2.2 0.2 0.1

Since the analysis includes the effects of upward or

downward continuation, the residuals may be computed at any

altitude. For this table, rather than computing the residuals

at satellite altitude, -hey are all expressed at a common al-

titude of 1000 meters. This allows comparison of results in

terms of a high altitude aeromagn^>zic survey, such as Project
F	 t

g
d
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Magnet. The different columns of Table 4-1 quantify how the

residuals decrease with decreasing satellite altitude. The

rows illustrate the change in both the residuals and the raw

field as the short wavelength cutoff is changed. For example,

if wavelengths between 3000 and 700 ka are considered; then

the satellite survey at 600 km altitude would be able to map

the anomaly field to within 8.3 nT (from a total raw field

power of 32.2 nT) at 1000 a. If wavelengths between 3000 ke

and 300 km are considered, then the residual is 67 nT (from a

total raw field power of 76 nT). However, if the satellite

altitude is decreased to 160 km, the errors would be much smal-

ler. This is an example of how a survey simulation can be

used to plan and evaluate different proposed mission configura-

tions and data reduction techniques.

4.2	 EQUIVALENT SOURCE INVERSION

The NASA-supplied Investigator-B tapes ("quiet-time"

Magsat data for the TASC investigation area) were previously

found to contain bad data points which were categorized as

follows: 1) known missing data values (flagged with a 99999.0)

and 2) isolated data spikes with values greater than about

15 nT. There are also points with incorrect values for lati-

tude, longitude, or altitude. These points and all tracks

consisting of less than 20 points were deleted front the inves-

tigation data set. A linear trend was removed from each track

of data to reduce the effects of external fields. Since we

believe that. the data sampling rate can be lowered (Section

3.3). the remaining edited and de-trended data was averaged

over five consecutive points and stored on a new and condensed

version of the Investigator-B tapes. This averaging increased

the sampI ing intervaI from 16 to 180 km.
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The goals of this research include producing a mag-

netic anomaly map and forming a ,point interpretation of mag-

netic and gravity anomaly data. To accomplish these taskss it

is necessary to reduce the Mageat data to a regular grid at a

constant altitude and to infer the associated crustal magneti-

sation. The computer program ESMAP obtained from NASA, is

particularly well suited for these purposes. ESMAP uses a

leaat-squares fitting algorithm to adjust a magnetiaation pa-

rameter (dipole moment per unit volume) of individual dipoles

arranged in a grid, such that the resulting field fits the

input satellite scalar data. The dipoles are located in the

gust and oriented along the Earth's main magnetic field to

simulate induced magnetization. Ogre the magnet ittat icon param-

eters have been determined for the equivalent source dipoles,

a gridded magnetic anomaly map can be computed from those di-

poles. The resulting anomaly map can be reduced-to-the-pole

by reorienting the dipoles to a vertical position.

Since ESMAP is a complex software package, several

tests were run to check for internal consistency, and an at-

tempt at independent verification of the computed field points

was made. The purpose of the testing was to 1) check that

ESMAP could reproduce a model anomaly field (internal consis-

tency), and 2) convert the magnetization parameter computed

for the model dipoles into an eaetimate for magnetic suacepti-

bility. g iven the magnetization parameter of a single dipole,

a computation independent of ESMAP for the resulting field can

be made and compared with ESMAP computations.

Three teats were run, leading to a preliminary equiv-

alent dipole source model and estimated anomaly map for the

TASC investigation area. Test l f it a matrix of 21 dipoles in

the investigation area to a small number ot
.
 data t rAcks and

3
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computed an anomaly field. Test 2 fit a single, centered di-

pole to the resulting field from Test land computed an anomaly

field and a reduced-to-pole anomaly field. Finally, Test 3

fit a matrix of 25 dipoles to the anomaly field from Test 2.

These tests confirmed the internal consistency of the ESMAP

algorithm. Each test (Sections 4.2.1 - 4.2.3) and the pre-

liminary model of the field (Section 4.3) covered the entire

50 by 50 degree area and produced anomaly maps on a 1 by 1

degree scale at 350 km altitude. All of these magnetic anom-

aly maps have inaccuracies near the edges (a 12.5 degree bor-

der) as described by Horner (Ref. 15).

4.2.1 Test 1: Initial Software Test

Thirty tracks (3621 points) of data were processed to

fit 25 dipoles (10 degree spacing). The results are shown in

Fig. 4-1a. The first estimate for the anomaly field compares

roughly with the published two-degree Magsat map regarding the

location and amplitude of the major feature located near the

Broken Ridge. However, the broad spacing of the dipole loca-

tions leads to a "ripple" effect visible in the anomaly map

and clearly indicates the need for a denser dipole grid in

the further stages of this investigation.

4.2.2 Test 2: Single Dipole Fit and Reduction to Pole

The gridded anomaly map resulting from Test 1 was

used as input data for this test. A single, centered dipole

was fit to the 1601 input data points. The purpose of this

test was to generate a single dipole field. It was simpler to

let ESMAP fit a single dipole field to an arbitrary field,

than to generate a single dipole field analytically. Since

only one dipole was fit, the magnetization has a very high
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value which is not geophysically significant. However, this

particular dipole was used to test the internal consistency of

ESMAP. After solving for the dipole parameters, the dipole

was rotated to a vertical position, and its field computed

(Fig. 4-1b). The resulting field shows that the reduction to

the pole worked correctly. The computed magnetization param-

eter and the field are in a form which can be verified in a

straightforward manner using standard far-field formulas for a

simple dipole. This verification requires conversion of the

magnetization parameter to a dipole moment in the appropriate

units, and will have geophysical significance when related to

the magnetic susceptibility of the local rock (Section 4.5).

Figure 4-1c shows the resulting field when the dipole

is not reduced to the pole. The resulting fields are consis-

tent with those expected from a single dipole field. The shape

distortion from the input field is due to the use of a single

dipole, and the large field magnitude is due to the attempt to

fit the magnetization parameter of a single dipole to rela-

tively large values (10 nT) of the field far from the dipole.

This is an extreme case of using an insufficient number of

dipoles to fit the input field data, as can be seen in the

unrealistic value for the magnetization parameter, and an

obviously poor fit to the input magnetic field model.

4.2.3 Test 3: Leakage Among Modeled Dipoles

A final consistency test was performed by using the

computed field shown in Fig. 4-1c as the input data, and solv-

ing for a matrix of 25 dipoles, the center one being located

at the same location as the single dipole of Test 2. The di-

poles in this case have a 10-degree spacing. The resulting

field is shown in Fig. 4-1d, and is visually indistinguishable

from Fig. 4-1c. The value of the magnetization parameter of
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the centered dipole is 25 times the value of the single dipole

(as the volume is 25 times smaller), and the surrounding 24

dipoles have magnetization parameter values more than 5 orders

of magnitude smaller than the value for the central dipole.

Thus ESMAP is a self-consistent program to generate gridded

anomaly fields and does not significantly "leak" magnetization

from dipole to dipole.

4.3	 ANOMALY MAP RESULTS FOR BROKEN RIDGE AREA

Since ESMAP is limited to solving for a maximum of 150 dipoles

on a single run, the first application was to a portion of the

investigation region surrounding Broken Ridge.

Maps were produced for several geophysical parameters

in the Broken Ridge area: 1) A magnetic anomaly map with ap-

proximately 2 degree dipole spacing (Fig. 4-2). This map is

reduced to the pole and shows evidence of the grid of dipoles

(ripple effect). 2) Bathymetry with 250 meter contours

(Fig. 4-3). 3) Gravity anomaly map with 2.5 mgal contours

(Fig. 4-4). 4) Geoid Undulation map with 2.5 meter contours

(Fig. 4-5).

A magnetic high is evident in the magnetic anomaly

map at the eastern (but not the western) end of Broken Ridge,

with evidence of a low ,just south of the high. Two possible

interpretations include:

1) Induced magnetization variations, caused by varia-

tions in rock composition, or, 2) A large structure having

remanent magnetization.
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Contour interval:	 2.5 meters.
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It is important to note that the original Magsat data

was preprocessed by removing a mean and ramp for each Magsat

track. These were removed to minimize effects of external

currents and fields. If there were regional trends in the

crustal anomaly field over the entire investigation area,

these trends would also be removed. If this were the case,

the relative anomaly magnitude between small features in dif-

ferent parts of the area would be altered. For example, if

the actual crustal anomaly field were tilted to the north,

removal of this trend would enhance negative features toward

the south, and positive features toward the north. The exis-

tence of such a systematic error has not been established, but

could give rise to apparently inclined dipoles in maps reduced

to the pole.

Visual inspection of the various maps results in the

following observations:

•	 The eastern end of the Broken Ridge does
not correlate with a gravity high

•	 The western end of the Broken Ridge,
connecting with the Ninetyeast ridge, is
associated with a gravity high, and pos-
sibly a small magnetic high. This con-
necting part does not have the same mag-
netic properties as the eastern end of
the Broken Ridge

s	 The southern part of t`e Ninetyeast Ridge
is not associated with a major magnetic
anomaly, but is associated with a gravity
high.

A preliminary conclusion based on these observations

suggests that the Broken Ridge consists of two areas with dif-

fering crustal properties. The western portion shares similar

gravity and magnetic anomaly properties with the Ninetyeast

Ridge, and thus may be part of the same geologic feature.

P
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The eastern portion of the Broken Ridge appears to be a sepa-

rate geological entity from the western section and the Nine-

tyeast Ridge.

4.4	 FINAL EQUIVALENT SOURCE ANOMALY MAP OF STUDY REGION

The analysis of individual tracks of Magsat data

showed that crustal anomaly features with wavelengths greater

than 700 km were repeatable between nearly coincident tracks

of data (Section 3.3, and Ref. 11). Anomaly features with

wavelengths between 300 and 700 km were not coherent between

closely-spaced tracks, but may have enough power to be above

the noise level in the data. Thus, reasonable grid spacings

for constructing Magsat anomaly maps would range between 1.5

and 4 degrees. A spacing of 2-deg was chosen for maps of the

eastern Indian Ocean since it represents a lower bound on the

resolution of the data, and since 2-deg spacing was also used

by NASA in constructing a global Magsat anomaly map.

The final equivalent source anomaly map is ba y ed on

multiple runs of ESMAP using 16 overlapping 20 x 20 deg sub-

regions. Multiple runs were necessary to achieve the desired

2-deg dipole spacing and to minimize edge effects. Figure 4-6

shows the pattern of the 16 subregions that form the final

anomaly map. Each of these regions is the central 10 x 10 deg

square from the 20 x 20 deg square used in each inversion.

The results in the outer 5-deg edges of each 20 x 20 deg square

were ignored because of obvious edge effects. The final map

covers the central 40 x 40 deg portion of the investigation

region using 676 dipoles (including th
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Figure 4-6	 Diagram of 16 ESMAP runs used to produce
final anomaly map. Dashed lines indicate
regions ignored because of edge effects

The output from the separate runs of ESMAP was ex-

pressed as a magnetic anomaly map at 350 km altitude, sampled

at 1-deg uniform grid spacing (note that the dipoles for each

run were spaced at approximately 2-deg and located according

to separate equal-area projections). To form the final map of

the entire area, the 5-deg boundaries from each 20 x 20 deg

sub-map were deleted and the sub-maps were placed together.

The sub-maps still overlapped along one row or column of Arid

points at the edges, and at those locations, the anomaly v

ues were averaged (di sere pancies were 
a I I ,1 nT). A canto

version of the final anoma ly , m-ip is shown in Fig. 4-7.	 F 

ure 4-8 compares the new map, which was reduced-to-the-pol
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	Figure 4-7	 Final equivalent-source anomaly map at 350 km
from 10 runs of ESMAP. Contour interval:
1 nT.

the ESMAP runs, with the NASA Magsat anoiaaly map derives; by

averaging observations in 2-deg bins. The two maps agree in

general. but the rASC map shows more definition of the Ninety-

ee<t Ridge. Also, the TASC map shows mire clearly the preaence

of a magnetic high trending NE-SW near the NE corner of the

investigation region. This magnetic anomaly ridge a'eems to be

correlated with hathymetric trends (see Figs. 1-2 and 4-7).
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Figure 4- 8 	 Comparison
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	4.5	 CRUSTAL MAGNETIZATION AND SUSCEPTIBILITY Kt,PS

Figure 4-9 is the map of relative magnetization based

on the equivalent-source dipole solutions described in Sec-

tions 4.2 and 4.4. This map was constructed using the values

of dipole moments per unit volume from the 16 ESMAP runs.

These were regridded by Lagr-i»ge interpolation to form a uni-

formly spaced !-deg grid. The contour map is of relax." , e mag-

netization in the arbitrary units used in the ESMAP software.

Broken Ridge, the coast of Australia, the Java Trench area, and

part of the Ninetyeast Ridge have relatively high magnetization.

The rip of relative magnetization Fig. 4-9) is

useful, but is not expressed in units that can be related to
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Figu re 4-9	 Magnetization map showing crustal
magnetization anomalies in the
arbitrary units of ESMAP

the known physical properties of rocks. For that purpose, a

map of magnetic susceptibility was prepared. This requires

the assumption that the anomalies computed from the Magsat

data are caused by induced magnetization. The method for com-

puting the susceptibility asap is described below. The mapped

values of susceptibility were expressed in cgs units in order

to be comparable to the published results of laboratory studies

using rock samples.
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The program ESMAP computes magnetic moments (per unit

volume) for the model dipoles, and these represent anomalous

crustal magnetization. The units used in ESMAP are arbitrary

(Ref. 15), apprr ._ntly chosen for ease of computation. Because

information was not available on the units used in ESMAP, an

empirical approach was followed to find the units conversion

scale factor for susceptibility computations.

A general relation between magnetization and on-axis

field is

B = P x Vol
z	 3

Z
(4-2)

where B  is the field strength, P is magnetization, Vol is the

volume that is uniformly magnetized (represented by a dipole),

and z is the distance from the dipole to the observation point.

in using Eq. 4-2, ESMAP computes P in arbitrary units which

are converted to cgs units using

I = C 1 P	 (4-3)

where I is magnetization in cgs units, P is the ESMAP magneti-

zation value, and C 1 is the proportionality factor. Applying

Eqs. 4-2 and 4-3 to the model dipole tests described in Sec-

tion 4.2, C 1 has been empirically determined to be

C 1 = 2.192 x 1C -2	(4-4)

This empirical factor is no t. a recognizable comhination of

conversion factors or permeability constants, but arises from

the choice of input units and crustal volume computations in

ESMAP.

4-18



ti

.j	 Assuming the determined values for magnetization in

{

	

	 this area are from induced magnetization, then the suscepti-

bility is defined by

K = I/Bz	(4-5)

where K is susceptibility in cgs units, I is magnetization in

cgs units, and B  is the inducing (earth's ambient) field in

gammas. This equation was used to map susceptibility in the

'	 study area. The magnetization I is from the resealed ESMAP
i

magnetization map. The inducing field B  was computed from

the geomagnetic field model MGST(4/81-2), shown in Fig. 4-10.

The resulting map of relative susceptibility, in cgs units, is

given in Fig. 4-11. The susceptibility map of Fig. 4-11 rep-

resents another way of expressing the relative magnetization

results of ESMAP. As with the magnetization map, the location

i

	

	 of the zero contour is somewhat arbitrary, since linear trends

were removed from the input passes of Magsat data. Thus, while

the susceptibility map does show values that are reasonable

for terrestrial rocks, it also has negative values because it

is a map of a relative quantity. It shows the susceptibility

variations relative to some arbitrary baseline value.

The geophysical significance of the two-dimensional

results presented in this chapter are discussed in the next.

To aid this interpretation. bathymetry and gravity data have

been used.
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Figure 4-10	 Earth's magnetic Field JBI (in units of
1,000 nT) in the investigation area from
NASA Field Model MGST(4/81-2) (Ref. 2)

4.6	 SUMMARY OF TWO-DIMENSIONAL ANALYSIS

The following points summarize the results of two-

dimensional (map) analysis of crustal magnetic anomalies in

the eastern Idian Ocean:

-35
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Figure 4-11	 Crustal susceptibility anomaly map

(multiply contour values by 10 -6 to
get cgs units.)

•	 A two-dimensional survey simulation was
developed to illustrate the effect of
satellite altitude on the accuracy of
recovering crustal anomalies

• The ESMAP software of NASA was tested
and used to compute equivalent source
dipoles based on Magsat data covering
the investigation region
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•	 Before the equivalent-source computations
were performed, data profiles were edited,
spikes were removed, and a linear trend
was removed from each track. The de-
trended data were averaged using a moving
window five data points wide, to increase
the sa,nple interval from 3^ km to approx
imately 180 km

•	 The following maps were produced using
the equivalent sources derived from
Magsat data:

- Magnetic anomaly at 350 km altitude
for the Broken Ridge area

- Magnetic anomaly at 350 km altitude
(based on 16 ESMAP runs to reduce
edge effects) for the cencral
40 deg x 40 deg portion of the in-
vestigation area

- Relative crustal magnetization for
the 40 deg x 40 deg region

- Relative crustal susceptibility for
the 40 deg x 40 deg region.

F
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5.	 GEOPHYSICAL INTERPRETATION

This chapter describes geophysical interpretation of

the Magsat magnetic anomaly maps. These interpretations are

aided by bathymetry and gravity data described in Section 5.1.

Section 5.2 describes how the Magsat maps are combined with

gravity data to produce a new product -- a map of the ratio of

anomalous magnetization to anomalous density.

5.1	 BATHYMETRY AND GRAVITY DATA

The bathymetry of the investigation region was shown

in Fig. 1-2. This data is from a global data set with 1-deg

resolution provided by Prof. P.ichard H. Rapp, and based on

values compiled by the Defense Mapping Agency.

A gravity data base, also provided by Prof. Rapp was

also available with 1-deg resolution. Figure 5-1 is a contour

map of the 1-deg gravity anomaly at zero altitude. For com-

parison with the Magsat observations, the gravity field was

upward continued to an altitude of 350 km. This wa3 done in

spherical coordinates using a set of spherical harmonic expan-

sion coefficients (to degree and order 180) that were also

provided by Prof. Rapp (Ref. 19). The gravity anomaly field

computed at 350 km altitude is shown by Fig. 5-2.

The vertical derivative of the anomaly field, at 350 km

altitude, is shown by Fig. 5-3. This quantity was also computed

from spherical harmonic coefficients and it will be used in the

Poisson's relation computations described in the next section.

Relative to Fig. 5-2, this :nap shows better correlation with

structural features (e.g., Ninetyeast Ridge).
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	 Vertical derivative of gravity anomaly at
an altitude of 350 km. Multiply contour

values by 10 -5 to get mgals/meter.

5.2	 APPLICATION OF POISSON'S RELATION

Understanding the interrelationships among different

and/or independently derived geophysical data can lead to better

geophysical models. Poisson's relation is an analytic relation-

ship between gravity and magnetic fields which can, with proper

interpretation, allow better understanding of the magnetic and

density contrasts within the investigation region.	 Poisson's

relation is
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V = J au
pG 8i

(5-1)

B = J agz
z	 pG az (5-2)

OP!GINAL PAGE 18
OF POOR QUALITY

where V = magnetic potential, J = magnetization contrast, p =

density contrast, G = gravitational constant, U = gravity po-

tential, i = direction of magnetization. Poisson's relation

says that given constant and uniform values for J and p, then

3U/3i is proportional to V. If both 3U /1.L and V are already

known, then Eq. 5-1 can be solved for the ratio J/p. Although

a varying J/p violates a principal assumption of Poisson's

Relation, values of J/p computed from known U and V are ^on-

sidered to have geophysical significance (Refs. 20 and 21) and

can be a measure of variations in J, p, crustal thickness,

and/or errors in the determination of direction i.

Assuming that the magnetic anomaly field has been

reduced-to-the-pole (that is, i is vertical), Eq. 5-1 may be

differentiated with respect to the vertical direction z to

yield

where B  is the magnetic field reduced-to-the-pole, and g  is

the vertical component of the anomalous gravity field. For

the purpose of computation, the latter is approximated by the

gravity anomaly.

To compute a map of the ratio J/p, the maps B  and

agZ/az shown in Figs. 4-7 and 5-3 were used. The B  map was

divided by the ag/az map, scaled by the universal gravity con-

stant, and scaled to cgs units. The resulting J/p map com-

puted using Eq. 5-2 is shown in Fig. 5-4. The main feature

evident in this map is that J/p is generally constant in the

investigation area, suggesting that Poisson's relation applies
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	Figure 5-4	 Map of 130/p using Poisson's relation and maps
shown in Figs. 4-7 and 5-3. Minimum value:

-1.6 x 10 -6 ,
 

maximum value:	 0.7 x 10-6

cgs units.

over most of this area. (Note that since both J and p are

contrasts relative to an arbitrary baseline, negative values

of J/p do occur.) Principal deviations in J/p are significant

lows over western Australia, a feature SW of and parallel to

the Java Trench, and a major trend crossing several features

in the SW of the map area.

The most prominent feature of the J/p map is the strong

linear trend, consisting mostly of negative J/p, but interlacc,l
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with a few highs, generally parallel and just south of the

Diamantina Fracture Zone. A similar trend, likewise oriented,

may by a western extension of the feature just NW of the junc-

tion of the Ninetyeast Ridge and Broken Ridge. If these two

are related, then the northward offset at the Ninetyeast Ridge

must have geophysical significance. It is interesting to note

that north of this J/p offset, the Ninetyeast Ridge has a sig-

nificant gravity anomaly, and south of this perturbation it

does not (Fig. 5-1). Similarly, along the Broken Ridge cast

of this J/p trend, there is a strong magnetic anomaly, and to

the west there is not (Fig. 4-7). This linear J/p feature

thus appears to coincide with the boundary between the north-

ern and southern parts of the Ninetyeast Ridge as well as the

Iboundary between the Broken Ridge and the Ninetyeast Ridge.

This suggests that the Ninetyeast Ridge, the Broken Ridge, and

the region at the junction of the two have distinct geologic

and tectonic characteristics. In fact, geologic maps based onI'
deep-sea drilling show that the Broken Ridge (Upper Cretaceous)

is older than either the southern (Eocene) or northern (Paleo-

cene) parts of the Ninetyeast Ridge (Ref. 22).

5.3	 RELATIONSHIPS AMONG MAGNETIC AND GRAVITY MAPS

The J/p map, constructed from the magnetic anomaly

and gravity gradient maps, reflects the combination of changes

in average crustal density or magnetic properties. A geographic

variation in the ratio J/p could be caused by 1) variations in

crustal thickness or density, (both of which change the effec-

tive average crustal density) or, 2) variations in the crustal

magnetization or depth to the Curie isotherm. Effects of the

first type would be visible in gravity data products, and

effects of the second type would be expressed in the products

derived from magnetic observations. There could be situations

where both of these effects might occur simulataneously.

5-7
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The long linear trend in the southwestern part of the

J/p map is probably caused by some sort of crustal density or

thickness change, because it is correlated with the gravity

anomaly maps. This feature is correlated with the zero contour

of the vertical gravity gradient (Fig. 5-3) and to some extent

with the zero mgal anomaly contour (rig. 5-1). Since the J/p

map was computed by dividing the magneti: anomaly by the grav-

ity gradient at each map grid point, large magnitude values of

J/p occur at points where the gradient is small in magnitude.

This computational process did not diverge because there were

no grid points where the gradient. was exactly equal to zero.

This feature on both the gradient and J/p maps probably does

indicate a significant and deep-seated crustal feature.

Since values of J/p do not vary greatly over the rest

of this map, and especially do not change drastically over the

Broken Ridge or Ninetyeast Ridge, it is probable that those

tectonic features are associated with magnetic anomalies mainly

because they have thicker crust, as is reflected in the bathym-

etry. However, further work is necessary to determine whether

changes in rock composition and a higher bulk susceptibility

could also account for the observed magnetic anomaly features.

The magnetic anomaly, magnetization, and susceptibil-

ity maps are correlated with one another and with bathymetry.

All three of these maps are based on the same set of equivalent

source dipoles and thus (to varying degrees, depending on units

and other scaling) all show the same degree of correlation

with tectonic features. Then, at least for the eastern Indian

Ocean, positive magnetic anomalies seem to be associated with

older and thicker crust that produces bathymetric highs.

Positive magnetic anomalies are also associated with

the con!inental crust of Australia and Naturaliste Plateau.
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However, it is not yet possible to determine whether or not

the bathymetric features such as Broken Ridge might also con-.

tain some continental crust. Compered to oceanic crust, con-

tinental crust would have a relatively high magnetic susce p ti-

bility and could account for the observed magnetic anomalies.

Further observations and modeling will be necessary to answer

this question.



6.	 SUMMARY AND CONCLUSIONS

The accomplishments of this investigation include:

•	 Evaluation of the Magsat data in terms
of identification of crustal anomaly
features and noise characteristics

•	 Characterization of spectral features
and coherence among different tracks

•	 Production of magnetic anomaly and
susceptibility maps from Magsat data

0	 Merging Magsat data with grav'_ty data
using Poisson's relation.

These results have shown that Magsa t_ data is an important tool

for global gcophysics. The objectives listed in Chapter 1

have been satisfied, although there are still more questions

to be answered.

The Magsat data preprocessing and analysis of the

data quality began with the identification and removal of data

problems, which include: 1) missing data values, and 2) spikes

of about 15 nT. Then, in order to remove or at least minimize

th:_ etfects of external fields and the core field, a global

field model and a mean anti ramp were subtracted from each in-

dividual track. This preprocessing removed the very long wave-

length and very high frequency noise in the Mae:.at data, leav-

ing a first estimarP for the crustal anomaly field. At this

eca nt, potentially useful data was in the 1050 to 72 km wave-

length range.

6-1



Spectral studies were performed to define the wave-

length bands in which either crustal anomaly fields or noise

dominated the data. Analysis of power spectra and spectral

coherence between neighboring tracks, showed that the wave-

length range of 1050 to 700 km contains geophysically useful

and coherent information; and the 700 to 250 km range contains

incoherent (non-repeatable from track to track) information,

probably with equal power for the geophysical signal and the

noise. The wavelength band from 250 to 72 km is clearly domi-

nated by noise. Given this result, 'the useful s- 4mpling inter-

val can be greatly increased from the value on the Investigator

tapes (36 km). An increase of the interval to nearly 125 km

would result in a substantial savings in 	 a storage and

processing.

After determining the resolution capability from the

along-track data, the work turned to two-dimensional (map)

questions. A survey simulation was designed to show how accu-

rate Magsat type survey data would be, especially if it were

desired to downward continue that data for comparison with

aeromagnetic surveys. A table was prepared representing the

accuracies at several different satellite survey altitudes.

A primary goal of this investigation was to produce a

gridded crustal magnetic anomaly map for the investigation

area. This has been accomplished using equivalent source in-

version which yielded a map that is an alternative to the stan-

dard NASN map. In the new TASC map, certain magnetic anomaly

features -e more visible (e.g., the small magne — c anomaly in

the vicinity of the Ninetyeast Ridge, a NE-SW magnetic "ridge"

connecting the eastern end of Broken Ridge with the Java Trench).

Certainly one of the reasons for this feature enhancement and/

or extra detail is that our map is reduced-to-the-pole, but

the major reason is that all the data are numerically reduced
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to a common altitude. Very useful byproducts of this proc-

essing are maps of crustal magnetization and susceptibility

anomalies. The latter directly relates to an important phys-

ical property of the crustal material, and is strongly linked

with the relative content of magnetic minerals. Since these

maps are anomaly maps, ground truth references must be (but

have not yet been) made available and used to yield estimates

of actual rock properties.

The result that is perhaps the most interesting, but

presently the least well-understood, is the joint analysis of

gravity and magnetic anomaly data. Poisson's relation coin-

bines these two data sets in a map of J/p (anomalous magneti-

zation over anomalous density). This map shows that J/p is

generally uniform over the entire investigation area, with a

few exceptions. The major exception is a linear feature of

unstable J/p values aligning with the Diamantina Fracture Zone

and cutting across Ninetyeast Ridge. This feature in the J/p

map is probably associated with crustal density or thickness

properties, but the interpretation of its significance is

incomplete. These results merit further investigation as they

show the possibilities for developing new approaches to solving

problems in crustal geophysics using satellite data.

In conclusion, this investigation yielded results

exceeding those outlined in the proposal, but it is only a

stepping stone to the types of geophysical analyses possible

using these remote sensing techniques. Two-dimensional data

processing, including image processing, and analyis of differ-

ent and complementary geophysical data sets are the next ob-

vious steps. Other recommendations for further work include

additional analysis of the correlations between the gravity

and magnetic fields in both oceanic and continental areas, in

order to determine the source depth for both types of anomaly.
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