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ABSTRACT

Digital data processing techniques are noÌv available
and widely used in the study of aeromagnetic surveys. rt
allows detailed analysis to be mad.e of the sharrow and. deep

crustal magnetic units and also enabres the short and long
wavelength anomalies to be separated. and evaluated.

The origin and nature of the long wavelength anomalies

are believed to be closely associated with the deep crustal
magnetization. These deep crustal magnetic units in turn
are related to crustal structure seen on surface geologic

maps. The processíng sequence of aeromagnetic data that
yields rong waverength aeromagnetic anomalies is compiled

and eval-uated in this study, Different digital processing

techniques are examined and employed in an attempt to put

together an efficient aeromagnetic processing system.

A long wavelength aeromagnetic map portraying deep

crustal magnetic anomaries ín the project area (60.00 to
6L.75 degrees North and 102.00 to 94.75 degrees West) is
presented. The derived map shows a definite alignment of
various long wavelength aeromagnetic anomalies of different
sizes in a Northeast-southwest and East-I¡Iest orientation.
As an aid to the interpretation of these aeromag.netic
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anomal-ies, a method of "inverse" depth and magnetic inten-
sity determinations is introduced. The automated interpre-
tation method is based on the optimization of the best fit
anomaly field generated by a verticar-sided prismatic model.

This interpretation procedure has eliminated the use of the
tedious method of type-curve fitting and manual calculations.

The long waverength anomalies show a good correration
with the broad features of deep crustal structure. The

regional geology of the surrounding areas is reviewed and

a strong relation between the rong wavelength anomaly

system and a major structural feature is found.

-l_v-
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CHAPTER 1

ÏNTRODUCTTON

when the total anomary system composed of short wave-

lengths anomalies are filtered out of an aeromagnetic iläp,
there remains a realtively broad-trend, low:amplitude and

long waverength anomaly field. These anomalies are termed

long-wavelength aeromagnetic anomalies.

Longi-wavelength aeromagnetic anomal.ies show consider-
able correlation with broad crustal structure and provide
valuable information in the study of magnetic units lying
in the upper and lower layers of the earth's crust. The

present study is part of a continuing program of detailed
deep crustal magnetic investigations in Manitoba with exten-
sions up to the Northwest Territories.

ïn recent years, there has been a rapid development in.
the digital processing techniques of geophysical data. This
study deals with the digital processing and interpretation
of aeromagnetic data located in the Northwest Territories
directly north of the Manitoba provincial boundary. An

attempt is made in this thesis to develop a more efficient
processing sequence for regional magnetic anomalies,

. ''..: :1,,]:.

i'.:j..:::
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incruding the design of a two-dimensional filter for the
aeromagnetic data in the frequency (or wave-number) d.omain.

This is achieved with the fast Fourier transformation algor-
ithm developed by Cooley and Tukey (1965).

Two-dimensional aeromagnetic data can be converted into
the frequency domain by applying the forward Fourier trans-
formation. The proced.ure of using one-dimensional transform
to carculate the two-dimensional transform is used so as to
cut down the avail-able storage space and. computing time.
Pretreatment of data is essential. The presence of undesÍred
spikes and trend.s hrere acknowledged and a computer progiram

package was written to carry out every step of the processing
sequence including the filtering of high frequency components

of the anomaly field in the freguency domaiir.

McGrath and HalI (1969) developed a seventeen-point
numericar filter in the space domain to remove short \^rave-

length anomalies from an aeromagnetic map. Linear filtering
in the frequency domain is und.er investigation here and a
comparison of the nature of the two types of filter is done

on the aeromagnetic map in this project. Moreover, various
attempts have been made to d.isplay the freguency response of
the frequency domain filter..

A great deal of interest has been Iaid. on the represen-
tation of potentiar field data in the frequency domain. For

a:.r.i:i
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this reason, spectral anarysis has become a routine and

essential technique ín the processing of aeromagnetic maps.

one dimensional povrer spectrum analysis was performed on a
few profiles running east-west within the area of concern.

Two dimensionar po\^/er spectrum was also displayed on part of
the area. The Maximum Entropy Method for the power spectral
density estimation as developed by Burg (L967, 1968) is also
reviewed in this thesis and it was experimentally investi-
gated on a few profiles across the area to serve as a compar-

ison to the more conventional- power spectral estímation via
the fast Fourier transform algorithm.

One of the major characteristics of deep crustal magnetic

anomalies are their low amplitude. The amplitudes of this
type of anomaly are often less than 200 nanótesIa. This is 

,

Ibecause of the vertical magnetic field d.ecreases as the depth 
i

of source increases. Hence the core generated background 
i

fie1d.p1aysanímportantro1eintheinterpretationofthe
i,i.-,'..j'.,long wavelength aeromagnetic anomalies. A computer Fortran 
ir.,,,.1r
ì.,'" .'.'ìiprogram issued by the Institute of Geological Sciencesr Hail- .':.,,¡;.,,,
:: :_1

sham, sussex was used for computing the background fiel-d :

varues of the project area. rt is based on a specified model

adopted after the International Association of Geomagnetism ,,'.,.:.:
i::':ii ir' l:::::

- i:-'''ii:and Aeronomy (IAGA) Symposium held in October, 1968 and is
termed as the rnternational Geomagnetic Reference Field

':(rcRF) .

ìi... .'-

i.:.. '1'..:;l



The question of uniqueness and. ambiguity of potential
field interpretations have been discussed by skeels (Lg47),

and by Roy (1962). Fora given magnetization distribution,
there is always a predictable magnetic field but the in-
verse is not always unique. A given magnetic anomaly field ','.',,,'

may be caused. by an infiníte number of magnetic distributions
and no uníque solution can be clearly defined. rn the pres-
ent project, a direct interpretation usíng Lhe BLoCK ñod.el- i,.tii....,:

fit by cores (rg73) was first used for the anomaly interpre- 
i':':¡':"'''

I :r.:::i.r: ,..:

tations. Then, an inverse probleml was set up, with the input ,'-,",' '-"','

of the field values and using opt.imization processes, the 
iconfigurationoftheb1ocksthat\¡/eremostacceptab1eboth

physically and geologj-cal1y Ì,vere then determined. :

1. The computer program "rNVBLocK" to provide an indirectiterative method to solve the inverse problem wasorÍginally derived and impremented by Mr. c. Hasselfield.,programmer, Geophysics section, university of Manitoba.



CHAPTER 2

DÏGTTAL PROCESSTNG OF AEROMAGNETTC DATA

2.L Processing Sequence

¡.-/,"':.1:,..t')¡

:::::':i'r' i: : :;

The long-wavelength aeromagnetic anomaly system can be i :.. ,.,r::.
ll::l:.:.-
: :1: 'ìr : ' :separated from the loca] anomalies due to shallow, narrow

sources by elimÍnating the high wave number (short wavelength) l

components of the aeromagnetic map. This can be done in sev-
eral ways; for example, by upward continuation of l_ow-level
magnetícs- Alternatively, based on the difference in the
frequency (wave-length) characterisLics of the two major

i

anomaly types, direct fil-tering can be used. The processing :

sequence used here for the preparation of the long.-wavelength
aeromag'netic maps was based on the d.irect wavelength filter- i,,.,,,,.,,, ,,,

ing technique.

Figure 2.L.r is a flow diagram of the processing sequence

of the d.igitized aeromag.netic map. The computer program

FTLTER 2D in Appendix B is a FORTRAN routine based on this
sequence

-5-
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rt is assumed that the input map consists of digitized
data on a regular spaced sguare or rectangular grid. The

sampling (or digital) interval must be equal in the x and y
d.irections.

Both one and two dimensional po$rer spectra

structed on the data. This analysis provid.es a

scan of the frequency contents of the input map

filtering technique \,vas applíed. Details of the
analysis can be found in a later chapter.

\Arefe COn-

spectral

before the

spectral

Preconditioning of data j-s also very important. Differ-
ent screening and smoothing operations were done on the input
data before passing the map through the filter system.

After the above steps had been accomplished, the data
\,vas then passed into the fil-ter system. Di_rect filtering
in the frequency d.omain was used in this study. The filter
was designed for a series of different cutoff wavelength.s

and. impulse-response of the study map area. To aid. inter-
pretation, different displays both in contour map and three-
dimensional representation forms \Á¡ere drawn using the rBM

calcomp plotter



2.2 Two-Dimensional Frequency Aliasing

Frequency aliasing is a well-known effect caused by the

insufficient sampling of a signal frequency. rt occurs when

a band limited function is sampled at interval that exceeds
1.f,= where fi is the highest freguency component of interest¿Í.L

record.ed.

Fortwo-dimensiona1data,suchasthepotentia1fie1d
data, it is necessary to digítize the data from the maps at ¡tt';''lt

a suitable sampling ínterval. A small sampling interval may

'be desj-rable since it enables us to study the shorter wave- 
l

length anomalies and throw out the aliasing problem. How-

ever, one shourd be aware of the computer limitations in
:

analysing enormous amounts of data and the tedious d.igitiza- 
i

tÍon problem. l

i
i

.

Analogous to the one-dimensional case, two-dimensional
.,: . :,,,.'

frequency aliasing rule can be obLained. rn order to avoid ¡'..:or.ri

frequency aliasing when sampling a continuous function band- l..]....:....
',t --:_..::

limited at frequencies of K and L, the sample interval must

be selected so that

1 . -r
^x 

< 2E and. y :Zr

In the present project, long-wavelength anomalies with

wavelengths usually greater than 60 km are of major concern r i.i.,::ì,:ji,:::i'1.:':.i:,i,ì:,'.i
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hence, K and L have very high values. The sampling interval
of 6.5 km in both x and y directions were selected for the
project. This sampling interval was found to be sufficient
and reasonable in the computer processing viewpoints and it
was done by decimating the unwanted data points in the orig-
inal data.

2.3 Preconditioning of Data

Precond.itioning of data is essential and necessary,
especially when filtering in the frequency domain. spikes
appearing in the data, due to d.igitization error or other
data preparation errors, produce problems in the frequency
filtering process. rt wilt produce output in the Fourier
transform at all frequencies and it must be removed with a

search and screening routine. one of the simpler devices
for testing doubtful observations is known as "chauvenet's
criterion of Rejection", according to which rejectability is
determined as a function of deviation, dispersj_on, and number

of measurements. This criterion was used in this stud.y as

the selection system of the input data setl. The standard
deviation was first determined. and a dispersion of t3 stan-
dard deviations was found to be the bound of the input data

of
P.

The "Chauvenetrs Criterion
designed and programmed by
Manitoba.

Rejection" was first
McGrath, University of

1.



set. The data values which exceed the boundary limits will
then be cut down to the appropriate bound.ary values. This
not onry served. the purpose of removing unwanted spikes, it
also removed the anomarous peaks which might resurt from
Iocal iron formation.

Additional rows and columns of numeric zeros r¡¡ere added

to the data matrix during the data preparation stage in order
to satisfy the prime factor assumption of the fast Fourier
transform algorithm (see Section 2.4). The presence of these
zeros in the data matrix introduced a step-like function at
the bound.aries and severe ed.ge effects resurted if they \i¡ere

not eliminated. This search and elimination process was al_so

introduced. into the screening system of this project. This
was d.one by means of replacing numeric zeros found in the
input matrix by the average value (or mean) of the data set.

rf the data have a regional trend, spurious components

at all- frequencies will be introduced in the Fourier Trans-
form. Best-fit plane prod.uced by a least-squares fit has

been commonly used for regional trend extraction. The plane
was subtracted from the data set to produce a new set of
data with zero regional trend. This approach was not used

in the present stud.y. rnstead, a numerical model of the
sufficient complexity, includ.ing adequate secular variation
correction in¡as used as a suitable representation of the

10

i'::i
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regional fierd. This ís the best known and most widely used

. 
f iel-d mod.el: the rnternational Geomagnetic Ref erence Field.
(rcnr¡. The IGRF values v/ere computed at every grid point
of the data matrix by means of a computer progra*2 and it
was subtracted. from the field value at that grid point.
This removes the regional trend from the data before the
filtering process. A more d.etailed account of the IGRF sur-
face can be found in Section 2.5.

2.4 The Fast Fourier Transform

The Fourier transform has long been a principle analyt-
ical tool in such diverse fields as linear systems, optics
and signal analysis. The advent of the deveropment of the
fast Fourier Transform (FFT) r ërn algorithm that efficienity
computes the discrete Fourier transform whÍch red.uces the
enormous amount of computation time adds even more applica-
tions to this powerful analytical technique. The fast Four-
ier transform algorithm was the principar tool used in this
thesis to study the potential field. data.

The potential- field data f (x,y) is considered as a mix-
ture of random noise and aperiodic signars. The spectral

2. computer program supplied by the rnstitute of GeologicalSciencies, Haillsham.



I2

decomposition of the potential field data f (x,y) can be

represented by the following complex Fourier transform rela-
tions in the digital domain.

N-l N-l fff*r" + krv)F(K1,K2) = I ) r(x,y) e -'
x=0 y=0

for K' R2 = 0,It2 (N-f )

and conversely
,: : ,'l

!.:::'_'::

r (x,y) = # ltt^ ltt^ F (K1,K2) .-+(xrx + K2v)

N- Kl=O K2=0

The fast Fourier transform was developed. from these

fundamental equations. The criteria for the formulation of

for xry = 0rlr2, ... (N-1)

wherer(Kt,K,)areNcomp1ex-va1uedvectors.Thewave1engths

Àtand'Xzaregivenbyflana?,whereK,.and.K,arethe
^lnzl

\^7ave-numbers along the x and. y directj_ons.

j 
: t:l r'.

!_:: :

these equations and. their various properties have been dealt ,.','',
i,,,1,,-'

with thoroughly by Good (1958), cooley and. Tukey (1965) and

Gentleman and Sande (I966). In general, direction computa_

tions of the Eounier transform require N2 operations, where

N is the size of the input vector. Fast Fourj_er transform
(FFT) algorithm offers a much faster route of less than

KNlog*N operations (x is a factor of N). rn other word.s,
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onecan'obtainthet'ransforms.&)timesfaster.The
accuracy of the results is also increased. by the same ratio.

The fundamental basis of the fast Fourier transform
algorithm is to decompose each data vector into simple fac-
tors. (For example, N = Ktr.K2.K3. Krr). Then, the ele_
mentary transformations \,vere folrowed by a permutation sort-
ing procedure to produce the required coefficients. rn the
same manner, a two-dimensional data set such as the aero-
magnetic field d.ata in this project can be considered as a
vector (size Nl by N2) of length N = NrN, which the fast
Fourier algorithm can be applied in the usuar $¡ay.

2.5 Background Field Analysis

The earth's total magnetic field is composed of the
field generated by the earth, s core plus anomalous fierds
which are attributed.to the magnetic properties of shalrow
and. deep.crustal sources. An important application of aero-
magnetic surveys is to interpret the magnetic properties or
characteristics of deep crustal magnetic sources. These

deep magnetic sources generate long waveleng,th anomalies

which are often low in amplitude, usually less than 2OO nano- i':;ii.iì,i;
r" " 4 ,:l '

tesIa. As a result, the core generated. background. field.
plays an important rore in the interpretation of the rong- 

,waveleng-th aeromagnetic anomalies. This core generated field



has to be more accurately defined and carefully removed in
order to arrive at a set of meaningful anomalies. An ambig-
uous d.efinition of the base leve1 used will then read to a

high degree of inaccuracy and uncertainty in the interpreta-
tion of the residual anomaly maps.

L4

During the past several years, geophysicists have ex-
pressed a need for establishing a universally recognized
geomagnetic reference field so"that it can provid.e a common

datum suitable for various apprications in the analysis of
the earthrs mag'netic field. This, of course, includes the
application of the removal of trends from detailed aero-
magnetic surveys. As a result of combined efforts of vari-
ous giroups within the ïnternational Association of Geomag-

netism and. Aeronomy, a mathematical model: the rnternational
Geomagrretic Reference Field (ïGRF) was chosen at the symposium

on Description of the Earth'!s Magnetic Field. held october 22-
25 , 1968 , in tr{ashington, D. C.

The ÏGRF is defíned by a set of spherical harmonic co-
efficients to degree and order B (m=n=B) for both main fieId.
and secular variation (a total of 160 coefficients). A

computer Fortran program suBRourrNE ÏGRF, (see Append.ix B)

issued by the rnstitute of Geological sciences, Hailrsham,
sussex, was used for computing the background field val_ues

of, the project area.

Ê.rJ¡:lÌ :-ìi.¡'



A computer contour plot of the International Geomagnetic

Reference Field of the study area is shown in Figure 2.5.r.
The unfiltered data of the project area in three dimensions
is shown in Figure 2.5.2. Figure 2.5.3 shows the rnap area
with the IGRF removed.

Removal of the geomagnetic field from the aeromagnetic
data can also be done using the polynomial approximation
method3. A second-ord.er equation can be derived using the
best fitted least squares to the surface (map area) of the
total magnetic intensity map published. by the Dominion obser- :

vatory. The background field values can then be computed

using the derived equation. This approach was tested for
the project area; it \^zas found to be tedious and suffer some

form of inaccuracy in the derivation because of the l_imited
size of the area invorved. The TGRF was found. to be more

efficient, accurate and. economical in terms of computer

storage

3. Removal of_the geomagnetic field from the aeromagneticdata by polynomial approximation method. was first dis-cussed by p.H. McGrath and D.H. Hall (1969).

15
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CHAPTER 3

THE AREA UNDER STUDY

3.1 Regional Setting and General Geology

The area presently under consideration lies wholly i:jj,ì',t
:- '..'.-'' :-1
.-: .: :_ .:

::...:i :-,.

within the churchill province of the canadian shierd
,. ', ,., 

t' :,.,.Geographicarly, the area lÍes directly adjacent to the : "i':
:

northern boundary of the province of Manitoba in the North- i

iwest rerritories. rt is bounded by 60.00 to 6r.75 degrees 
l

North and 102.00 to 94.75 degrees west (see Figure 3.r.1).

The canadian shield is a vast region of precambrian

rocks that occupy nearly harf of canada and form the bed.-

rock for a land. area of about 4,825,000 square kirometers.
The greater part of the shierd. has now been geologically
mapped and. much of it has been covered. by gravity and aero-
magnetic surveys. Detailed accounts of the geology have

subdivided the shield into a number of structural provinces
and sub-provinces, based mainly on the overal_r differences
in internal structural trends and style of folding. The

area under study has an aerial extent of approximately

137,000 square kilometers in the churchill structural
province.

-1 9-
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Closed structures predominate the structural features
of the churchill province, but linear structures are also
well represented in the area. These linear structures form

a largie arc t concave to the south, around Hud.son Bay, so 
,,,,,,, . ,..,that trend.s are mainly northeast in the !üestern part, easterly :r: :ii: :::

close to Hudson Bay, and. southeasterly in the extreme eastern
part of the province. Tn the interior of the province, the 

i,r:j,..r.:':r,folded rocks are unconformably overlain by flat rying or in;;.li
gently folded rocks. small bodies of nearly flat lying rocks 

ii,,*.t,.
, unconformably overlying folded rocks can be seen near the :! :'i":

border of the province

No detailed geological reports are available on this
localized area, although more detailed accounts of the
geology have been pubrished on the churchill-superior prov-

ince boundary in the south (8e11, c.K. 1966, Kornik, L.J.
and Maclaren, A.S. 1966).

A major tectonic feature of the churchilr structural
province is the vtollaston Lake fold bert. The fold belt
extends from the southern edge of the canadian shield in
saskatchewan, north eastward into extreme northwestern

Manitoba. The extension of the v,Iollaston Lake fold bert
northeastward. towards Hudson Bay is under investigation here

and one of the objectives of this study is to examine the

2I

.---:: ì :;ir;Ì:
l!,ìiii.ei¡N'a:

'r..j : t t:.
)iì.i i:;.r....:t.-



possibility of tracing the extension of the fold belt from
its magnetic expressiorrl.

3.2 Data Acquisition

Data for the analysis were taken from a magnetic tape
(8F.7792) supplied by the Aeromagnetic survey, Earth physics

Branch, ottawa. The magnetic tape contains digital data
(in gammas) of two major project areas, the central canada

project and the Nelson River project. The origin of these
projects starts from 113 degrees west longitude and 56

degrees north latitude. The airborne magnetic surveys of
these projects \^rere done by spartan Air services Ltd. and

spartan Aero Limited. in the years of Lg64, 
.L96g and. rg7o.

The fJ-ight elevation of the various surveys in the project
area was kept constant at 11000 ft. (304.8 met.ers) above

ground elevation. The flight spacing for the surveys vras

set at L/4 mil-e (0.402 kilometers). The airborne flight.
traverse and flight pattern for the surveys were carefully
controlled by the photomosaic met¡r-od.

: i ..: ; -

To obtain the digital d.ata for the project area under
study, a computer routine was written to extract the re-

1. The magnetic expression of the vüollaston Lake foldbelt was rater found to be predominantly "negative"(magnetic low) in nature in this proj".i. 
iìi:+

22
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quired data set from the project tape. once the data set
was obtained, a data file was created to store the data
for further investigation.

Decimation vrere done on the data both in the east-west
and north-south direction and a final rectangular array of
6.5 km sampring interval was obtained, ready to be input
into the processing system. The output of the.system v/as

both written onto magnetic tape and printed as a two-dimen-
sional array. The latter display gave a quick way of
checking the output against the final machine contoured map. 

l
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CHAPTER 4

TVIO DIMENSIONAL DTGTTAL FILTERTNG

4.L Basic Principles and. Design of
a Two-Dimensional Filt.er

..1¡,..r;
The application of two-dimensional harmonic analysis .:;f r.',;

and two-dimensj-onal filtering in the analysis of potential 1,-..,,
l i{l-t:.,ij,field data has found increased. acceptance in recent years.
.since 1965r ârr increasing number of papers have appeared 
I

(gattacharyya 1965; Darby and Davies 1967; Ful1er Lg67ì ''

Od.egard and Burg 1965; and Zurflueh Lg67) concerning the
app1icationtogeophysica1d.ata.Themain.emphasisin
these papers was primarily on the design and application

lof two-dimensional filters

Many periodic components are present in geologic
structure. Tectonic activity, for example, particularly
compressional movement involves the prod.uction of folds
which viewed ín cross-section are periodic in nature.
separation by filtering is based on the assumption that the
near surfacer prêsrrrably higher frequency components of
the field can be isolated. from the lower frequency trends
caused by deep sources. Thus, the design of two-dimensional
filters is desj-red. rn this chapter, the design and anarysis

l'-.:i:.:.il :.

r" : i.: .... :

¡: l rrì:
':.::'..':11:

-24-
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of two-dimensional filters in the space domain (4.2) as well
as in the frequency (or wavenumber) d.omain (4.3) are consid-
ered

The theory presented in this section is well known and ì,,'i,"

is given here to .provide the basic framework and to specify
a notation for the following applications.

A set of two-dimensional data f (x,y) in the space

domain can be represented in the wavenumber domain by means

of the- two-dimensional Fourier transform F (u,v) where

co co

p (u, v) = I I f (x, y) e-2n (ux + vY) d*¿y))

and the inverse transform is given by the equation

r(x,y) = I irt,r,rrl ..:2n(ux+tY)d.rrd'

The variables u and v represent wavenumber.

The process of convolution of two-d.imensional data

with two-dimensional operator.or filter can be expressed

in the space domain by the convolution integral written as

s(x,y) = Ï Tn,*-^, y-o) k(À,p) dÀdp))



':': ' r: t:'r:'
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where:

g (x,y) = output of the convolution process

h(x,Y) = inPut d.ata

k (l ' p) = li near operator or f i.ter 
,,,.,,.,,,,,-,

and by G (u,v) = H (u,v) K (urv) in the wavenumber (or fre- ::::t:t:"

quency) domain

For data sampled on a square grid., the equations above

then take the form:

F (u,v) = AxAy i I f (n¡x,mÂy) 
"-i2n 

(unAx + r¡mAy)
' n=-æ m=-co

f (x, y) = Á.uÀv I I F (kÀu, L^v) "i2 
(kAux + LAvy)

k=-- L=-co

s (x, y) = axÀy- i T h (x-Àax, y-0Ây) k (tax, pay)
À=-* p=-co

4.2 Space Domain Filter Operator tf,,',ff,.,

tl'...:: '

'-',,,.,,t',,: 
.,,.,

The digitized aeromagnetic d.ata under study was first
filtered by a space-d.omain filter operator via the convoru-
tion process. A seventeen-poi-nt numerical f ilter as designed i:,.,:i.Ì,,:i:¡:

::::_.::.; ¡:a:i:.: -;

liìË::i:lby ÙtcGrath and Hall (1969) was employed

'tìno(x,y) = Åq ltt rr(x,y) + 42sL + 2ssl, + los/Fj
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\,vhere

ro(x,y) = the filtered. value of F. (x,y)

and s, = the sum of the data falling on circles of radius
r centred at F. (x,y), where r is in sampling units.

The filter response for this space domain numerical operator
will be discussed in Section 4.4.

rn the derivation of this formula, it was assumed. that
the noise to be extracted from the aeromagnetic data was

randomly distributed. rn examining the raw d.igitized d.ata,

a slighLly skewed distribution was observed and this tends
to degrade the quality of filtered. data. However, precond.i-

tioning of the raw data before applying the filter operator
was done and more effective filtering was achieved. Figures
4-2-2 and 4.2.3 show the f iltered aeromaginetic map of the
study area using a cutoff wavelenqth of 60 km.

4.3 Two-Dimensional Filteri in the Fr Domain

Two-dimensional map data can be converted into the
frequency (or wavenumber) domain by applying the d.irect
Fourier transformaLion. The digitized aeromagnetic d.ata

in the study area (after preconditioníng) is passed into the
fast Fourier routine to be first converted. into the frequency
domain. Then "filtering" is achieved. in the frequency domain
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by means of a few computional operations and coefficient
manipulations as described berow. Thenr âïr inverse Fourier
transform is performed to reconstitute the map in the space

domain.

30

some of the properties and details of the filter in the
frequency domain should be noted at this stage. After per-
forming the direct Fourier transform, the data points are
laid out in a rectangular grid. with Fourier coefficients
from ze,.o to the nyquist frequency. The exact cutoffs of
these Fourier coetricients are controlled and guided by an?. _2elliptical equation C5 * 5 = 1). Once a cutoff wavelength

atb
is assigned, the variables a and b of the elriptical equation
are computed and grid points falling outsid.e the elriptical
quadrant are substituted by zeros, thus, retaining only the
Fourier coefficients of the required frequencies. This then
will be the filtered map in the frequency domain. Detai_led

study indicates that the filter provides sharp cutoff in
terms of frequencíes but some spectral leakage into adjacent
bands was observed. various cutoff wavelengths were applied
(30-70 km) and filtered maps were plotted for examination
(see Figures 4.3.1 4.3.5).

4.4 Fr nse of Two-Dimensional Filters
Í.,i.l

The frequency characteristics of
fiLters employed here in the project
in this secti-on.

the two-dimensional

is under investigation



\/

ô
AJ
O

Figure 4.3,1 Filtered Aeromagnetic Map of the Project Area Using Frequency

Domaín Technique (Cont. Tnt " = 200¡ nanotesla

Cutoff Wavelength = 3O fm )

nJ
O

F
rU
cl

G-

nJ ,Ê
cl cf

Lra

¡o
ru
O

.¿-\
CJ
c)

,:::,.'.:
'::.:,..1.,
: :,...1

I
|j
lìl

iì
li
iÌ

il
r.,

û

r
i:j

-ir
i:ì
tr
iJ
l,
ti

li
íï

H

I
li

ll
H

il
il
D{

[i

n

ti

I
li:

il
fi

il

i1

il

ti

li
Il
[:l
t¡r

Hi

H

F

H

$
iiä

'' /-'-\ 
tê

nJO
qc)

c]
¡J
O

0 41.3 K m
[.]:'.1 r.ll r r ' I

(,
F



I

I
I

t

=

{-\
,J

Figure 4,3,2 Filtered Aeromagnetic Map of the pro

Domain Technique (Cont. IÍtt. = ?OO

Cutoff Vrlavelength

(f

'ì

3
¡.J
c?

l',:i:
'.':i:1

.,,?:fl,

ject Area Using Frequency

nanotesla

= þo rm)

P,,,,l,,lJr3Hm
:t; .:,::t ::: , at'

, ti it ,: 
t.'

:..:.
,...,:. :t 'l

(,
¡\)



n\

'l/

o
:j r---\

ru
O

Figure 4,3,3 FíLtered Aeromagnetic Map of the Project Area Using Frequency
Domain Technique (Cont. Int. = 100 nanotesla

Cutoff Wavelength = 50 Km)

Þ
3
NJ
(2

q)
c)

,;.ì;.,
'::r '

liii ì

\-4
lf

!r=
éa
QC)

'l

?
a

O

AJa

frt,-r-Lr.-, ,4,1¡3 
l( t

(,
(¡.)



2

-1

,.)t

t

vrr

_j
l\)

I

:
'.1

L

L.
t)

r
I,
Lr

i.,
Þ
I-,à
I
l:)
f-)
I

\-4
.A)

0
OJ

(l
ì5
;

O
(r)
O

Figure 4.3,4 Filtered Aeromagnetic Map of the Project Area using Frequency
Domain Technique (Cont. fnt. = 100 nanotesla

Cutoff l¡lavelength = 6O fm)

a
3

ç
AJc¡,/

cl

irj'rl

l, l

el
c)

iiii:ì;j
ii:¡:¿:¡.t

Li

I
ii

I
P

H

lÍi

ti

n
ti,

I
i

F

Ë

r

I

I
F;'

k,

[:,

ii"

$
Ífì
,.:,'!-

C,

2

P.,.,,'tr.,..ÍJr3[t

(,
È



c)

I
r)

!

rf

r)
c)

+

rlLI\-/
H

3-
r,_.!

c

Figure 4,3,5 Filtered Aeromagnetic Map of the Project Area Using Frequency

Domain Technique (Cont. ïnt. = 100 nanotesla

Cutoff hlavelength = /0 Km)

tu
O

c]c:r cJ

ri
lri

H

l¡

li
t;

ii

li

[ì

H
!:;

li
lì

H
l'j
li:
lll
t.:

tll
t+

Ë

rì
lil

l¡
i"i

H
f:;

ii

H
tt

H
þì
þ;
Iij

H

[ì

E
i1

H
tì

t:
n

Ë
[;
[.i

fiì

ii
il
i:Y

-tÊ
;l'+l;;

::tiÜi
:i:iii
;S'l

. i?:Ji

0
Ll
CJ

a\
f'J
(2

c)
Cr CJ

Pr-,-r,1 , , ,4Jt3 Kt

(¡.)
('rl



The filter response of the space domain seventeen-point
numerícaI filter (as described. in Section 4.2) was first
presented by McGrath and. Hall (1969). The theoretical filter
response formula is given by Dean (1958):

Whef e: i,i::...,r,

itlt';.
H(urv) = theoretical frequency response i"':"'l'

i,ì.':ì,':,w(x'y) = the weighting function of the filter operator ¡;,,;.'j

urv = angular frequenci-es in the x and. y directions
respectively. 

i

i

l

The empirical response curve T¡¡as obtained by comparing
the standard deviation of d.igitized input data to that of the 

:

output data for a particular filter operator (as used in
section 4-2) - rn this study, the input data were obtained , ,

by digitizing the surface M(x,y), where

M(xry) = sin 2nx . sin 2ry

and Percent Response is given by

R(u,v) x 100

where

p trr rz\ : standard deviation of output datar\ \qr y /

standard d.eviation of input data
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:37
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As described by McGrattr and Hal1 (1969), the response

curves for the above two surfaces (theoretical and. empirical)
converge as the size of the sampling interval is reduced (see

Figure 4.4.r) . since regional aeromagnetic surfaces have 
,,:.:,;, ,,,:variable anomaly shapes, a sample can be. selected which ,'',,, '

renders the filter operator more or less independent of
anomaly shape. Therefore, with the 6.5 km samplíng interval 

.,,,,.,,,,
employed in this study, regional aeromagnetic anomalies .''r. ,,'

.

having wavelengths greater than 78 km (r2 sampling intervals 
r,,:,,,,,:,.

per wavelength) were passed by this particular filter opera- 
i::::':::'"i''

tor with little anomaly distortion. All aeromagnetic anomalies
l

whose wavelengths are less than 26 km were strongly rejected by

the numerical- filter operator. For the long-wavelength anoma-

lies (À > 60 km) under study in this project, this seventeen-

point numerical filter appears to be unsatisfactory because

those anomalies that fal-I between 60-78 km suffered. some form

of distortion introduced by the filter operator. A smarler

sampling interval or a sharper cutoff filter operator is 
ij:i.,j..,:,,

needed in order to minimize the d.istortion of the long- ,t,'t,''t' ,

:, :.:.:,,,,,;::'ì

waveleng'th aeromagnetic anomal-ies in the project area. :,:.:::.r::"'

The filter characteristics of the frequency d.omain

filter employed. in this project are studied using the follow- ,,'.,-.,r,.
iìr'::t¡:a,ì:Ì:':,,li:

ing technique (see Figure 4.4.2). The original data set is
firstconvertedtothefrequencyd'omainviatheforward

Fourier transform. The Fourier coefficients are then trun-

.l
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cated at the desíred cutoff wavelengths using the criteria
d.escribed in section 4.3. The non-zero coefficients are

then replaced by ones and. the data matrix becomes a set of
synthetic Fourier coefficients of ones and zeros (see Figure 

,.. ,4-4-3) - rt is then converted. back to the space d.omain by :i"i':

applying inverse Fourier transform (see Fígure 4.4.4t.
Another forward transform is performed and the output co-

efficíents are printed for comparison to the ínput synthetic i.-.',,,'

coefficients. 
, ...
..1'-,: ,:

The values of the output matrix varies from 0.9999955

to 0.0000011 which lies very close to ones and zeros of the

original input matrix of synthetic Fourier coefficients.
This indicates that there is littre or no distortion intro-
duced by this filter operation and the method is found to be

very satisfactory. A very steep cutoff is obtaÍned as com-

pared to the tapered response curve of the space d.omain

filter. Moreover, little or no spectral leakage into ad.jac-

ent bands can be observed in this two-dimensional frequency

domain filter.

4.5 A Discussion of the piltered aeromagnetic Maps

A series of filtered. aeromagnetic maps of the study

area with different cutoff wavelengths is shown in section
4.3. Three-dimensional plots of these filtered. maps are
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also presented. in Appendix A. The advantage of these three-
dj-mensíonaI plots is that they add insight and a third dimen-

sion to aid interpretatíon. The fil-tered map with a cutoff
wavelength of 30 km shows a somewhat random distribution
of the anomalies. As the cutoff waverength increases, a

general trend (northeast, southwest) of these aeromagnetic

anomalies starts to show up. The long-wavelength features
in the Northern central region and the southwest region
appear to be "genuine" and. they become more prominent as

the cutoff wavelength increases.

i

A filtered. map with the space d.omain filter operator
:

applied. (as described in sectíon 4.2) at a cutoff wavelength
qf 60 km is shown in Figure 4.2.2. Figure 4.3.4 shows an 

loutput map of the same area at the same cutoff wavelength 
i

Iusing the frequency domain filter. A comparíson of the two
l

figures ind.icates that the space domain fil.tered map appears i

to be more "jag'ged" than the frequency domain filtered map. 
i.,-;1,:¡..,:.,,

This could have been caused by the presence of high f requency Ì,t''',,''

:.',,,,..,,i..,'noise in the data that leaked. through the filter. The noisy r.,',':,-',i,.,

appearance of the map can also be explained by the finite
number of coefficj-ents used to represent the filter operator
in the space domain. The filtered map generated by the fre- 

',.,.-':.t.,,.,i:'j:¡i::i:::':i'-:

quency domain filter operator appears to be somewhat

smoother and more acceptable. Higher attenuation is also

46
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achieved by the frequency domain filter. rn add.ition, a

much sharper cutoff can be achieved by the freguency domain

filter as demonstrated in the last section.

rn theory, filtering by convolution in the space domain

and multiplication in the frequency domain are nothing but
the different aspects of the same operation. rn practice,
however, the two method.s do not yield identical results as

observed in the project. This is because of the d.ifference
in the truncation of the coefficients of the filter series.
The truncation appears to be more severe in the space domain

operation than in the frequency domain and hence less effi-
cient. The two filters will have identical result's as the
number of convolution coefficients tend.s to infinity

For a given number of data points, the frequency domain

fii ter was found to be more efficient than the space domain

filter. The frequency domain filter operator took about

three-quarters of the computer time need.ed to complete the

filtering operations as by the convolution method in this
project. The FFT method does not require the computation of
extensive convolution coefficients which generally need con-

sid.erable computing time. Moreover, the number of firters
that needed to be applied can be handled a rot easier in the

frequency domain than in the space domain. From these con-

siderations, frequency domain filtering is particularry
attractive compared to the convolution method for aeromag-

netic map analysis



CHAPTER 5

SPECTRAL STUDIES

5.1 Introduction

The use of power spectra in the analysis of potential ..itì.ti,
:, '::i. '.,'.t.t.:

field data is wj-dely discussed in the literature (Spector j,:..:j;.:,
i.9::,::l::,:

and Grant L970¡ Mishra and. Naidu Ig74; Horton et al . 1964) i: :j':,'r":

and various authors have shown that the analysis yield. some i

I

add.itional information about the subsurface geologic struc- i

rtures. l

In the present work, long'er wavelength aeromagnetic
I

anomaly features are of particular concern, and both one- 
i

dimensional and two-dimensional power spectral analysis vrere I i :

employed in the study area ,,. .., .,.,.,.

tt..';,ä1Ì

The aeromagnetic profiles of the project area \^/ere ¡'.'j,',''1

analyzed using the two techniques. First1y, the power

spectrum of the complete data in each line was computed to
i..'......'.-.:.,,:,,:determine the statistical characteristics of the data. 
¡,,11;'.:

ThismayyieIdSomec1uetoreso1vingregiona1and'near-

surface components of the magñetic field in the project area.
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rn the second approach, the data in each line hrere analyzed
by the Maximum entropy method as suggested by Burg (1967).

A more detailed discussion of thís approach is dealt with in
the next section

5.2 One-Dimensional power Spectra

Spectral analysis consists of analysis of 'the magnetic i,-,:,
: ',:

f ield data f (x) described. in the frequency domain. i:,r.:,,
:1.::.:..r1
i :i :': ::

Frequency domain representation is obtained using a

numerical version of the one-dimensional Fourier transform
integral:

It is evident from the above equation and its inverse relation

@

(
F (w) = I f (*) 

"-j* d.*
)

-ó

r(x): * IF(w)"j**dt

that the aperiod.ic function f (x) may be thought of an a
synthesis of an infinite aggregate of sínusoid" "j** of all
angular frequencies w in the rang,e (-*r*) having a complex

amplitude F (w) . The po\,ver spectrum of f (x) is then def ined
AS:

i'; .: '. ,)::: .1'



' :'

E (w) F(w) . F(w)*

(* superscript implies the complex conjugate)
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An estimate of the Fourier transform

because the aeromagnetic profiles in
finite lengths.

integral is achieved

the study area have

The

taining

in this

following is a step by step procedure used in ob-

the estimate of the power spectrum of each profile
study.

The profiles under investigation here were digi-
tized to a detailed interval of 2.2 km where the

maximum frequency present to be t*n = ,+ =
1

ù = 0.2273 cycles per km. This was done in
order to give a more detailed account of the fre-
quency characteristics of the study area. Then

the data was pre-processed and the mean value was

removed.

Having the series (xO, *1, *2 . x*_r), the

M central values of the autocorrelation function

vrere calculated i

Step 1:

Step 2z

N-1-t

.lo *t+' *tI
ñô**(t) : v(.) =

T = 0rLr2r3 . M



' i:':'1)":

where for stable estimates, the value for M was

chosen to be roughly equal to Nr/10. The resolu-

tj-on in the frequency interval (0, t*n) increases

as the value of M increases but the computing

time was enormous. Hence, some compromise is
necessary in practice.

Step 3: After the autocorrelation coefficients (r0, tL, i;,..:lr'i
.::_:: i- l

,2 . r¡a) \^'ere computed, they ü/ere then passed 
,:1.¡,.,..,,,i,into the fast Fourier transform algorithm for the :'::'::':1:r::

calculation of the power spectrum. This is based
,

on the fact that power spect,rum and autocorrela- 
i

tion are Fouríer transforms of each other.

Step 4: The Fourier transform at f - 0, Af, z|f M^f
F

where f = 
-Nq were evaluated.. The raw estimates

M
D D D P, of the power spectrum \^rere.0, .1, t2 . fM v! u¡¡s I/v.w =J_E

obtained. (M is the number of 1ag values calcu_ 
1:,.,:,:.;,:.

lated. for the autocorrelation. ) :::'::''i::.:':

l:t::::::i
: _ :i. - -...:-. .

,:'::-::: : 
j'::

Step 5: The raw esLimates found in Step 4 above \^rere then

smoothed by the following operation:

Po = 0.5P0+0.5P1

PI = 0.25P0+0.5P1 +0.25P2

îz = 0.25P1 + 0.5p2 + 0.25P3
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ÊM = 0.5PM-t+0.5PM

This smoothing is called. the Hanning method. If .':,'.::::-:

the weights of 0.23, 0.54 and 0.23 were used, it
is then called Hamming wíndow smoothing. Smooth-

i. t; .'.;,.. .,'
ing is necessary as it can be shown that the smoothed i.;,::':'::.:

;-":.:ì :.:
^I-estimates p. has a variability which decreases 

i,.,: .,-..:K 
":'::-; 

;-: :

with increased record length while this is not r-: '::-':

true for the unsmoothed estimates

After the above steps have been performed, \^/e can then

plot the power spectrum (or the log power versus frequency).

A few profiles \^¡ere analyzed in the study area and an

example of a typical plot of a poÌüer spectrum is shown in
Figures 5.2.1 and 5.2.2. From the varíous power spectra

obtained, the following general features with few exceptions

were observed.:

a) A definite break in the general slope of the spectral

curves cannot be readily identified, though a slight.ly i,,.-..':¡,,
i: ..i ..'.:

sharper drop-off at low frequencies were indicated.

b) The frequency distribution appears to be fairly evenly

distributed with a slight dominance 9f the longer vüave-
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lengths components. A few sharp breaks appeared in the

spectral curves (at wavelength IO km and. 12 km) but it
is not significant in a regional sense.

5.3 Maximum Entropy Spectral Analysis

The Maximum Entropy Method (MEM) for power spectral

density estimation was originally proposed by Burg (L967) . t¡,,,,.;.,;,

Its mathematical properties have been widely discussed in 
r::::::';:

|:t:o;ldetail by Lacoss (l-970), U1rych and Bishop (1972) who showed ii,:;':¡'':

thatthenewertechnique(Maximu¡nEntropyMethod)isin
general superior to the other conventj-onal spectral analysis 

i

i

methods.TheseincIud'ebetterreso1utionforagivenseries

of data and more realistic po\^rer estimates for short data

lengths

I

The Maximum Entropy spectral analysis was employed here i ,

to study the spectral characteristics of a few profiles in
ii', r'..-!,r

the project area. A fast and simple procedure for MEM spec- ,:::1r::,:,::
..: ... ..: ,

tral estimation \4ras developed by Anderson (Lg7 4) and. was i':..;,',¡,,
:_.:.'-j.' :

employed here for the analysis

Given a set of data xr, *2, *3 . xN with sampling

interval Àt, the MEM po\,ver spectrum p(f) is estimated by
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D' (f)

and P and the
m

equation:

oo ol

01

m
1 [a

n=1

01

óröo

r:dEr
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^r
,2

"-2nifnAt Imnl

1
¡znt) _where:

coefficients a are determined by themn

ó,m 1

-aMI

P
m

ò'm
_al

mnj

is the autocorrelation with lag i, so that e* is the output
power of the (m+1) long prediction error filter (I, -aml

. -a- --) . A recursive procedure for p- can then bemn' r---- -m

derived. The recursive procedure in obtaining the estimates

is summarized by Anderson (1974) in the form of a flow dia-
gram. A computer program (basing on this flow diagram by

Anderson) is developed for the computations of a few profires
in the present project.

The profile along Latitude 6L.75 degrees North is used

in the povüer spectral analysis in the previous section and
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is first tested here to obtain a Maximum Entropy Autopower

spectrum. The spectrum obtained as shown in Figure 5.3.1
giives a clear picture of the frequency characteristics of the
aeromagnetic profiles under stud.y.

Three distinct frequency bands corresponding to wave-

lengths 200 40 km, 40 15 km and 15 10 krn can be easily
id.entified from the spectrum (see Figure 5.3.r). A few

smaller peaks are located on the higher frequency portion
of the spectrum indicating the presence of the shorter wave-

length components. The longer wavelength band (2oo - 40 km)

appears to be the ideal target of our study. The appropriate
cutoff wavelength as indicated. by the spectrum ries in the
vicinity of 40 km.

The pred.ictive error filter coefficients were then in-
creased from 20 to 40, and from 40 to 60. A change of the
spectrum characteristics was observed as the number of the
predictive error filter coefficients was Íncreased. More

distinct narrohr peaks appears as the filter coefficients
increases indicating a cl-ear improvement of the resolution
of the spectrum (see Figures 5.3.1 to 5.3.3). A few other
profiles were tested (see Figures 5.3.4 and. 5.3.5) and they
all appear to yield the same results
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A comparison was made between the spectra obtained from

the power spectral analysis and the Maximum Entropy spectral
analysis (Burg) and the following is observed.

¡t..:.,.1 . ;, ;

1. For a given series of data (prof ile along 6I.75 degree= 
".'':,,,'."

North) the MEM bandwidth is better d.efined than that
observed by FFT analysis (see Figures 5.2.I and 5.3.1).

. ;i :...::

: ta.t a,¡.1

¡..,1.,:t, i'
2. Higher resolution is obtained with the increase of the 

i;;r,;,.:;:;
i;;i:l'';:'number of predictive error coefficients. The more con- '::

ventional FFT method depends largely on the number of
,

data samples within a series. severe truncation of 
l

Fourier coefficients after fj-ltering may lead to in-
accuracy of the power spectral estimates if the data 

l

,

lengths are too short. Hence, MEM method is.ideal for 
f

short data series. 
l

1.. l

5.4 Two-Dimensional power Spectrum Analysis

One-d.imensional power spectrum analysi-s yields infor-
mation of the frequency characteristics in a profire in a

particular directíon. This technique of po\íer spectral
analysis when extended to two. dimensions yields strikes as

well as amplitudes of periodic phenomena. An attempt to
display a two-dimensional povrer spectrum was made here in
this section to further investigate the anomaly fierd. in
this study area.
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spectral estímates were determined for the study area

using the computer program powER, written originally by col-es

(1973). The program uses the circurar cosine beIl window as

the data taper and the fast Fourier algorithm for the compu-

tatíons (see Figures 5.4.1 and 5.4.2). A second computer

program PROFTL as described by coles (1973) was then used to
select one-dimensional views of the spectra. This program,

PRoFrL, uses a spline interpolation routine to obtain values
on the profile (see Figures 5.4.3 and. 5.4.5)

5.5 Radial Spectrum and Ïts Interpretation

Rad.ial spectrum as described by Naidu (1969, LgTo),

Mishra and Naidu (1974) and various other authors was und.er

investigation here for a possible prelimínary interpreta-
tion of the distribution and wavelength characteristics of
various magnetic units in the study area.

From the two-dimensional spectrum obtained as described
in the last section, radial spectrum can be computed as

follows:

where R(s) is radial spectrum, Sx(u,v) is the two-dimensional

spectrumr u = scosO and v = Ssin0. A FORTRAN subroutine RA]D

2r'r(
R (s) = ñ ,l s (x) (s. coso, ssino ) uu

b
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(see Appendix B) was written to perform the above step to
obtain the radial spectrum (with or without numerical smooth-

itg) for the map area for analysis. Figure 5.5.1 and Table

5.5.2 give a smoother version of the spectrum.

It is interesting to note that the radial spect.rum ob-

tained show a bimodal distribution more strikingly than the
profiles obtained in the last section. A preliminary inter-
pretation \^ras done on the spectrum (see Figure 5.5.3) with
slopes d.rawn as close to the best fit lines of the data

points. The slopes of the straight lines can be interpreted
as to correspond to the depths to two possible layers of
magneti-zation. A definite break in the general slope of
the spectral curve occurs in the region corresponding to
about 32 km wavelength (0.032 cycles/kn). This cculd ind.i-
cate that two processes (or sources) of differing character-
istics are contribuLing to the anomaly fields.

The choice of optimum filtering bandwidth for separation

of sources is dependent on the nature of the magnetization

distribution present. Hence, from the radial spectrum ob-

tained, filtering at or above the wavelength of 32 km (0.032

cycles/km) will essentially remove the shallow effects, thus

leaving the more desirable long-wavelength anomalies.

i:':i-l j
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CHAPTER 6

TNTERPRETATTON

6.1 fntroduction

Model-fittíng has played an important part in the ínter-
pretation of geophysical surveys. The arbitrary character- ,.,',,:,,

istic curve-fitting approaches to potential field data

analysis now seem to be disappearing from use. In thejr
place, computer modeling has become more widely used. This

is mainly due to the red.uctíon of computer cost, íncrease

in computer core sizes and machine efficiency in recent
years. At the present time, interactive computer modering

can be hand.led. conveniently in three dimensions as well as

two d.imensions.

6.2 Interpretation of the Long-Vüavelength
Aeromagnetic Anomalies Using prismatic Blocks

fnterpretation of the long-wavelength aeromagnetic : :

anomalies in the project area is carried out by three-
dimensional modeling using the computer iterative method. 

',::.rri:,.Due to the inherent ambiguity in interpretati-on and severe i': .,Ì:r

complexities in analytical inversion of potential field data ,

'. : ' ?,'i::
i:. : : I .-:-7 5-
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a simple geometrical unit - the finite depth vertical sided

rectangular prism - is used..

The iterative method descríbed here in this thesis
assumes initially that the anomalous fiel-d values are caused. ,,:,'.',.,

by a three-dímensional distribution of homogeneously magne-

tized. rectang.ular block. The expression for the total
fiel-d. anomaly at a point above such a prism waF described iì,.',.,.,

i 1,1:1r.::,

by Bhattacharyya (1964). The computer program ,,BLOCK,', 
,,,.,,.;,,,,

based on Bhattacharyya's expression as derived and written i--,ìÌ.i':,'

by coles (1973), is used in this project for the interpre-
Itation of the aeromagnetic anomalies. the program BLocK i

l

accepts for input any number of right-angled prisms, with i

arbj-trary dimensions, directions and intensities of magneti- i

zation. An optimization routine "ïNVBLocK,il was then devel- 
:

I

oped and implemented with BLocK as the major subroutine to , .

provide an indirect iterative method for the interpretation ', 
,

of the long-wavelength anomalies in this project.

Anomaly field chosen for input TNVBLOCK is shown in
the schematic diagram Figure 6.2.r. seven major blocks

were chosen for this study and a rectangular grid was de-

signed over each anomaly for d.igitization of the anomaly

1. The computer program TNVBLOCK was originally derived
and implemented by Mr. c. Hasselfield, progiammer, Geo-physics Section, University of Manitoba.

i:l:1 r::ri'l:'

I

ì
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fields. The digitized. magnetic field values \^¡ere then stored

in an array and together with some add.itional information
(e.9., declination, inclination, etc.) were passed into the

routine. A summary of the results is shown in Table 6.2.2.

6.3 Discussion

The average depth to the top of the anomalies studied

was found to be approximately 11 km with the exceptíon of
blocks 3 and 5. It is interesting to note that the slope

of the graph on Figure 5.5.3 (Radíal Spectrum of the Aero-

magnetic Map Under Studied.) gives an average depth to the

ensemble of bodies in the map area of approximately 9 km

using Spector and Grantrs technique (1970). This.seems to
compare well with the 11 km depth obtained'by computer

BLOCK modelling.

The magnetic íntensity of polarization of the blocks

in the map area varies quite a bit from 850 emu (block 3)

in the northeast corner to 9974 emu (block 6) in the central
area (see Figure 6.2.I). The wíde variations of magnetic

inclinations and. declinations of the brocks and their de-

viations from the present fierd (see Table 6.2.2) indicates
that the magnetization of these blocks seems to be "remanent,,

rather than "induced" in nature.

I ir !::

I :-:i: ir:'r'r':l



BLOCK ITENS

( emu)

t

2

3

4

5

6

7

272t+.9

44?4 '9

47 5.0

2250,0

tg? 5,0

1600.0

2725.O

BASE TOP BOTTOM

(tcm) (trrn¡ (rm¡

2r9,5 10.5 24,5

t44,5 10.3 14.8

73,7 0.5 g1.B

L3L ,O L3,g 50. o

L63.2 0,3 ? .O

32,O 10. 3 30. O

144,5 10.B 23,5

DECL TNCL

( degrees)

140.0 t55,o

o.o '2L5,O

t35,o -105.0

190.0 230,O

-10.0 2L5,0

40.o LtS,o

50 .O 2t5,0

RMS ERROR

Tabte 6,2,2 Table of the results

24,54242

33.t825O

24.24573

30,98927

4z,zoSïj

32,66182

2+,78L54

ITERATIONS

335

1BB

283

222

203

662

522
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Ì!
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Two major trends can be identified readily on the inter-
preted map. The major Lrending appears to be roughly

striking northeast-soutwest. The northwestern four blocks

(1, 4, 6 and 7) represent deeper magnetic units not aligned

in a specific direction. It is estimated that the sources

of these anomalies lie in the lower crust from a depth of
approximately 11 km. It should be emphasized that the long-

wavelength anomalies can equally well be explained by much

shallower sources of larger areal extent.

The other trend in the southeastern corner of the map

comprises blocks 3, 5 and 2. This trend appears to be

better aligned and striking east-west. Blocks 3 and 5 were

found to be of much shallower origin than block 2 but all
three blocks share a common magnetic declination. Examining

the relative depth of burial of the upper and lower set of
interpreted blocks, it appears to show evid.ence of a step-

like structure ín this area, thus implying the possible

presence of a northeast-southwest trend.ing fault. (see

Figure 6.2.I). Mòreover, the overall magnetic anomaly

pattern shows a close and. interesting connection with the

fault zone of the Vüollaston domain.

It is interesting to

(northeast-southwest) as

magnetic map presented in
with the "linear belt" as

t: : 
"..

note that the major anomaly trend

found in the long-wavelength aero-

thís project fits in very well-

suggested by Camfield and Gough
l:.. a' t:: |'.:. .: r.::,

ì ::..- r:
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(1977). A long, narrow belt of rocks of very high electrical
conductivity has been discovered and mapped. by camfield and

Gough (L977) by means of large arrays of recording magnet-

ometers. This conductive body (see Figure 6.3.1) trend.s

over a distance of 1400 km from southeastern vfyoming to the
edge of the canadian shield in saskatchewan. on the north-
west side of the conductor mapped by camfield et al. lies
the Needle Fa1ls shear zone. Tt is then followed by the

wollaston Domain immediately from the northeast. I{ithin
this Domain, the v'Iollaston Fold Belt crosses the saskatche-
wan-Manitoba border near latitude 59oN and. believed to swing

eastward in northern Manitoba to Hudson Bay. The major

anomaly trend as found here in the project substantiates the
cl-aim that the wollaston Ford Belt does go into the North-
west rerritories and swings eastward towards Hudscn Bay.

rt also proves the presence of tectonic structures wÍthin
the wollaston Domain. The misalignment of the northwestern

four blocks and. its dpeth of burial (11 km) indicates dis-
turbances at depth and can be interpreted. as the magnetic

signature of the intensely folded basement rocks of the

Vüollaston Lake Fold Belt

The conductive body mapped. by Camfield et a1., the

Need.le Falls shear zone, the lrlollaston Lake Fold Belt, and

the anomaly trend as found in this project, does form a
definite "linear beIt" through vüyoming to the Northwest

:::t:
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Territories with ä general southwesterry strike. This linear
belt has been hypothesized as an expression of the presence

of a Proterozoic plate boundary by camfield and Gough (Lg77).

The anomaly trend as mapped puts forward more crustal
evidence of the presence of the wollaston Fold Belt in the
Northwest Territories adjacent to the northern boundary of
the Province of Manitoba. Tt also suggests that the magne-

tic expression of the wolraston Fold Belt is of ,,negative,,

(magnetic low) in nature and strikes generarly northeast-
southwest. This magnetic expression appears to have the
opposite "sign" as camfield and Gough stated. for the lrlol_las-

ton Fold Belt. Moreover, it forms part of the linear belt
and adds to the proof of the presence of the proterozoic

plate boundary hypothesis in the Northwest Territories.
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CHAPTER 7

CONCLUSTONS

The processing sequence and the program package FFT2D

for processing aeromagnetic data to yield long-wavelength ; ,,

anomalies as suggested here in this stud.y were found to be rilt.i!.".

adequate, efficient and satisfactory.

The review of various filtering methods indicated that
frequency domain filtering technique is more efficient and

predictable than the space domain operations. This was

particularly visible when the technique .$ras applied on

closely grid. or larger areal extent aeromagnetic surveys.

Two different techniques in spectral analysis rtrere

tested. in the project area. A comparison was made between

the spectra obtaj-ned from the power spectral analysis method

(via FFT) and. Maximum Entropy Spectral analysis. The Maxi-

mum Entropy method was found to be ideal for short data

series whereas severe truncation error introduced. with the

other technique. Moreover, the bandwidth of the spectra

obtained using the Maximum Entropy Method was better defined

than that by the Fast Fourier Transform analysis.
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The International Geomaginetic Reference Field was used

in this study for the removal of the geomagnetic field. from

the aeromagnetic data. It was found to be more efficient,
accurate, consistent and. readily accessible than developing

equation to define the regional field from published total
magnetic intensity map.

A close correspondence between regional geological

features in the lower crustal layer and the final contoured

map of the interpretive blocks was observed. The study

presents more crustal evidence of the presence of the Vüol1a-

ston Fold Belt in the Northwest Territories and the possible

ind.ication of the northern extent of the Proterozoic plate

boundary as hypothesized by Camfield and Gough
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THREE-DTMENSTONAL PLOTS OF THE FÏLTERED MAPS

li-:;::

L :..:-.: ,:. -,':. .

-B 9-



(:)
cf

tD
r-
LO

(lJ

cl
xE

1J
fî
LO

CJ
O
(o
tt)
U)

3-D IlTPFTSENTÊT]TN TF TIlT TTTMIIGN['TIL

û. tju 5r.l " 7 3

t---'-'---¿

.-_.--\_---...---\_

I U3, 57 l6tl.3r;

FIt-LD: N.N.T.

¿l:i,lq e7 3. 93

6tJ-61 . 75N

3¿8.71 383.5U

102-gtl . 75'^l
\o
o



r.
q'i':

r-
J

\-J

xn
C\J

t.

r¡
i9

ff''l
|-

I

FILTERED DPTR CUTOFF

.j'::t.fr:
.i1..

,. :.,i:':.)
: l: l'liì::'

: !:ir1;

0. 0u 5r1 .79 1tJg, 57

NFVELTNGHT

16r{.36 er9. rq

:3ûKM. rE-h

?7 3 ,33 i¿a.7 |

N-S)

383. c,U

\0
H



C:)
r..o

tD¿

r-
Ir.t

O
a<

xco
1í)

n
I

(\J
l.tl

î.5
(rì

I

,r

F]LTEBED DFTF

:,ìr':i

: i'i:lÉ/i!

0. tlu 5q.73

CUTTFF

ItJg.57

hF,VELTNGHT

, i,: , r:.:+

16r{.35 ¿lg.lq

r{ûKt"1^ tE-h

?7 3 .33 3¿A.7 |

N-SJ

aC¿ a f'rrJ:) J . JI,

i;,

ii
iii

ii
ii

ti
:tirj
.úi:

t'l;i

\o
N)



'ii

F
[],
(:

[;.

tr

ij
lil

ll

i!
F
I
i1i

þ
t)-
t:
[;
tã

r
¡.
E
l"r

t!

Ë
i:,'

I
tí.
i:;

Ë

i¡
l..

k:

l:
li

li

t.
t:

[,

ti
ii
Ij

I

H
t:
i:"

ii
t:

i!

il
la

ii

iìi

ii

I
'rti:

,'.i*-

1Ði ,'¡ü

\o
(^)

3ea ,7 |?7 3 .33

N-SJ

-/l\

¿19.lq

ú'l
u')

rt-h

16r.t . 36

cÐ
:r'

-r\'

Cf
?1

'x.
F

CJ
I

5tKl'4.

.r';:i,

1tJg. 57

NÊIVELINTHT

(\J

f'J
Crl

I

5U ^ ?e

CUTTFI-

D. FU

F I LTERED DÊTf,



H

it
ll

H

rî
'ii

H
iù

H

H
tì

H

l¡

ri
l¿

fi

H

if
ri
ìí

ii

il

l¡

H

lì

ií

ii

H

il

H

I
il
t)

[J
r.iX

:,1-'i,,:lt

' :iï

iü333

\o
È

3c'rJ . 7 l¿.7 3 .3i

N-S)

¿19.lq

6ttKM,, tt-l^l

l6ri.35

t¡-l

C\J
'nJ

t_l

x
(tt
!.-

CJ

--T--:--_I L]s. 57

CUTOFF 14RVF LT NIGHT

L^

-.

O.J
I

F ILTTRID DFTÊ

t,i::,,

l:'ir ii



(v
ßr

!3
r-{

ül

x-
(o

i:)
I

(¡
t7)

o))
I

FILTTRED DÊTR CUTTFF

:r.tl
:.. r i..

U. IJU 5q " 75

trl

H

iÌi

Ë

H

ir

11t9. 57

NFVI.LTNGHT

I l-:tl . 36 et9.lq ¿73.'J3 J¿rJ.il

70Kl.4,, tt-N N-5)

381.1U iir

ii

':r\j
:.at

\o(¡



APPENDTX B

COMPUTER PROGRAMS

- FILTER 2D
HTDE 3D
RAÏD
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C PRCGÍ'AM - H¡DE3D . ;.:.:
C UNTVf-ì5ITY OF MAN¡TOLIA
C DEP^rJTïf-^JT OF EARTH SCIENCFS ... AoTANG (NOV.'19741
C THIS P?DGF:A:4 USES THE nUILD IN SUßROUTINq HIDF TO PonDUCÉ

C A 3 D¡MËNSICNAL REPFIESENTATION OF THE GEOI.IAGNETIC FIËLD
C OF A DIGITIZED I¡iPUT AREA'. 

.
c
C SHORT DESCRIPTION OF THE SUBRCUTINE HIDE occ.............
C SUARÛIJTINE HIDE IS I\ FORTFA¡,J SUEROUTI¡\E WRITTEN BY HUGH'fJILLJAVSON :...
c oF TH,: TRr\CCR CgyFUTIT\G CC=POFATtONT AUSTIN' T=xAS,Ar¡!-) PU3LISHED , :. ,

C IN fïlr COVMUNICATIüN CF Tl-'F AoCoVorFEB.r 1972 rVOL.l5rNUMR=C 2.
C ALGOR I THI,M 42J
C HIDE ÞRCDUCES A TrC-DIMENSICT\aL ¡ìEPFESFNTATION OF A STJRFACE

C OR F IGUR= 3Y PLCTTING SEG!.ÁENTS OF A SUCCçSSI CN CURVES ; EACH CUPVE
C ¡S PL3TTED WHÊRE IT IS NOT HIDDEN BY ANY OF THE CUÊiVE5 PR=VIf)USLY ¡,..:,..
C PLGTT=D (THAT ISr h'HERE IT DCES NCT FÊLL E=LCw ANY 1F THG.M AS THEY ,",",,r

._, . .::..C APPEAR IN THE T'iO-DIMENSICNAL REPIìESEÀ¡TATIO\¡ ¡ " ¡:,,: :

c
C------- ------- i.:::.:'.j.:r:

' 

"-tt:"'c
c;

TNTEG=R TI TLE
DI vãNSION X (2DC ) oZ(zCC) cXG( 26Ct ) rG(2êA( )'XH( 26'i )' H( ?5OC'
DIMENSI6IJ XGl ( zeOC) ¡G1(26CC) TTITLE(20, c IFÌUFF(6CCC )

FEAL MAP( 2 OO f 1 ]O )
EOUIVAL-NCE (XH ( I ) rT ITLE( l. )

CALL PLSTS (I3UFF'óCCU) 1

CALL PLOT (C.ùr-5"Cr23,
CALL PLGT (?.1rC.5r23)

C FËAD IN TIiE GRAPh TITLE
c

READ ( 5¡ lC ) TITLE
lo FcÊtMAT (2044 )

C NR ¡'*UM3ER OF RCI,TS OF THf INPUT MATFì I x
C NC NUMLIER.OF CCLUMNS CF THE I¡\PUT MATF-Ix
C DI g¡6ITÂL INTSFVAL IN KM.

FiFAD (5rlt ) iiç,ÀiC¡DI
ll FCRMAT l2l4rF8.4)

wRITE (6¡129) lrRrNCe Dl
!29 FOtrÀl^T (r0s nrNUMFER CF trCbS= t ¡f 4rB NtJITBER CF COLU',INS =t r I4r

ôC T)IGITAL INTEFVAL =IrF8.4¡ C KM.T }

c
c-------
C GENEFATE THE X ARRAY ì '

C--- ----- i:i;:,,!.:iìrì:

? .,:r..,
\, i:l:'1iii1;1

DO 22 l=l ¡ NC

X(t)=(I-¡)*Dl
22 CONT T \¡UE.

C ARGUMENT LIST
c
C X IS THE AECIS-qA ARRAY-EEING GENERATEO IN THE MAIN PtrOGRAM il.ii.:.,.
c Y IS TIIE ORDINATE ARRAY-CcNTA IN ING THE F ¡ÊLf) vALUES cF EAcII eow I..:.i.ì..: 

.

C XGrG-CURaINT VISUAL t'ÂXIMUT-l FUNCTION CN EÂCH RFTUtrÊ\ FFìOM t-ilr)F: i,'
c XHrll-e/oi.(ING ArìRÄYSrDlMi:N:;lONFt) tjY MAxt)lM l¡.¿ TrlF MA¡Ì.r I)AQGRA\r i

C NG_T¡:- d rlt_- c()¡NTS lN Tl-.F CU¡ìci\T r,:AX¡MUv FtJ¡iCTION
C I'IAXDITI IS THL DIÈIENSION IN ThË CALLING P'¿DGÈAI'I OI- THE



tli;,:::¡,::rffi':¡

C APftAY:i XGe 6r XlirH
c ¡tt l5 TH,i t' t)F trC¡NTs Tc t'Ë fJLoTTED IN A GIVFN CALL rO Hf DE 99 :'

c Nl-Ns-If, Tr{f-- TuTÂL r CF CUÊVLs Tc Pf-- PLtìTTF.D.FOtr THE Cq^P}{

c xLt'.¡TH-IS 111f" LENGTH IN tNCl{ES nF T}{t. HOr.',lTnNTAL AxIS
C ¿T:NTII- I S f }{tr LENGTH OF THF VÉÍiT I CAL AX I5 I N INCHÊS

c-------
c
c

xL NT t1=7 ¡
ZLNTH=3.OC
N=NC
¡1=_NC
NG=O
FlGl=-3
NFNS,= NR

ÞiAXD l:4=2c-C O '

c
C READ IN THE MATRIX TO BE PLOTTED
c

DO l'¿3 I-lrN.Q
PEÂD (8¡7O ) (t'fAP(J'[)"J=lrNCl
ÞRITe (ó"125) I
WRITE (é t124, (MAP(Jrf) "J=1.NCt

I23 CCNT IÀ¡UE
70 FOÊMAT (áG13"6)
L24 FORMAT ('0:r5F16"7,
L?5 FOFVAT (ci.0 ne RCh ÌIUMBER =c o 14l
c
c------
c FIND THE ÀlAxIl''|Lv AND t/It\I|'!tJM cF TFE It\pUT AatrAY

C IN ORDER TO DETERPINE THE SCALI OF ThE AVPLITUDE
:c

2¡,.[\=r,tAp(t¡l)
ZMAX=\lAP( I r t )

c
DO LZ34 I=l,r\tr
DO l?34 J=lrNC
IF (trAp(Jr I ).GT"Z|'1AXt ZIrAX=VAtr(Jr I )

IF (;'lAP(J¡ I ) .LT.ZtlINl ZItIN=M'rtr( Jr I)
1234 CGNT INUS
c
C XMTN IS A LOWER BCUND FCF X

cDELTAXISTHEXCATAINCPEIIENTPERINCHFoRTHFPLCT
c x¡{IN AND DELTAX DETERVINE ThE PLnTTING SCALE FCR X

C ZI'ìIN AND ZSCALE SIMILARLYTDËTETìMINE THE SCALE FOR Z

XMIN=9o
DÊLTAX=X( NC ) /XLNTH
x(N+l)=xMlN
X(N+2)=DELTAx
ZSCALE= ( ZMAX-ZM I I'. )/ZLNTh
Z(NC+t)=ZÈtIÌ\
z(Nc+?l=¿scALË

c

C INV€RT THI t'tATRIx pUTTII'\G rHE L^ST ROH FIRST INTO THE Z ARRAY

DO lO)0 l=l¡NFNS
lX=NFì+l-I
DO lOOl J=lrNC
Z(J)=tlAP(JrIX)

to0l coNT:r.ruE
c
c



-!*a|ü¿S¿li :¿iÈfìi:4¡¡d¿5J

PLOl THg ¡ AFIT OF THE CURVF- THAT L TE5 ON THE
ThL f()P OI- T}18 SURFACE

C^LL IIIDE I Xt Z¡XGrG¡ XH¡HcNGeMAXDIl.rrtr oNFNSoT

c
c
c

UNF I DDEt¡ PART OF

I TLE ¡ -XLNTH ¡ -ZLNTH }

100

c
c

2t

27
c
c

PLCTTED¡ I

GFAFH TO THE R IGHÎ AND THE PLOT

wR¡TE (ó'21I
fioaMAT (rcr,
hR¡TE 16,27 t
FORMAT 10.¿0l

I
. ñOtr NUMeFF

I"A XC IM
r vAxDIM Er o

=t.14 rr

I6l

C PLOT THE PAI¡T CF THE CURVE THAT LIËS ON THE UNHIDDEN PAPÎ OF

C THE UNDERS IDE CF THE SURFACE
c

CALL r{f DE (XgZrXGl¡Gle XHTHcNGI cMAXDIMTNI rOr! tTCNET.TXLNTH' ZLNTHT

c
c-------
c
IOOO CONT INUE
C CALL PLCT

CALL PLOT
c

STOP
END

TO MCVE THE PEN CFF T Þ.8
(lé" t-?tç999)
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c

c
.c
c
c
c

c
:.C
',C

c
,l€

99
c
c
c
c

lr

22

c
c

44

33
c
c

l-02
c------
c
ct+***uNlvERSlTY gF Fl¡À ITOeAatiÚ*
c**TTTDEPARTMENT. OF EARTH SCTENCES*+*4t
C
c*** ïHo DIÈTENSIONAL FFEOUENCY DOHÂtN FILTERING ROUTTNE OF AERCMAGNETIC DAT/

C+8* (USING FAST FOURIER TRANSFORI'I SUBFROGRAMS BY R'G"AGARI{AL I9ó4,
C pROGRAMMER : wR ITTEN OR IGINALLY BY C.IiASSELF IELD JULYr 1974

C MODIFIED BY A¡TANG MAY T 1975
c-------

DI}IENSIoNsoFMAPMUSTHAVEHIGHESTFAcTcRoFLESSTHANI9
T ITLE IDENT IF TCATION T ITLE
X(IroY(Ilr5(I) HCRK ARRAYS FCR TFANSFoRMS
HAP( JT I I STOFIAGE ARRAY FOR ¡NPUT MAP

OELT DTGITAL II\TEFVAL IN KH.
NR NUMBER OF ROHS

NC NUMBER OF COLUMNS
NPTS TOTAL I{UMEEF OF DATÊ PC INf S

XIX CUTOFF I'AVELENGTHS IN KI{O ( h-E¡
WY CUTOFF HAVELENGTFS IN KH. TN-ST

REAL l'lAP(6O r 32 ) c It¡ÄG (é0c32)
FEAL x(lg?O) rY( l92Ot eS( 1920)
DT¡IENS ION T I TLE ( EO )

EOUIVALENCE (t'lAP(lrl lrX( I ) )¡( IHAG(1 ¡ ll¡Y( tl )

TNTEGER N( 3 I
READ (5r99) (TITLE(f )'I=lr80l
ERITE (6r99t (TITLE(I trI=lr8Ol

:FORT.IAT (8041)

N(1)çN(2) CONTÁIN THE DIÞ(ENSICNS GF THE MAP WT'TFI ZERC IN TI-{E THIRD

POSITION ( I.E. N(3)=Ol
N(2' IS ROIíS N( I, IS COLUt'/NS
READ (5'11 I Ñ(2)'h(l)çDELT
FORMAT (,?15¡FlC.2)
N(3)=O
NR=N(2)
NC=N(l)
PRINT 22rNRoNC¡DELT
FORHAT(. MAp sIzE 

"I5,. 
FOIS o rI5ot ccLUMNss

E /E DIGITIZING INTERVALs ¡FIO .2¡' KH¡')

INPUT THE CUTOFF hAVELENGTHS
READ ( 5¡ 44 ) l.X r trY
FORMAT (2F8 .2,
¡pf $=t,lR*NC
rRITE (6¡33) NPTS
FoRMAT(!.T.TGTALNUPBERGFcATAPoINTS=tr16l

¡NITIALTZE THE VECTOR Y TO ZEFO

CALL ZERO( Y'NPTS)

ì':;':

:.:".:::

c
c
c
c

TNPUT THE HAP TO BE PFOCESSED

CâLL READIN( NR T NC¡MAP,

PRTNT THE INPUT I'^P

FORMAT (r .¡.Fl OH NO. ='r13l
riO 2OO IROLI= I r NR

c
c
c
97



t:.:.,;',:.,

wRITE(6t97) IRCb
HRITE (6r4Ol (HAP (fCCLTIFOIITICOL=lrNCl

20O CONT I NUE

40 FORMAT (e 'rlOFlO.2,
C- ----- - --- - - -¿- - -----
C SCREEN OFF IRRELEVENT SP IKES FROT{ MAP

' CALL SCREEN ( NR r t\C 
" 

HA tr ,
c
C REMOVE IGRF FROU MAP

CALL CORE ( NR o t¡C r üAP)
c

wRITE (6¡213)
HRITE (61214) t:".:' . .

?L4 FORMAT ('O. ;. T'\PUT MAP AFTER REMOV I¡iG ThE IGRF€ } .:''..'''.'''..':...:'':

rRITE (6r213)
213 FORMAT ( 3 O c ¡. ------- ----¿ca- -------- t )

c
C FIND THE MEAN OF THE INPUT DATA

DC=O.0
DO l06 I=1çNR
DO l06 ¡=t eNC
þÇ=þÇ+MAP( J' I )

IOó CONT INUE
OC=ÐC/FLOAT ( NPTS )
URITE (6r118, DC

llA FORMAT ('Or" MEAN OF DATÊ =ÚçG13'6Ì
DO l07 [=loNR
WRITE (6E97} I

4 FORMAT (¡ rrlOFlC.2)
9? FORMAT (t 'ntRCh ÀO. =rrI3)
l07 HRIfE (6o4) (È{,AP(J'IlcJ=lrNC}
c
c
c pRINT INPUT VECTCFS (X AND y' FOtr ChECKING BEFORE FÚRbJARD TRANSFORM

uTRITE (6rf OB)
tOB FORMAT (r l' ¡t Tl-'E INPUT X AND Y VECTORS' l

biRITE (6'4O) (X(KK)rKK=l ¡30O'
HRITE (6r4O ) (Y(KK)'KK= lo'-?OO,

c
C FORWARD FOUR I ER TRANSFOR¡T

CALL ARMDFT(NrX¡YrSl
c
C PRINT THE FOURTER TRA¡\SFCRV CF THE MAP

C (THE VALUES ARE AEING NORMALTZED BY THE TOTAL NUMBER OF DATA POINTS)
CALL PRINT (NRrlrCr ÈAPe IMAG )

c
c
c------

ic
I ç FREOUENCY DOMAIN FTLTER

C ZEFO THE UNUANTEC FREOUENCIES
c
c

PRINT 23rWXrWY
23 FORMAT(I CUTCFF ¡AVELENGTI'S'./FIO.?13 (DISTANCE UNITS} II-EI

¿ /Fl}l?tr (DISTANCE LNITS, N-Sr)
K=O

C FEh CUTOFF FRECUENCY (EAST-IEÄTT
C FNS CUTOFF FREOUENCY (NCRTH-SOUTH)

FEw= I .O/wX
FNS=l.O/vtY

C PEU CUTOFF POTNTS (EAS'Í-TEST)
C. PNS CUTOFF PO TNTS ( NORTh'SOUTH 

'

103
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c TAKING THE NYOUIST FFEOUENCY =1./2*DIGITAL INTERvAL
C USING THE RATICS CLTOFF FRECUEhCY:T.YOUTST FREOÙENCY

r04

C AND CUTOFF POINTS:TOTAL r\Ut/BEF CF PCI NTS * O.5
PEI{=FEw *DE LT *FLO AT ( N C )

PNS=FN S*DE LT *FL CAT ( N F ,
PEH= PEW*PEW
PNS= PNS *PN S

C THE FOLLOT{ING SELECTICN/FEJECTICIi ROUTINE TS SET USIT\G

c THE FORMULA T I ON OF AN ELL IPSE : X** 2/A**2+Y**2,/B*+2 = I
DO !ó I=lrNR
IQ=f-1
SOI=FLOAT( I O ) *FLCAT( I C)
IO=NR:I+l
BC I=FLOAT( I O }+FLOAT{ IO¡
DO 16 J=l o NC
I O=J- t
SoJ=FLOAT( I O ) *FLOAT( IOI
I O=NC-J+1
BCJ=FLOAT( I O ) *FLCAT( f O )

K=K+ I
IF( ( SAI,/PNS+SGJ/PEU).LE.1.O t GO TC 16
IF((BCIIPNS+SGJ/PEV).LE.I.OI GO TC I6
IF ( ( SOr/PNS+BC J/PEw ) .LE. I .O ) GO TO 16
IF((BCIlPNS+BCJ/trã\) .LE.l.O) CC TC 1ó

' Y(K)=0.O
X(K)=0oO

16 CONT INUE
c

----
c
C INVERSE FOUR IER TRANSFOFM

GALL CONJU(Y'NPTS'
CALL ARMDFT( NçXnY¡SD

c
c
c
C OUTPUT THE FILTERED ÞAP CN PRINTER ANC OT\ D TSK FCF CCNTOURING

CALL OUTPUT (NRTNC¡MAP)
c
c

STOP
END

rì;-ì':::i,'
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)ol

to?
)o3

)o4
ro5
)oó
)o7
)04

i09
)t. o
rll

)t9
t20
t2t

c
c
c

c
c-------
C SUBPROGRAM TO REMOVE THE CORE GENERATED FIELD
C THE INTERNATIONAL GECVAGhETIC REFEREI.'CE FIELD IS USED
C CONST CONSTANT TO BE ADDED
C DATE DATE OF SURVEY (YEARI "

C ALT TOTAL ALT ITUCE I Ti KM O

REAL MAP(NC ONR ) ' :.

COMMON /YEAR/ DATE" ALT 'i:':::.:r:ri

C INPUT LONG . t LAT. OF NH. CCR¡.EF ¿EXTENT OF 11 AP e ALL I N DEGRE,,",',,.,,,
READ 1¡XCOIYCOEXLIYL

r FORMAT(4FIO.3I
PRINT 2¡XCO, YCCTXLOYL

2 FORMAT( I NW CORNEF AND I.IAP SI ZE' I4FI?'2 )
3 FORMAT(c CORE FIELD FCR Nf CCFNER IS ¡'G14"4, i, .;..,

c ¡;';'::1ì,
i 1;:¡: ;¡,rlC INPUT CONSTANT TO BE ADDED lO ALL FIELD VALUES o DATE OF SURV.:',;",:'

C AND ALTITUDE
READ I c CONSTT DATE¡ ÂLT
PRINT 5r CONST' DATE o ALT

5 FOFMAT{t CONSTANT ADDED TO INPUT 9¡FI2"2O! YEAR"FI?'?
I /G TOTAL ALTITUDET ¡FI 2.2'

C
tLZ XS=F( XCOe YCO,
}T3 PRINT 3OXS
)14 DO 4 J=lrNC
¡15 X=XCO- (J-1 ) *XL/ ( hc-l )
)16 DO 4 I=lrNR
)17 Y=YCO-(I-l ) *YL/ (NR-r ,
)lA XS=F( X¡Y)

c
C ADD CONSTANT GAVMAS TO INPUT FIELD AND SUBTRACT CORE FIELD
c
4 ,qAP(JrT)=MAP(JcI) + CCNST XS

RETURN
END

SUBROUTINE CORE (TiRTNC,MAP I

,!r . ':: j'ì



:f,71

c

)ol FUNCT TON F ( XLCÀ ¡ YLAT )
c
c---

'O2 
DATA ITYPE/I/

]O3 COMMON /YEAR/ DATEN ALT
)O4 COLAT=gO" - YLAT
)05 ELONG=36O. - xLC¡i

c
)oó
)o7
)08
)o9

CALL TGRF(DATE¡ ITYPEç ALTO COLATC ELCNG¡ XOYOZg T,
F=T
RETURN
END

i:
I

i'i-:,l



' : ._'c I07

00t SUBROUTINE READI¡. (NR r hC "lrAP )
L
c-------
c
C SUBPROGRAH TC I I.iFUT THE I.IAP TC EE PRCCESSED
C STORAGE IN I4AP MUST BE SAME AS INTERNAL STORAGE fE. FIRST
C E SUBSCRTPT VARIES FASTEST. NO SFACES ALLOYTED BETbEEN COLUMNS
c

OO2 REAL MAP( NC r NR )
003 DO I [=1 'NROO4 I READ (8.?) (MAP(J"I t nJ=l¡lrCl '''''""::a'. : :'.

oo5 ? FoRMAT (6G13"61
006 RETURN

c
c
c
C------- -i;1 :;,: :.i:.

C it:"':" 1:'-;:;

CO7 ENTRY OUTPUT(NFeNCoMAFI
r Ç l,',.i¡..¡...'-,,c

c
C PRINT THE FILTEFEC l',lAF 

i

loa b/RJTE (6,88)
]09 A8 FORMAT ('OfçG FILTERED MAPC) 

J

j

cto tsRITE (6066) 
|

llf 66 FORMAT ('O'"'------ ---t)
Cll DO 3 I=I¡NR
ct3 ïRITE(6,99) I
Cl4 3 HRÍTE (6¡7òl (MAP(Jr I lrJ=l rNC)
015 99 FORMAT (r r¡tRGh NO" =t¡I.3) 

,

c_______ -_!____-_c :

C b,R IT E F TLTERED I,IAP ON D I SK i

C READY FOR CO¡\TOURING (DATA FCF¡¡AT 6G13.6) I

016 DO 7? I=lrNR 
I

OL7 77 HRITE (9'78) (MAF(J¡ I )rJ=lrNC)
0lA 7A FORMAT (6G13.61 

i..,.,,,,.,,¡-r,c-:----- 
--------c ¡:,:,.1,,,r,':,r,,

C ,.,.,. ,.: ,: '

0 f 9 RETURN :: :..:-.: :

C ?O EN D :;: t': " ":: ;'

i;1iìrli.jij,,ii:t:i
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c
c

c
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00I SUBROUTINE PRINT (NRONCTMAPg IIIAG)

c------
OO2 REAL MAP ( NC,NR )
OO3 REAL IMAG( NC 'ÑRI OHAG(2OOI
OO4 NPTS=NR*NC

C NORMALIZAT ION
OO5 DO 6 I=lrNR
006 DO 6 J=l 'NC ,,.,...,
oo7 MAP(J¡I)=MAP(J9I),/NPTS ,,,i.,

008 6 IMAG(J.I)=IvAG(J,I)/¡itrTs
OO9 PRINT 47
CfO 47 FORI4AT (31.13------- --.)
3.II PRINT IO
012 10 FORMAT (rOCrr FOUR¡ER ïRANSFORI4 OF INPUT MAFI,
C f 3 PR I Nf 48 i,.::,:
Cl4 4g FORMAT (e O!,c------- -_-_--.t i,i,,,.-,',ì.

lf5 OO 7'I=leNR
Ofó URITE (6'11) I .,'',:''.

'.'t.:
317 DO 12 J=lrNC
ll8 12 tlAG(J):SQRT(MAP(Je Il*+2 + IMAG(JoI)+*?,
319 7 wRITE(ó'8) (MAG( J).J=l oNC)
t20 a FoRMAT (10FLO-2) 

I

)21 !l FORMAT (rOrrsROH Ì\UMBER =ce f3)
?22 RETURN
823 END

i'ì.::Ì::

¡:
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tl

t2
|3
t4
t5
t6
t7
r8

r9

o
I
2
3
,4
:5
6
7

c
c
c

SURROUT INE SCR EE ¡. ( NR r JrC ¡ l.l AP )
c
c------- ------

REALMAP( NC r NR ) r MEANr LOIdER
NPTS=NR*NC
ME AN=O "DO 1 I=l 'NR
DO I J=lrNC

I MEAN=MEAN + tlAtrl J. I I
MEAN=MEAN./NPTS

TO CALCULATE THE STANDAFD DEVIATICN CF OATA

SD=O e

DO 2 I=lçNR
DO 2 J=lrNC
SD=SD + (tlAP(JoI) -MEANT**2
SD=SORT (SD/ { NPTS-1 ) )
UPPER=MEAN + 3"*SD
LOwER=MEAN 3.*SD
PRINT 3TMEANoSDTLCWEF TUtrtrEFl
FORMAT ( T0MEAN= | çFlO" 1 r I SD= o nFlO nl/a

¿LI¡.lIT=?¡FlO"3l
LC*ER LI MIT=r rFl O.3/r I

c
C APPLY CHAUVENET CFTTERI A

C CLIP VALUES MORE THAN 3 SD FRCM MEAN
c

DC 4 I=lrNR
DO 4 ¡-t eNC
IF(MAP(J.I) "LT.
TF(MAP(J. I 

' "GT'
CONT I NUE
RETURN
END

3

I
9

lo
:l
t2
l3
l4

LOwEF)MÊF(Je I)=LCwER
UPPER)MAP(JTI)=UFPER

i. ::t:..



,. i. ..j,:'c
c------- ------- l]q-----
c

)OI SUBROUTINE ZERO( XO NOPTS 
' 

: :i
',',tl,t.', 

t

c
c-------
C SETS THE VECTOR TO ZERO

)o2 REAL X(1920)
)03 DO I J=I¡NOPTS
)04 X(Jt=OoO
)O5 ¡ CONTINUE
)06 RETURN
tQT END j,.: ,,

''; ---.:,':.

i:. : :; ::

i ..i. r..i..::: :r:
l:.:r-:'.'.:,
lì:..:r{ ::



4...i-,:i.;i,.!i-aï ;¡.t;-¡/^4..;a_:J.:r'¡.:,:-A-,:
È- a;::js-al ir: r+=:'

i-':1"rt:

c 111

)0 r

JOz
003
904
tos
006
.007

SUBROUTINE CONJU(Y"NOPTS I

c
c-------
cTAKESTHEcoMPLExCo¡.JUGATEoFTHEIMAGINERYPART

REAL Y( T920 
'DO I Jl=lrNCPfS

Y(Jl)=-Y(J1,
D CONT INUE

RETURN
END



TL2

SUBROUT INE IGRF (DATEO ITYPETALT ECCLAT¡ELCî\G' X ¡Y g Z¡TI o0000t¿

THIS SUtsROUTTNE CCMPUTES VALUES OF XIYAZ AND T FOR A GIVEN EPOCH
AND POSITfON FRCM THE SPHERIC¡L HARfi'CÀIC CCEFFICIEI..TS OF THE
INTERNATTONAL GEOMAGNETIC REFERENCE FIELD

o0000 l:
000001 (

oocoolì
ooooo I r

00000rf
000002(
o00002i.
ooo002:
ooooc2-
o00002¿
coc002:
ûoo o o2(
ooooo2ì.
oo00c2Ê.
oo 0 002f
oooooSc,
oo o oo 3:'
ooooo3z
ooooo3:
000cc34
ooooo35
ooooo3¿
ooooo3?

1

oooo o3€
coooc3!
oo o co4c
oeo co4 r

ooooo42
ooccc4:

:.

o00004¿
ooooo4-c
ooo004É
oococ4ì
ooocoêr:
coccc4€
OOCCC5C'
oc00c5t:l
co c o-os2
oocoos:
o0coo5¿
000005:
ooooc5f
ooooosli
coooos¿i:
ooooo5q
ococoó(
coooo6:
ooooo6:
oooooó:
OOOOO6¿
ooooo6:
OOCOOó¿.,
ooo oo6ì
ooo ooó¿
oo 0 0 06(l
oooooT(
o00007:

DATA DATE
I TYPE
I TYPE

ALT
ALT

COLAT
ELONG

OUTPUT X

Y
z

= REOUIRED EPCCH IN YEARS AND DECIT.,ALS CF A YEARg A.D.
= T IF GEODETIC COFRDI¡.ATES AFE BEING USED

= 2 IF GEOCET\TçIC CCCRDINÂTES ARE BEING.USED
= 

'.E 
IGHT ABOVE I¡EAÌ\ SE A LEVEL IN KM ( I TYPE= I )

= RADIAL DISTANCE FROF' CENTRE OF EARTh IN KU (ITYPE=2I
= COLATITUDE IIç OEGREES (O.O TO I8O"OI
= EAST LONGITUCE IN DEGREES (O'O TO 360.O)

NORTH COMPCNENT OF MAGNET IC FCRCE I N GAVI,I A
EAST COMPONENT OF PAGNETIC FORCE IN GAMMA
VERT ICAL COÞIPOÑENT OF T4AGNET TC FORCE IN GÂI.IMA

f = TOTAL t/AGNET IC FORCE I t\ GAMMA
NOBO THE COORDINATE SYSTEM FOF X¡Y AND Z IS THE SAME AS THAT

SPECIFIED BY ITYPE

DIMENSION AGH(801cDGH(8O) oP(44 ! "O(44) oCL(8¡ "SL(81

THE S"Ho COEFFICIEf\TS AFE SUPtrLIED BY TFìE FOLLCwING DÂTA STATEMEt.¡T

ALTERNATIVELY¡ TI..:E COEFFICIENTS HAY BE SUPPLIE; EY STATEMENTS CF
ÌHE FORM: AGH( I ) = -30339. AGH( 2) = -2123" 'ETC.
OR THE COEFFICIE¡{TS MAY BE REÂD II.. THE MASTEF PRCGFAT/ AND MADE
AVAILABLE TO THE SUBROUTIf.iE BY A CO¡/I.1CN STATEMENT

DATA AGH/-30339ot-2123o¡ 5758¡¡-lé54. ç 2994.s-20O6"r l567or l3O.r
I f297.¡-2036.ç -4O3.¡ 1289ot 242.r 843"r -176.r 958.¡
2 805"¡ l49r o 492" r =28O. r -392. ¡ 8.c 256.¡ -?65.,
3 -223ot 357.r 16or 246c¡ 125.¡ -26"e -123.. -16t.r
4 -107.c -51. o 77"ç 47o¡ óO.¡ -14.r 4.r lo6.r
5 -229.¡ ó8.¡ 3.o -3?.¡ -4o¡ -tO"o -l12.t -13.r
é 71. o -54. r -57.¡ O. r -27. ¡ 12. t -8.r -25. r
7 9.¡ -9.¡ 23no t3.r -19.c -2¿t -17.t lO..
A 9or 3re -3.r -13.t -12.t 5.r -4.r -17.¡
9 7.¡ 4o r --5.g 22"c l?nt -3or 6.ç '16o/

DÂTA DGW 15.3e 8o7ç -2.3¡ -?4"4¡ C.3o -lt.8r -1.6r -16.7¡
Oo2t -1O"8c 4o2¡ O.7t O.7¡ -3.8t -7.7¡ -O.7r
O.2c -Ool r -3oO¡ l.6r -O.l ¡ ?o9¡ -2.1¡ -4.2s
l.9o l"l¡ 2.3o 2.9o L.7ç O"ór -2.4r OoOr
O.8¡ 1.3¡ -0"3r -Oolr -O.3. -O.9o l.lr -0.4r
l"9r 2.Oo -O"4r -t"lr -O"4r O.lr -O.2r O'9t

-O.5, -O"3¡ -1"1r -O.7o O.3¡ -O.5r Oo4r O.3r
O.2e O.0¡ O.4¡ -O.2e Q.Zt -O"61 0.3r O.1r
Or4t O.lo O.ó¡ -Q.2r O.Or -O.3o O¡Or -O.2t

-O.1. -O"3o 0.3¡ -O.4r -O.3r -O.3r -Or5r -O.3/

SET INITIAL VALUES

J=DATE-19ó5.0
R = ALT
ONE=COLAT*"O17453J

I
2
a

4
5
6
7
a
9



SLAT=COS( ONE )

CLAT = SIN(ONE,
ONE = ELONG*0.O174533
CL(ll= CoSf oNE)
SL(l)= SIN(ONE)
X = OnO
Y= O.0
Z = 0"0
CD = 1"0
SD = 0"0
1-= I
M=l
N=O
GO TO (,1"?) ¡ ITYPE

CONVERSION FROM GEODETIC TC GEOCENTR I C CCCRD I I{ATES

A2= 4O680925 "
82= 40408585 o

ONE = A2*CLAT*CLAT
TtsO = B2*SLAT*SLAT
THREE=ONE+TwC
FOUR = SORT(THtrEE)
f,f = SORT(ALT+(ALT + 2.O*FCURI + (42*Ol\E + B2*THOI/THREEI
CD = (ALf + FOURI/R
5D = (42 -BZ)/F CUR*SLAT*CLAI/F
ONE = SLAT
SLAT= SLAT*CD CLÄT*SD
CLAT=CLAT*CD+CÌ\E*SD
RATIO = 637 I"2/R

COMPUfAfION OF SCI-'MIDT OUASI-t\ORFAL CCEFFICIENTS P AND x(=Q)

P(l) = 2oOsSLAT
P(2t = 2.O*CLAT
P(3¡ = 4.5*SLAT*SLAT 1.5
P(4) = 5"1961524*CLAT*SLAT
O( I l =-CLAT
O(2! = SLAT
O(3) = -3.O*CLAT*SLAT
O(4) = L.732O5CB*(SLAT*SLAT- CLAT*CLAT,
DO 15 K=lr44
IF (N-Mt 3c4r4
M=O
N = N+l
RR = RATIO**( N+21
FN=N
FM=M
IF (K-51 8¡5r5
IF (M-Nl 7t6o7
ONE = SORT( I "O O.S/FM)
J _ K-N.I
P(K) = (1"0+l.O/Ftl.)*ONE*CLATtp( J,
O(K) = ONE*(CLAT+C(J) + SLAT/F M*P(J) )
SL(M) = SL(M-l)*CL(t ) + CL(¡-r-rl*SL(r)
CL (M) = CL(l{-l ¡*CL( r r-SL(M-l t+SL(l)
GOTOE
ONE = SORT ( FNrFN-FM*FM I
TrO = SORT( (Fri-l .o)**2-Ft¡*FtrllONE
THREE = (2.O *FN-l.O) /CNE
I=K-N
J=K-2*N+l
p(Kt = (FN+l.Ol*(fHREE+SLAT/FN*P( L -fYC/ (FN-l.Ol*F(J) l

113 ooooó72
0000073
oooooT4
oo0007s
o00007ó
oo00077
0000078
000007e
oo00080
ooooosr
oo00c82
oooooB3
ooo0084
o000c8s
oooo o 8ó
o000087
0o00088
o00008e
oooooeo
ooooc9r
ooooc92
0000ce3
co o oo94
oo000e
oo oo 0e6
ooc009
oo o oo9B
ooo oo e
ooo0 roc
ooool or
o000ro
ooool0
o000 r o4
ocooro
ooool oó
ooooloT
o00er oe
co00loe
ooool r o
oooolll
oooolr2
oooo r r:
ooo0r t4
oooorl5
oocol l6
oooo117
oooor r8
oooot r9
ooool20
oooor2l
oooo I 22
ooool23
o000r24
ooool2
oooor2ó
oooor2T
o000128
ooool2e
ooool30
ooool3l
oooo I 32
00co r 33
o000134

2

5
6



O(Kl = THREE*(SLAT*Of I)

SYNTHESIS OF Xo Y AND Z

cLÀT/F NtP( I ) ) -TWOr,o( J I

It' GECCENTRIC COORDI NATES

B ONE = (AGH(Ll + DGH(L¡*T!tRR
IF (tl, 10¡9¡tO

9l=X+ONE*O(K)
l=Z-ONE*P(K,
L=L+ I
GO TO t4

10 Tt{O = (AGH(L+l) + OGH(L+1r*.rt*RR
THREE = ONE*CL(y) + TkO+sL(Èr)
X = X+THREE*O(K¡
l=Z-THREE*P(K)
IF (CLATI l?rl2'll

tl f = y+(oNE*sL(Mi TWC*CL(H¡r*FM*tr(K)./( (FN + t"O)+CLATI
GO TO t3

12 Y = Y+(ONE*SL(H)
13L=L+2
L4 M = M+l
I5 CONTINUE

- THC*CL il.t ) ) *O( K )+SLÁT

\I4 ooool3s
ooo0l3ó
ooool3T
ooo0 r 3B
oo00r 3e
o000r40
ooool4l
ooo0l42
o000143
oo00l44
ooco I 4s
oooo I 46
oo00r47
oooor4s
ooool49
o000 rso
oooorsl
ooeots2
o000rs3
ooool54
oo00rss
ocoot 56
oo00t 57
o000 t s8
oooor59
oo001ó0
ooooló1
ooo0r62
ooool63
o000164
ooootós
oooo166
oooo167
o000r68
oooo169
oooolT0
oocolTr
coootT2
oooo I 73
oooo I 74
oooo I 7s

CONVERSION TO CCORDINATE SYSTEñ{ SPECIFIED BY TTYPE

ONE=X
X=X*CD+Z*SD
l= Z*CD - ONE*SD
T = SORT( X*X + Y*Y + Z*Zl

RETURN

LTBRARY FUNCTICI.iS USED EY THIS SUSRCUTINE ARE SINNCOST SORT

"tt t'ìt"'-

SAMPLE RESUL TS : .'J-I:I,'

IGRF(1965.Or1¡ 0oOo C.0¡ 30"Oc 2541"" -240.ç 56349"s56407.1
IGRF(f965oOr l¡ O.Or l80"O¡295.On 12923. t 96ó1c r-5690C. r59144. )

IGRF(1969.3r1 r O"O¡ 57"0p 195.Or 2509?" o 5729., 30145" c39638.)
IGRF( l9ó5"O r?té371 n?r. 45.Cr 1C.O ç 21848. "-1O52. o 40417 "g45956.,
IGRF(1967"5s2o900O.Cr 3t"Oo359.Co 5750 ot-L226o ¡ 17853"r18796.)
END
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5U1;:OUT I),¡r: í:^ lD ( f.i!-Jr \Nil rD¿LT )

,Jl l¡::.tsI f.j\J stJ,.: ( ¿acr, F--t-o ( 20c ), Þ'i{cD (20i ). ISUY ( 2CC )

CC""1rl\./STî?.c./ XP( ¿14 
'¿1 

4)

J: ì'iT-2:i¡ilJ
r)1 1C J=] 'JIl'¡T
SUÀ'( J ) =0. C I O A

PrìlìD(J)=e'CCîC
I SL,f'l ( J) =C

I Lì C IìIJT I \U;
c=FLtiAT (\\.: )

í)=FLi-ìÂT (.J;.iN )

Dar fC:' I-LNN
DO l,la J=l rr.tNN
A=FLOlrT( I )

ô=FLOAT( J )

RAt)= ( A-( C+ I . c ) /2.C ) *+2+ ( 8- { D+ l.a''l / 2-o )**2
trAD=SCaT( c.AD)
DO 50 K=l,JiNT
tr=FLC,1T(K)
F-?=Q¿=?/?')

, r- r .a -ñ=.'\r I ì a^ Tfì a-I,rr r r.,\D.LL. Fî=ílU) GO TO 6l
5O CCì\IT I ijUE
ó¡ I SUvl ( t( ) =I SU:.: ( K ) + I

sui.4( t:) -sr.J:.1 (K ) +XP( L J )

P=XP(I'J)
P=iLOG(P)
PÊ,'--ìD ( K ) =PR,:lD ( K ) +P

I C C Cf-l'.¡T I \tJ=
Dur 1l: K=l'JI\T

' tr= FL O AT ( Ì'i )
l tC F=Ë=C(1.)=(?/2,O-C.25),/ (D'LT*(NN-I) )

\-!.

DO l2t I=l 'JINT
IF (I3U:r(I).EJ.^) G3 TO l2C

^\ -r\1 I

Ê)iìcD (K ) -p-- f,D ( I ) / I SU,'.l ( I )

S=SUi'1 ( I )'/I StJ"t( I )

SUil(K)=ALîG{S)
FFEe(-. )=trR=()( I )

i 1,U,,ì ( .< ) __ i r rr¡.. ( i )

I:ìo cDirTI:\itJ-
Í-F: -O(1)=C'3'ìî1
FFtr)(i¡)=l. j/ (D=LT*(NN-t ) )

Fí:..ãf¡ ( i ) = I . ¿+ i 4': FREC ( 2 )

t- F=O ( 3 ) =2.,l:¡Fiì=O ( 2 )

Fii=O( 5 )=?. Zf 9-Fñ5C (2 )

c
vjil I-l- 5 (':. I )

I Fûi{r'.l AT (t1r'r r}
;iÍ-- IT= ( {r,2 )
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