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ABSTRACT

Direct methods for the interpretation of gravity
and magnetic field anomalies have been developed and
applied to interpret marine geophysical surveys of the
Caribbean eastern margin and the Sierra Leone continen-—
tal shelf.

The gravity interpretation programs compute, under
certain constraints to remove inherent ambiguity, the
space form of the body producing a specified gravity
anomaly. The computed body is built up from a set of
two-dimensional trapesia thus producing a geologically
realistic model. The programs can interpret interfering
anomalies, caused by adjacent bodies and anomalies due
to bodies with a known lateral variation in density.
The method is based on an equivalent layer technique,
the non-linear problem being solved by repeated solu-—
tion of a linear integral equation, which is approxim-—
ated by a finite set of linear algebraic equations..

The technique has been extended to three dimensional
analysis, the source body being built up from a set of
rectangular prisms.

The magnetic interpretation method is basically
similar to the grévity ﬁethod, but it is necessary to
compute the dip of the body magnetisation vector before
a selution can be obtained for the body space ferm.

The programs have been used. to interpret a marine
gravity survey of the south eastern Caribbean margin.
The gravity data is used to determine the possible crustal

structure, between points where the structure is known
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from seismic refraction data. Conclusions are drawn
on the generalised crustal structure of the region
and on the southward extension of the Lesser Antilles
Island arc and the Barbados Ridge.

A marine gravity survey of the Sierra Leone
Continental Shelf has been interpreted using the programs
developed.. The space form of the Freetown Complex, a
layered gabbroic intrusion, and its extension onto the

continental shelf are determined.
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INTRODUCTION TO THE EQUIVALENT ' R\

Introduction

Automatic computer techniques for the determination
of the space form of the source body resulting in a given
gravity or magnetic field anomaly are developed in the
first section of this: work. (Chapters 1-3)

Ambiguity in guch interpretation has been widely documen-
ted in the geophysical literature (e.g. Skeels, 1947;
Roy, 1962; Al-Chalabi, 1970Q)

It can be shown by an extension of Green's Theorem
(Kellogg, 1929) that any observed anomaly can be produced
by an infinite number of surface distributions either
on or beneath the level of observation. However, addit-
ional geological or geophysical data. often make it
possible to impose constraints that result in the exist-
ence of a unique solution (e.g. knowledge of the depth -
and density or magnetisation of the source body).
Alternatively, estimated limits. on these parameters
allows: limiting models between which the true structure
must lie, to be computed..

t/hen determining the space form of a homogeneous:
body under a particular set of constraints, use can be
made: of this inherent ambiguity by initially removing
the constfaint that the source body is homogeneous and
synthesizing the geophysical anomaly by an equivalent
layer, either of surface density or surface magnetisa-
tion. From this equivalent layer thc homogencous body
can be computed by successive approximation.

The Gravity Equivalent Layer

Let us consider a rectangular Cartesian co-ordinate
system with the positive z - axis pointing downward. It

is assumed that a source distribution of mass M causing




a. scalar gravitational potential U is situated entirely
below the plane z=0 (Fig. 1-1). The potential U is a
continuous function of x,y,z with first and second
derivatives that are both continuous and integrable.

If two horizontal planes are considered z=0 and z=2z4

(z1<:0) (Fig.1-1) it can be shown from a. corollary of
Green's Theorem (Kellogg, 1929) that the potentials at

the two planes are related by the equation:

U(x1, ¥4, 22) =1 |1 4 U(x, y, O0).ds. (1-1)
2n | R dz -
S where:

1

R = ((x1 - 0)%(y1-9)% 212),2-
and. the integration is. carried out over the entire surface

S of the plane. z=0..

Thus. if the vertical component of attraction (gravity)

due. to M at any point on z=0 is g(x,y,0) the value of the:

potential. at any point on z=2, is given by:

U.(_X-.l s:y'l’zj_)f:: 1 1. _g(x,y,,o),. dS.. (1-2)
2r (R

If we nGW'réhove.M.and place a.coating of surface
density o (x,y) over the plane z=0 (Fig.. 1-1) the potential
at any point on z=2, due to a. small element dS of the

coating will be:.

UGxgs¥1:24) = GOdS (1-3)

where G is. the. universal gravitational. constant.

and. the potential on z=z, due to the entire coating of

z=0 will be:

U(g‘l'y1’21) = G f% o {(x,y). ds. (1-4)

5
By comparing equations (1-2) and (1-4) we can see that

they are of. the same form and will be identical if we

put:



Z=274 U(X1y121)

O = gix,y,0l /2%G

Fig, 1 1. The body M and the surface density distribution on the
plane Z=0 produce identical gravity anomalies on 2= Z
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o(x,y) = g(x,¥) / 2xG (1-5)

2z =0 z =0
Since the potentials of the two systems. are identical,
the gravitational fields will also be identical. Thus
the gravitational field due to some mass distribution
M. can be synthesized by a variable surface density
distribution at the level of observation, or between
that level and the top surface of M.

In practice we find that we can have the surface
density distribution deeper than the top of M and that
we can have various sections. of the distribution at
different depths. Indeed, Roy (1962) has pointed out
that if we allow. the sign of o(x,y) to vary, there is
no limit on the depth of the surface density distribution.
However, in the present work we require o (x,y) to be
a.stable non-oscillating function and. this places an
effective limit on the depth of the distribution
(Chapter 2)..

We can thus write the general equation for the

gravitational attraction of an arbitary body:

((x—x1)2+, (y-yi)z'ﬁ 22)3/2

g(xi,yﬂo) = Gj/j[v]n(x;x.z),z,dxedy,dz (1-6)

-®@~o0 ©
where p = density and z 0
in the form: :
(s o]
g(x-l’yl’o) = G o’h(x’y). hodXody
((x=x )% (y-y)2 + 15Y¥2 (1-7)
s Yoo

where Op = variable surface density

at z =h (h ) 0)
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In this. work we shall be primarily concerned with two-—
dimensional interpretation, that is, the geological
structures. determined from geophysical anomaly profiles.
are assumed to extend to inifinity normal to the vertical
plane of the profile. In practice two types of interpret-
ational problems arise.

1) To determine from the gravity anomaly the density
of a body of known space form.

2) To determine the space form of a body of known
density.
If we then consider a gravity anomaly measured along the
horizontal x-axis, caused by an underlying two dimensione—
al mass. we have::

g(xi) = \/ﬁr(x)..K(d1(x),d2(x),(x1-x)dx. (1-8)

-

where =z ==di(x) and z ==d2(x)
define the top and bottom surfaces
of the source body, the density is
0(x) and K. is a. kernel function
depending on d1, d2 defining the
gravitational attraction of the
source body assuming unit density
The first problem is linear since K is independent of
o (Bott, 1967).. The. second problem, that of determin-
ing d1 and.dé is: non-linear and. ambiguous unless either
d1 or d2 is known.. In Chapter 2 successive linear
approximations are used to solve the non-linear problem

for the unambiguous. case.
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The Magnetic Equivalent Layer.

Throughout this work the assumption will be made
that total field magnetic anomalies are measured in the
direction of the ambient field and that this direction
is. constant over the length of any magnetic anomaly
profile considered. The first assumption will be true
if F°:§> F where Eo is the ambient field and F is the.
maximim value of the anomaly in question. Since FO is
of the order of 2-5 x.105 gamma this assumption will be
valid for the majority of magnetic anomalies. The second
assumption holds. true for all profiles considered in this
work.,

Let us again consider a rectangular Cartesian co-
ordinate system with positive z~axis pointing downwards.
It is. assumed that a source distribution of magnetisation
M causing a magnetic anomaly F (x,y,0) on the plane z = 0,
lies entirely below. z =0, Since total field magnetic
anomalies: will obey Laplace's equation we can obtain an
expression for the magnetic anomaly on the plane z = 24

(z.1 < 0) from Green's. Theorem

09, 0o

E' (xi,yi,zi) = F SX,!,O!.-Z.-dX.d!.

1
am J ] Ggm0%s g% 2HYE (1-9)
-00 00

Thus if we express. F (x,y,0) in terms of a sheet of
variable surface magnetisation at z = 0 we will have the
magnetic equivalent layer.

Direct comparison of integrals, as used in the
gravity case, is not possible here as the corresponding
integral to (1-2) and (1-4) contain variables not common

to both, due to the dipole nature of the magnetic field.
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An expression for the dipole layer, for the two dimension-
al case, can however be obtained using pseudo-gravity
calculations (Bott, Smith and Stacey, 1966) or Fourier
convolution (Bott, 1967). Bott's (1967) expression for
a.magnetic anomaly in terms of a coating of magnetic

moment per unit area over the plane of observation is:

J(x) =1 I?Log ,xv‘-x.l. COSA + 7T s.ign(x"—x)sin/e F(x") .ax’
2n? S 2 (1-10)

where 8 = (O'+:/u) and u = the
dip of the body magnetisation
vector in the plane of the
profile, o = dip of the Earth's
field. in the plane of the

profile, J(x) = surface magnet-

isation..

It is thus. possible to. synthesize a magnetic anomaly due
to an unknown distribution of magnetisation, by an
equivalént layer of variable surface magnetisation..

The linear and non-linear problems: described in section
1-2 are again encountered. in magnetic interpretation.
Ve have:

F(x ) = JT J(x).K(dl(x),dz(x)vﬁ,(xi—x))vdx : (1-11)

where z =-d1(x) and z = d2(x)
define the top and bottom
surfaces of the source body,

J = magnetisation and K is a
kernel function depending on
dy.4, and/q defining the magn-
etic anomaly of the source

body assuming unit magnetisation.
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The linear problem of determining J(x) knowing di(x)
and d,(x) has been previously examined (Bott, 1967;
Hutton, 1970; Emilia and Bodvarsson, 1970).. The non-
linear problem of determining d1 or d2 knowing the other

and. the magnetisation is examined in Chapter 3..
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CHAPTER. 2

THE. MATRIX METHOD APPLIED TO GRAVITY INTERPRETATION

Introduction

In this chapter computer programs which have been
developed to solve the non-linear problem of determining
the space form of a body resulting in a.specified gravity
anomaly are. described.. A matrix technique is employed
to obtain a. solution to the. problem for the overdetermined.
case by successive linear approximations. The method
employed is extended from a.method suggested by Bott and
programmed by Tanner (1967), which assumes: the observed
gfavity anomaly to result from a body that can be built
up from a set of rectangular blocks and has: a horizontal
upper or lower surface and uniform density contrast..

In the. method. developed the outline of the causative
body is. approximated to a continuous smooth curve by a.
set of trapezia. (with no restriction that the top surface
should be horizontal for "basin-like bodies) so that the
computed model is geologically realistic. The technique:
has been further extended to permit the determination of
the space-form of bodies having lateral density variations,
for adjacent bodies having different density contrasts
(of either sign) so that interfering anomalies can be
interpreted, and for ‘'infinite' structures, resulting
in a change of anomaly level.

A method of three dimensional analysis has. also been
developed based on the matrix technique using rectangular
prisms.

In the methods presented, the ambiguity mentioned
in Chapter 1. is removed by constraining the density of

the model and either all or part of one surfiace. Any

computed model is. unique under these constraints..



2-2 Previous Work

2-3

The inverse. problem in gravity interpretation of
determining the space form of a geological structure,
knowing the gravity anomaly it produces, can be appro-
ached in two ways.

The first (indirect) method consists of estimating
the structure from available information (if any) and
computing its gravity anomaly, either by using graticules.
(e.g. Heilan&?fér a. computer method (Talwaniy et.al.,
1959; Bott, 1969). The computed anomaly is then compared
with the observed, and modifications. are made to the
model by trial and error until the residuals become
tolerable..

The. second. (direct) method, involves using tech--
niques of automatically adjusting the body parameter
to obtain a best fit and is: therefore more objective.,
(e.g. Bott, 1960; La.Porte, 1963; Tanner,
1967)..

The method. developed in this chapter is: considered.
to be. an improvement on these techniques. Realistic
geological models of one or more open or closed bodies
can be rapidly computed from a. knowledge of the
resultant gravity anomaly..

Application of the Matrix. Technique.

Consider a.gravity anémaly measured along the
horizontal x. - axis, caused by an underlying two-—
dimensional distribution of mass with its strike direction
perpendicular to the x. - axis (Fig. 2-1(a)). The

z - axis points vertically downwards and the observed



4
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Fig.2-1. The application of the matrix method to determine the space
form of a body with inward sloping contacts.
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anomaly at (x,0) is g(x). Having shown that a gravity
anomaly can be synthesized by an equivalent layer, we
approximate the equivalent layer by a. layer of finite
thickness with upper and lower bounds.di(x) and dz(x)
respectively (Fig. 2-1(b)). If the variable mass/ unit.
area. of this layer is. O(x), then the expression for
the gravity anomaly due to the layer either on or
above it is:

x©
g(x) = f OCxH) o K((x' = %), 4,(x), ay(x™)).axd (2-1)

=00
where: K is a kernel function

defining the gravity anomaly
due to the body assuming

unit density..

As: stated. in Chapter 1 if dl(x) and.dz(x) represent the
true ﬁpper and lower boundaries of the causative body
O(x) will be the true density (say p) and can be
found by solving a. linear integrallequation. Fig 2-1(a)
illustrates: this case..

However the problem of determining either d,(x) or
dZQXD, knowing the other and O0(x), is: non-linear. The

or

o/

method. employed is to fix. the unknown surface (d(x
dz(x)) arbitarily and. to solve for the required valﬁes:
of O(x) that synthesize the observed gravity anomaly
g(x). An estimate of the unknown surface can then be
made by assuming a linear relationship between body
thickness and density, if the correct homogeneous
density of the body is specified.

If we subdivide the equivalent layer (over a

suffiéient length to allow: the anomaly to be synthesised)
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into a finite number of "blocks" such that an assumption
unit
of constant mass/area for any block is valid, we can

approximate equation (2-1) by:

n
gy = > Kis 05 (i =1 tom) (2-2)
J

where 8y is the observed gravity
o is the mass/area and Kij is
the gravity anomaly at the ith
observation point due to the

jth block assuming unit density.

If m> n then equation (2-2) has the least squares
solution
o= &’ )T
det K0 (2-3)
using matrix notation. We can thus compute
the best set of values of surface mass for the n blocks
to produce the observed anomaly at the m specified

points.

Computer Method. for a Body with Inward Sloping Contacts

A series of blocks 1 metre fhick and. of specified
width are placed along the estimated, or known top
surface, of the anomalous body. If the lateral extent
of the body is not known the blocks should be extended
under the entire observed gravity profile.. The specified
top surface need not be horizontal. Equation {(2-3) is
then solved to find the best fitting series of values
of mass/area for the blocks to satisfy the observed
anomaly, the number of anomaly points being greater
than, or egmal to, the number of blocks specified. The
depth to.the bottom surface of each block is. then

computed by assuming a linear relationship between
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density and. thickness of block:

d, (jth block) =-d1_(jthblock) + mass[area(jthblock)
specified density (2-4)

the three-~dimensional density of the body having been
specified..

The. gravity anomaly of the calculated model is computed
by considering each side of each trapezium in turn and
usiné the formula for the gravity anomaly due to a semi-

infinite slab (Heiland, 1940, page 153)..
g =2Gp [;(xi sin i + 2, cos. i)(sin i log r2/r1

+ cos i (1’ o --?1_)) + 2'21’2 - 24 ?1] (2-5)

see. Mig.(2-2)

Each side is taken to be the end. of a semi-infinite
slab and each is ' considered in turn going round each
trapezium in an anticlockwise sense. The formula takes
a négative sign if the. side under consideration shows. a.
decrease in depth. The resultant. sum is the gravity
anomaly due to each trapezium. This is the method used
by Bott (1969) for computing the gravity anomaly due to
‘an arbitrarily shaped body.. The. centre of gravity of
each trapezium is then found and. an end-correction for
each block is. computed using Nettleton's (1940) method,
thus allowing three-dimensional sitructures to be
approximated..

The computed anomaly will deviate from the observed.
for two reasons:

1) The assumption of a linear relationship between

density and thickness is: not valid..
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2) In changing to the smooth outline model the
mass distribution and the total mass are changed..
Repeated adjustments are therefore made to the model
until the difference between the observed and calculated
anomalies is minimised. This is done by placing a
horizontal block one blockwidth wide and 1 metre thick
beneath each lower corner of the body (Fig. 2-1(c)).
Equation (2-3) is then solved for these blocks as before,
only using the residual (observed-calculated) gravity
anomaly. The new dimensions of the trapezia are then
calculated using the relationship:

dg (3) ==d2(j) + mass/area (j)
specified density (2-6)

Although equation (2-6) again assumes. a linear relation-—
ship, the change in thickness will be relatively small
and the assumption approaches validity. Repeated
iterations are carried out until the residuals. between
the observed and calculated gravity anomalies become
tolerable. Five to ten iterations are usually required.

Computer Methods for a Body with Outward Sloping Contacts:

The program for outward sloping contact bodies.
differs from the previous method. only in the following
respects.

Only one point on the top surface need be specified
as a flat lower surface is assumed. A series of blocks,
1 metre thick and of specified width are placed at the
level of the specified top surface point. The best
fitting set of values of mass/area for these blocks, to

satisfy the observed anomaly, is found by solving
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equation (2-3) and the lower surface is calculated using

the relationship:

d (bottom) = d (specified) + mass/area (Kth block)

specified density (2-7)

where the Kth

block is centred
about the specified point and
the three dimensional density

is specified.

The top corners. of the trapezia are then computed. using
the: relationship

(.th

d J block) ='dbottom - mass/area(jth block)

specified. density (2-8)
J ¥ K.

To make successive adjustments blocks are placed at the

top

top points of the computed model, with the exception of
the.specifiéd‘point, which is. left unadjusted. The
bottom surface is also adjusted and has. a. one: metre
thick. block placed along its length.. The: adjustment

equations are::

d’top;(j) =d (j) - mass/area. (j)

specified density (2-9)

top

J ¥ K.
for the upper surface and:. .
d;ottom = dpottom f;mass[area.(Kthblock)
specified density (2-10)

where the Kth block underlies:
the bottom surface.

See. Fig.. (2-3)..
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Fig.2-3. The application of the mdtrix method to determine the

space form of a body with outward sloping contacts,
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Method of Solution

Equation (2-3) is solved using a pre-written
Fortran subroutine (I.B.M. 1968). The subroutine
'LLSQ' obtains a. least-squares. solution to an over-
determined system of linear equations using a House-
holder transform technique - decomposing the coefficient
and anomaly matrices into upper triangular forms and
computing a.solution by back substitution.. The over-—
determined system is chosen in preference to the comple—
tely determined system, as a large number of individual
anomaly values: may then be used to produce a good over-
all representation of the observed data. This is not
possible with an exactly determined system as the number
of blocks that may be used is limited by stability
considerations (see section 2-5-1).

Available Programs.

Two programs written in PL/1. GRAVIT 1 and GRAVIT 2
are available for the inward and. outward sloping contact
cases respectively.. Data: specifications;, listings and

general instructions for use are given in Appendix. 1.

Examples of the Applications of the Brograms

Test Data

To test the programs, gravity anomalies due to two
bodies were computed using a program available at Durham
(GRAVN,, Bott, 1969).. The space forms. of the bodies.
were then recomputed from the gravity anomalies using
the automatic programs.

OQutward Sloping Contact Model.

The gravity anomaly and source body are shown at

Fig. (2-4). The depth to point A on the top surface of



Fig.2-)4. Test body and resultant gravity anomaly

- for the program GRAVIT2,

Pig,2-5. Test body and resultant gravity anomaly

....... for the program GRAVIT1,
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3C500 Geb Ee.b -0.0
31001 5.6 5.6 2.0
31540 4.8 4.8 =i
32001 4,0 4eC -2.C
33000 2.9 2e9 -C.0
34000 2.1 2.1 ~0.0
35000 l.0 le6 0.0
36907 1.3 1.3 -2.0
37090 1.0 1.0 -3J.C
38’)U0 0.8 (i« 8 —C.G
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56000 0.2 Ue2 JeC

END OF MODEL 1-1-1-0

END OF DATA o e




2=-4-1-2

2¥4~2

- 16 -

the body and the density contrast were specified. The
model computed using GRAVIT 2 show excellent agreement
with the true source body. The depth to the base was

in error by 10 metres in 3 kms, the maximLm error in

the computed top surface was 13 metres the rest being

less: than 6 metres. All residuals were less than 0.05
mgal. The computer results are shown at Table 2-1.

Inward Sloping Contact. Model.

The top surface and the density contrast of the
body were specified. The anomaly and the true and
computed bodies are shown at Fig. (2-5). Only five of
the computed anomaly values had an error in excess of
0.1 mgal (maximum error 0.3 mgal) in a. total amplitude.
of 70 mgal.. The maximum error in a bottom surface
co-ordinate was 120 metres. (in 3 km..) with the majority
accurate to within 40 metres. The increase in error
from the: previous. example is dué to a. decrease. in
resolving power when computing deeper coordinates..

The computed body is, however an exiremely good fit to
the. true. structure Fig.. (2-5).. The. program GRAVIT %1 was
used.. )

For both models. the computer time used was of the
order of 30 secs..

Field Data

The programs. have been widely used in the interpre-—
tation of the gravity surveys discussed in Chapters 5
and. 6 and examples of the application of the programs

to field data need not be given here.
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Limitations of the Method

Resolving Power

Two distinct phenomena affect the resolving power
of the programs. The first is the amplification in
amplitude experiencedin downward continuation by the
high frequency components of any anomaly. As shown by
equation (1-1) the calculation of the equivalent layer
involves downward continuation of the anomaly from the
level of observation to the level of the layer. It can
be shown, (e.g. Bott and Hutton, 1970) that downward
continuation of any frequency component of an anomaly
by an amount equal to the wavelength of that component
increases its amplitude by a factor of 538.. Thus
unless. some. smoothing technique is introduced, the
amplification of the short wavelength components: of the
gravity anbmaly causes instability in the downward
continued function. Such high frequency components. are
invariably present due to. errors. in the observed values:
of the gravity anomaly.

The second effect is that of ill-conditioning. As.
stated in section (2-3) the least squares solution to
the gravity problem is given by:

o= & K1kl g (2-11)

however a computational solution to this equation is not
always forthcoming. The normal matrix (KT K) is notor-
ious for being poorly or ill-conditioned. An excellent
example of this phenomenon is the Lauchli (1961) matrix

cited by Anderssen (1969)
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(1 1 1] 142 1 1
K = e 0O O . KI'k 1 1+e® 1
0 e 0 © T 1 1 1+e2
0 0 e
L —J

If, because of round-off errors and the size of e, the

2 = 1 then KT K has rank 1

computer evaluation of 1+e
and [KT ]“1 does not exist.

The problem encountered with the gravity kernel
matrix. is not usually as extreme as that cited above,but

poor conditioning does occur. If just some elements of

normal K are small, the solution will be unstable.

i.e. if g =-Ko¢
TRUZ

then the residuals from the least squares solution are

given by:

r =K (oppug = 9%CoMPUTED)

Hence if some elements of K are very small a large
difference can exist between THRUE and’obOMPUTED’ but
r the criterion for 'goodness of fit', will still be
small..

Both of the phenomena mentioned above impose a
restriction on the minimum width of any block used to
form the equivalent layer at a given depth. As an

approximate rule. the width of any block must be at

as great as its depth beneath the observation

o

leas
level. In this way the high frequency compcnents are
not resolved by the block model and in addition normal

K contains no small elements.
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However, this restriction imposes a severe limita-
tion on the method when working at depths. of the order
of 30 kinbelow. the level of observation i.e. determining
the shape of deep structures or the crust mantle inter-
face. A computer program has been written to overcome
this deficiency.

The. Variable Block Coordinate Program.

This program which is basically similar to those described
préviously operates: in the following way:

1) The anomaly is underlaid by a series of blocks,
at the specified depth, whose widths exceed this depth,
énsuring that the layer overlgps the margins: of the body
by at least three blockwidths. This can be done by
inspection of the anomaly.

2) The best fitting model is produced in the usual
way using this block configuratiﬁh.

3) The program then shifts the whole block system
to the right (say) by a specified fraction of a block
width (usually 1/10th)..

4) The space form is. again computed using this new
block configuration.

5) This process is repeated uhmii the block margins
are again at their original relative lécation (i.e. 9
times in above case.)

8) The locus of the body points computed, delineates
the body shape and the gravity anomaly of the locus is

computed and compared with the observed.

In this way the effective block width is: reduced

“and much of the resoiving power is regained. An example
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of the program's use is shown at Fig.(2-6). The program
written is called VARYIT. Specifications and listing
are given in Appendix. 1..

Infinite Structures

- Often we wish to use the programs to compute the
form of 'infinite' structures. An example is. the comput-—
ation of the crust-mantle interface across a continental
margin when its depth is known at one point. Such 'open
ended' anomalies. have an effective vertical discontinuity
and can be considered to behave like a.shaFQﬁmmthﬁ\in the
region of the discontinuity. It is well known that when
a given function with a vertical discontinuity is
approximated by a partial sum-of components(e.g.frequency
components infourier analysis) large discrepancies occur
in the vicinity of the discontinuity (e.g. Hsu, 1967
page 320).. This effect is known as Gibb's Phenomenon.
Infinite anomalies cannot be analysed by the programs
because of this effect -~ violent oscillations occur in
the region of the discontinuify, (the last specified
anomaly value in this case), and the model. is. meaning--
less.

An example of this phenomenon in practice is shown

at Fig. (2-7(b)). The problem is oﬁercome by cosine

tapering the observed curve.. The résult of this
procedure is shown at Fig. (2-7(a)). In general when
dealing with infinite anomalies the following procedure
is adopted:

1) The 'open ended' anomaly is extrapolated at its

maximum level for five blockwidths beyond the last
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anomaly point to be fitted..

2) A cosine taper is applied to the end of the
anomaly for a distance equal to the anomaly length..
Alternatively the anomaly can be mirrored after extrap-
olation, Errors will obviously occur in the region of
the last few anomaly points before the extrapolation,
but these are usually found to be well within the limits_
of tolerance.

Interfering Anomalies.

Adjacent bodies (having the same density contrast,
or different contrasts of either sign) causing interfer-
ing anomalies can be analysed using the matrix method.
The density of each block is read into the program as
an array and the procedure used is. as before. Bodies
with a known lateral variation in density contrast can
also be treated in this way..

Steep Body Contacts

The fact that the body is built up of trapezia will.
obviously limit the maximum body gradients that can be
handled, when consideration is given to the condition
laid down in section (2-5-1).. A facility to vary the
blockwidths along the length of any model. has been
written into the programs and. in this way steep shallow
structures can be determined even for a body with a
large over-all depth, The VARYIT program must however
be used if the steep structure is at depth..

Conclusions

The programs: developed provide a fast and widely

applicable method of computing realistic geological
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models. from gravity data. In general, low residuals
result, and in cases where they do not, through lack of
resolving power, the residuals can usually be reduced to
a tolerable level by fine modification of the model using
a direct program (e.g. GRAVN - Bott, 1969).

2-7 Extension of the Method to Three Dimensions

Applying two dimensional analysis to three dimensional
structures invariably leads to an underestimate of the
body dimensions.. However with the application of end.
corrections the errors will be tolerable in the light
of uncertainties about the density and location of the
causative body.. The exception to this will be bodies
that have a small strike length normal to the observed
gravity profile or roughly circular structures, when
errors may well becomq significant. The matrix method
has been extended to three dimensions so that a reliable

interpretation may be made in these cases.

2-7-1 Calculation of the Gravity Anomaly due.to a Three

Dimensional Rectangular Prism.,

A computer program 'PRISM' has been written to
calculate the gravity anomaly due to a prism at any point
on a surface above the top of the prism. This program
is then used as a subroutine. in the automatic interpret-
ation programs, but it could also be used to compute the
gravity anomaly due to some arbitrarily shaped three--
dimensional structure by dividing the structure into
a number of small rectangular prisms.

The basic equation used is that of Hadz (1953) cited
by Nagy (1966) for the gravity anomaly due to any
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rectangular prism.

g (0,0,0) = Gp (-a log (b +r)-b log(a+r)+catan a.b.
Cer.

a4 bl cq (2-12)

where r =-(a2 + b2 + cz)%
An explanation of the coodinates is given at Fig.(2-8)

The expansion of equation (2-12) is. laborious and
will not be given here, it can be obtained from the
program listing (Appendix. 1) if required.

The two programs written GRAVIT 3 (For bodies with
inward sloping contacts) and GRAVIT 4 (outward) are
essentially identical to their twd dimensional counter
parts, but a brief description is given below.

Inwvard Sloping Contact Program

A series of rectangular prisms 100 metres thick are
placed under the known or estimated top surface of the
causative body. The increased thickness of the equiva-
lent layer approximation as compared to the two dimens-
ional case. is necessary because of the smaller gravity
anomaly due t¢ a.prism compared with a '"block' infinite
in one direction. The gravity anomaly due to a 1 metre
thick rectangular pfism of unit density would be
extremely small at some observation points for most
practical models, and a conditioning problem would arise..
The elementary prisms used for successive iterations must
also have this increased thickness, however, this does.
not affect the resolving power of the program.

The method of iteration is identical to that out-

lined in section 2-8-1.. Three iterations are usually

sufficient.
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Outward Sloping Contact Program.

One point on the top surface of the body must be
specified, a horizontal bottom surface is again assumed..
A series of prisms 100 metres thick are placed at the
level of the specified top surface point and the bottom
surface is computed using equation (2-7). The bottom and
top surfaces, with the exception of the specified point,
are adjusted by the same method as that used in the two
dimensional case. Smoothing of the compufed model to
form a series of trapezoids is not wriften into theprograms,
the final model is built up of rectangular blocks.

Lxample of the Application of the Programs

Both programs were tested by computing the gravity

anomaly due to a three dimensional body using a program

personal Ccommuinicallon-
THIRDIM (Y.Folkman,,1969) based on the method of Talwani&Ehnnj
(1960). The anomaly was then specified to the automatic
programs and the body shape recomputed. A simple example
using GRAVIT4 is cited here.

The gravity anomaly due to a 1 km. cube at a depth
of 0.5 km. was computed using THIRDIM., The body was then
recomputed using four prisms. The depth to the top of
one prism was specified. After four iteratiqns of thfee
unknown top surfaces were computed correct to 1 metre
and the unknown bottom surface was correct to within 2
metres. The residual anomalies were all 0.01i mgal or
less the maximum anomaly value being 3.14 mgal. = . .

Conclusions.

Although the programs have an advantage over the
only other method of three dimensional analysis known

to the author (Cordell and Henderson, 1968), in that they
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rapidly converge to a solution, they have a major drawback,
as will any method of three dimensional analysis, in that
the computer storage requirement for the analysis of any
reasonably sized geological feature is prohibitive. Their

use in practice is thus severely limited..
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CHAPTER 3

THE MATRIX METHOD APPLIED TO MAGNETIC INTERPRETATION

Introduction

In contrast to gravity interpretation where space
form and density are the only variables, magnetic inter-
pretation is complicated by two additional variable
parameters. In addition to shape and intensity of magnet-
isation, the orientation of the magnetic moment vector
in thecausative body and the Earth's field direction in
the region of measurement all contribute to the anomaly
shape. Magnetic interpretation is further complicated
by the lack of a. direct relationship between anomaly and
body shapes.. Two main techniques of interpretation have
previously been adopted:

Comparison kethods,.

The shape. of the causative body is assumed, and its
anomaly is computed, either using graticules (Pirson,
1940) or a computer program (Talwani and Heirtzler, -
1964; Bott, 1969). The computed anomaly is then compared
with the observed and the mismatch is noted. Trial and
error adjustments are then made, until the residuals.
between the observed and. calculated anomalies become
tolerable. This method proves far less simple than is
gravity interpretation, and the: time required to obtain
a solution becomes. prohibitive when the polarization
direction is unknown.

Alternatively, the anomaly can be matched with
master curves of known origin (Hutchinson, 1958; Gay,

1963;. Magrath and. Hood, 1970). Such master curves. are,

however, only available for simple bodies such as dykes,
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sills, prisms etc.

Direct Methods.

Under certain assumptions, such as the basic form
of the source body, parameters such as depth and width
can be evaluated from a.consideration of the anomaly
curve parameters. (Bruckshaw and Kuneratnum, 1963; Vaquier
et al, 1951).

Other methods involving continuation techniques have
been developed by Peters(1949), Henderson and Zeitz (1949)
and many commercial companies have methods for estimating
depth to magnetic basement (e.g. Hartmann et al, 1961;
Naudy, 1970).

Non-Linear Optimisation

Non-linear optimisation techniques (Al-Chalabi, 1970)
are the only methods developed to date of delineating
an arbitrary body shape directly from the anomaly caused.
They work by searching for optimum of a function in the
hyperspace of its variable parameters. No information
about the direction of magnetisation, regional background
field, intensity of magnetisation or body location need
be specified for a solution to be obtained, the resulting
model being in the form of a two dimensional polygon.
Although the methods. produce excellent results they do
have a serious limitation in that the number of coordinates

delineating the caugative body must b

o]

small if the
computation time is not to be prohibitive. The method
is thus restricted to simple anomalies,

The matrix methods described in this chapter are
capable of handling both simple and complex anomalies

and thus fill a very real gap in the available methods
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of magnetic interpretation.

Notation

The following notation will be used throughout this
chapter.
F (x,z) is any two dimensional total field magnetic
anomaly and is assumed to be measured in the direction
of the ambient field Fo. This assumption is valid as
long as F<K F,. Magnetic. anomalies usually satisfy
this. condition and thus satisfy Laplace's Equation.

The Earth's field dip is Ie and its azimuth with
respect to the direction of the anomaly profile is o5
(Fig.. 3-1).. The dip of the Earth's field in the plane

of the profile is given by:
o = arctan (tTan Ie/cos o%) _ (3-1)

Similarly the body magnetisation vector J (Jx, J Jz),

y’
has dip IB’ azimuth ccB,_and.dip in the plane of the

profile::
M = arctan (tan IB/cos_:aB) (3=-2)

Application of the Matrix. Technique..

Since. the equivalent dipole layer exists. for total
field magnetic anomalies. (Chapter 1), we. can apply the
matrix. method, used. in Chapter 2 for gravity interpreta-
tion, to solve the inverse problem in magnetics. However
inspection of eguation (1-10) shows. that the magnetic.
equivalent layer is a function of fhe angle/ﬁ (/6 = otu ),
and thus the dip of the body magnetisation in the plane
of the anomaly profile must be known before an equivalent

layer can be computed.



£

Fig,3-1. Notation used for the magnetic anomaly due to

an arbitrarily shaped, arbitrarily magnetised

body.
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Determination of the Body lagnetisation Angle

In cases where the causative body outcrops, the
magnetic properties of specimens can be used to determine
the angle of magnetisation (/M'), but in the case of a.
buried structure, or when the magnetisation of the rocks
exposed does not reflect the mean magnetisation of the
whole body, we must use the geophysical anomaly to
determine. the angle..

Bott, Smith and Stacey (1966) used the method of
Baranov (1957) to transform a magnetic anomaly to a
'pseudo-gravity' anomaly, and were ablé to estimate the
angle of magnetisation to within a range of some 50
degrees in this way. Various authors have published
methods. of determining the angle: of magnetisation when
the body shape is: known (e.g. Bhattacharyya, 1966; Watts,
personal communication), but no method exists in the
literature for determining the angle from a knowledge of
the magnetic anomaly alone.. This: can be achieved by the
empirical method described below.

There is associated with any magnetic anomaly an
anomalous magnetic moment vector (analogous to the excess
mass. associated with a gravity anomaly) resulting from
y? MZ)

and if we then consider a two dimensional body in the

the causative body. If this moment be M (M,, M

X,z plane, with area S within this plane and infinite
in the y - direction (Fig. 3-2), then the total magnetic

moment vector is:

M (M, M) = JJ J (x,2). dx. dz (3-3)
S

where J. (x,z) is. the intensity
of magnetisation at any point

(x,2) in the body
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It can be shown that:

2
M, = - (Lo, +na/2 (L« n?) (3-4)
and
M, = (Jy - 372 ({2 +nd) (3-5)
where o
J; = 1 fx- (F(x) - F(-x)) a_ (3-6)
bl o
and
Jy, = limit 1 x° (F(x) + F(-x)) (3-7)
X—00 2

and the vector s ==(f” 0o, n) defines. the direction of
measurement of F. (i.e. the ambient field direction)
(Smith - unpublished manuscript

- see Appendix. 2).

Thus. the total magnetic moment vector can be represented.
és a. function of the anomaly F(x) alone, and any set of
finite bodies producing the same: magnetic anomaly must
have the same total magnetic moment.. This fact can be
used to determine the angle of magnetisation of a finite
body using the equivalent layer technique.

Method.

The equivalent layer is approximated by a series of
thin blocks underlying the anomaly (with width;zrdepth -
see section 3-4-2-1). The magnetic anomaly due to such
a block can be calculated. at any point on or above the
block using the formula for a semi-infinite slab Talwani

and Heirtzler, 1964; Bott, 1969)
s : .. 2 . .
F" = sin I.e(_2Jx§1n Glogri/r2 + 2J.x§1ne cos.© ((p1 - q)z)

+ 2 Jz_ sin © cosO log r1/r2 -2 Jz sin29 (q)l = (?2))




t
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+ cos I, sincc ('2Jx, sinZ@ ((1)1 --(pz) - 2stin9 cos© log 1'1/r2

+24J, sin20 log ry/ry + 2 J, cos O sinO (q).l -«q)z)) (3-8)
see Fig. (3-2)

By subtracting two vertically sided semi-infinite slabs
we: obtain any desired block.. Thus: putting e = 902 in
equation (3-8) and rearranging in terms. of Jx and J, we
obtain the equation for the magnetic anomaly at any point

due. to any block..

F = J‘x_(_z sin I, log r1/r2 + 2 cos I sincg, (Ql —Qz))

+J, (2 cos I, sina  log r,/r, —2 sin I 0?1 _th))
(3-9)

Thus. for a series. of blocks: making up the equiva-

lent layer approximation we have, using matrix notation:

F. =A

i .i,j, J. +B..J_. (i =1toN j=1rtoM.

xJj ij "zj

- (3-10)
Aij is. the magnetic: anomaly of the jth block at the ith
field point assuming unit horizontal magnetisation. Bi,j
similarly assumes: unit. vertical magnetisation. 7The

3 3 . parere o o mi, . 2 1y ens
suhgeript indicates summation. Thus we have
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1f N:>2M then this. set. of equations has a least. squares:

solution.. However the vectors:ij and sz

dependent and the. individual values obtained for any

are linearly

element will depend on the dimensions of the equivalent
layer approximation used and will thus have no real
significance.. Nevertheless the mere existence of a
solution is sufficient for our purposes since any solut-—

ion must obey the. constraint:

/u = arctan M i
Z I23
j =1
Z. Ixj
J =_1

The individual elements are: then ignored and equation
(3-11) is- solved for the angle of magnetisation.

Since it is not necessary to restrain the depth of
the equivalent layer, except for the lower limit imposed
by the resolving power criterion, it is not necessary to
have. any knowledge of the depth of the causative body to.
determine. the angle of magnetisation..

No knowledge of the width or intensity of magnetis—
ations is needed and the technique is thus widely appli-
cable. Determinations of the angle of magnetisationcan
be made when insufficient data is available to determine
the space form of the bodyf

Results Using the Matrix Technique

The magnetic anomalies due to four arbitrarily
shaped bodies with different angles of magnetisation

were computed. using a program available at Durham (MAGN—

the mn.:-dn.eéc anomaly o be o.naQ-as,ed st asclend. ba.a.ond—
the .ends of the aq,.d\/o&m,t \aam- appmaxﬁlon.
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Bott, 1969). The equivalent layer technique was then
used to recompute the angle of magnetisation in each
case. For each model the equivalent layer was placed

at a series of depths ranging from half the true top
surface depth or top point depth, to three times. this
depth, No assumption about the body width was made,

the entire anomaly being underlaid by blocks. The only
parameter specified to the program was the Earth's. field
direction.

In all cases the angle computed was accurate to
within 0.05 degrees, a slight variation of computed
angle with depth of equivalent layer (of the order of
0.02 degrees) was observed. Further applications of the
technique to test and field data. are discussed. in sect—
ions. 3-5-1 and. 3-5-2,

Limitations of the. Method

1) Sufficient of the anomaly to be analysed must be
specified to permit the problem a meaningful. solution..
Thus just the main 'lobe! of an anomaly is. not sufficient..

2) The technique will not work for bodies that aré
infinite in the x.or z - directions: (e.g.. dYkes; sills
etc.) since in thesé cases. angle of magnetisation and
geological dip are.interchangeable(Bruckshaw.and.
Kunaratnam, 1963)

3) With field data there will always be some
dncertainty about the regional background field and if
this is large the possible range of angle of magnetis-—

ation will also be quite large..
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3-4-2 Determination of the. Space Form.

3-4-2-1

Knowing or having determined, the angle of magnetis-
ation, the problem of determining the shape of the anom~
alous body is similar to that posed by the inverse gravity
problem. Two programs: have been developed to treat the
cases: of bodies with inward. and outward sloping contacts.
Method.

It has been shown in Chapter 1 that a magnetic
dipole equivalent layer, producing the identical magnetic
anomaly to some unknown distribution of magnetisation
exists and we can thus write:.

0

-ao
where J(x) is the magnetic moment

per unit area.bounded by di(x) and
dé(xb andyd = d‘t/A. K is a kernel
function depending on d4, d, and
/8 defining the magnetic anomaly

of the equivalent layer assuming

unit magnetisation..

As before, if we subdivide the layer into a finite number
of blocks sufficiently small for the assumption of constant
magnetisation within a given block to be valid, then

equation (3-12) can be approximated by:

i3 d (3~-13

i =110 N vhere Kij is the anomaly at the
ith field point due to the jth

block assuming unit magnetisation.
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If n> m the solution is given by:

J = W 1glr (3-14)

using matrix notation.

The methods of iterating on equation (3-14) are basically
the same as those employed in the gravity programs and
need not be repeated here. Several minor differences do,
however, exist.

1) VWhen calculating the kernel function K unit
magnetisation in the direction of the true body
magnetisation vector must be specified for each
block.

2) The expansion equations for the gravity case
(equations 2-4, 2-6 and 2-7 - 2-10) must all
have their final terms multiplied. by si%/x.

e.g. equation 2-4 becomes:

.th

dy (3" block) = a4, (3% block) + 9 (i*Mblock) sin s
specified.magnefﬁsation

(3-15)
i.e. the assumption is that a linear relationship
exists between thickness and magnetisation, in
the direction of magnetisation.
3) Ehd corrections are not applied.
4) The magnetic anomaly due to each model is calcul-
ated using equation (3-8) after each iteration.
Again the problem is ambiguous and must be constrained if
the solution is to be meaningful. In the case of the
outward sloping contact program, one point on the top
surface and the magnetisation contrast must be specified.

In the case of the inward sloping contact program, the

top surface (not necessarily flat) and the magnetisation
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are fixed. Both programs have the facility for computing
the best model for various sets of these parameters, the
resulting models can then be accepted or rejected on the
grounds of geological feasibility and 'goodness of fit'.

3-4-3 Available Programs

Two programs, MAGGIT 1 and MAGGIT 2 have been written,
which compute the body magnetisation direction and the
space form for the cases of inward and outward sloping
body contacts respectively. Solutions can be obtained
for a series of values of magnetisations and depths. A
further two programs MAGGIT 3 and MAGGIT 4 are for use
when it is wished. to specify a value or series of values
for the dip and azimuth of the body magnetisation vectar.
Data. specifications, listings and general operating
instructions are listed in Appendix. 1.

3=5 Examples of the Application of the Programs.

3=-5-1 Test Data

Total field magﬂetic anomalies resulting from two
models, one with inward. sloping contécts, one with out-
ward, were computed using a program available at Durham
(MAGN --Bott, 1969). The body shapes-were éhen recomp-
uted using the automatic programs.

- 3-5-1-1 Model 1 --Outward Sloping Contacts

The depth to the point & (Fig. 3-3(a)) on the top
surface of the body and the magnetisation contrast were
specified. The peak to peak amplitude of the anomaly is
of the order of 4,000 gamma (i gamma = 10~° Uersted).
The computed dip of the body magnetisation vector in the
plane of the profile was in error by 0.02 degrees. Of

the fifty anomaly values. computed only nine had non-gero




Fig,.3-3(a). Test bolly and resultant magnetic anomaly

for the program MAGGIT2.

Fig,3-3(b). Test body and resultant magnetic anomaly

for the program MAGGIT1,
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TABLE 3-2,
i ESTIMATE 15 MAGMETISATION=.0010G0 BODY=-ANGLE= 30

BODY-INCLINATION= 70 FIELD-ANGLE= 45 FIELD-INCLINAT iti= 43

SIDE XTCP XBCT . pTQP ©ooHOoT
1 105500 105500 500 501
2 106500 106560 500 944
3 107500 107500 500 1392
4 108500 108500. 500 1823
5 109500 ¢ 109500 5G0 2311
6 110500 110500 506 2536
7 111500 1115006 500 2517
8 112500 112500 500 2316
9 113500 113500 500 1824

10 114500 114500 500 1392
11 115500 115500 SC0 943
12 116500 116500 500 501

Ay

LCCATION OBSERVED CALCULATED RESID

0 - 0.0 -0.1 0.1
5CG00 -0.4 0.4 -0.0

55000 "-0.5 -0.5 -0.0

6C000 - -0.6 -0.6 -0.0

65000 -0.7 -0.7 <0.0

7C000 -0.8 -0.8 0.0

75000 . -l.1 -1.1 -0.0

: 80000 -1l.4 -l.4 0.0
5 85000 -2.0 - -2.0 . 0.0
; 9C000 -3.1 -3.1 -p.n
! 95000 -5.1 -5.1 -0.0
; 96000 -5.7 -5.7 0.0
; 97000 -6.5 -6.5 0.0
= 98000 ~7.5 -7.5 -0.0
' 99000 -8.6 -8.6 0.0
N 100000 -10.1 -10.1 0.0
i 101000 -11.9 ' -12.0 0.1
i 102C00 -14.3 -14.3 -0.0
i 103000 -17.0 . -17.0 0.0
; 104000 -19.3 -19.3 -0.0
! 105C00 -8.4 -8.4 ~0.0
’ 106000 '90.0 90.0 0.0
; 107000 135.6 135.6 ~0.0
: 108000 ~ 148.0 148 .0 ~0.0
109C00 145.7 145.7 ~0.0

. 110000 130.0 120.0 -0.0
o 111000 103.7 103.7 ~0.0
. : 112000 69.2 69.2 -0.0
113000 27.2 27.2 0.0

- 114000 -19.6 -19.6 -0.0
; 115000 -70.7 -70.7 0.0
' 116000 -129.9 ~129.8 -0.1
: 117000 -108.0 -1G66.0 6.0
B " 118000 -60.5 -60.5 0.0
116C00 -39.8 -39,8 . 0.0

12CC00 -28.7 -28.7 ~0.0

121000 -21.8 -21.8 -0.0



124000
125000
126000
127000
128000
129000
13C000
135000
14C000
145000
150000
155000
16C000
165000
170000
175000
180000
200000

END OF MODE

END OF DATA

-786.1
~628.7
-503.3
-406,0
-33101
-273.3
_22805
—108I5
-62.0
-39.7
-27.5
=20.1
-15.3
=12.0
-9.7
-8.0
-607
0.0

L. 1£1£}

 -786.1

-6286.7
-503.3
-406,.0
‘331.1
-273.3
~228.3
-108.5
-62.0
=39.7
=27.5
-20.1
=15.3
-12.0
-9.7
~8.0
-607
_30

]
NOOOODOOO0ODDO0ODDODOOD
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residuals (<0.05 gamma) the largest being 0.4 gamma..

The largest error in any body coordinate computed was 2
metres in a total thickness of 4.5 km. . The computed
bottom surface was accurate to within 0.5 metres. The
results are shown at Table (3-1) and the magnetic anomaly
and causative body are. shown at Fig. (3-3(a)). The
program MAGGIT2 was used.

Model 2 - Inward Sloping Contacts

The top surface of the body and the magnetisation
contrast were specified. The peak to peak amplitude of
the magnetic anomaly is 300 gamma. Of the fifty seven
computed anomaly values only two showed non-zero resid-
uals (both 0.1 gamma). The angle of magnetisation
computed was accurate to within 0.03 degrees. The corn-
ers of the elementary trapezia were chosen so that the
model could not produce an exact fit, to test the
behaviour. of the programs under these conditions. The
degree of misfit of the computed body is small Fig.(3-3
(b)). Table 3-2 shows the computed results. The program
MAGGIT1 was used.

General Remarks

Both of the above solutions took of the order of
30 secs. computer time. using NUMAC IBM 360/67 (cf.
optimisation, 8 mins.). The advantage of using trapezia
to produce a smooth body outline, as opposed to rectang-
ular block is clearly seen by the good fits produced,
particularl& in the case of building up the top surface
of a body. The near surface vertical discontinuities

which necessarily result from using rectangular blocks




BODY

TABLE 3-1,

MODEL 1£1¢1

ESTIMATE 14

INCLINATIOM= &

SIDE XTCP
1 107500
2 108500
3 109500
4 110500
5 111500
6 112500
7 113500
8 114500
9 115500
10 116500
11 117500

12 118500
13 119500
14 120500
15 121500
16 122500

)

MAGNETISATION=.01000

X8aT
107500
108500
109500
110500
111500
112500
113500
114500
115500
116500
117500
118500
119500
120500
121500
122500

LCCATION CBSERVED

40000
6C000
65000
7C000
75000
80000
85000
9C000
95000

100000

101000

102000

103000

104000

105000

106000

107000

108000

109C00 1

110000 1

1110006 1

112000 1

113000 1

114000 1

115000 1

116000 :

117000 -

118000 -1

119000 - -1

12C000 -1

121000 -1

122000 -1

123000 -

0.0
-4.8
"505
64
=7.3
-8.2
-8a7
-703

2‘.0
49,3
73.0

107.2
157.0

230.0

336.8
489.7
700.5
974.0
299.2
629.%
872.9
913.7
516.0
203.5
454 .6
833.1
215.9
714.8
785.7
615.7
405.9
186.2
974.1

FIELO=-AMGLE= 4% F

DTOP
4999
4002
30060
2601
1500
1000
100G
1000
500
500
- 500
1400~
2301
3200
4102
4999

CALCULATED
- =3.0
-4.3
-5.5
-6.4
-7.3
-8.2
-8.7
-7.3
2.0
49,3
73.0
107.2
157.0
230.1
33648
439 &
700 .4
974.1
1299.2
162944
1872.9
1513.6
151640
1203.5
1454 .2
833.5
-216.2
-1714.6
-1785.7
-1615.7

"=1405.7.

-1186.2
=974 .7

BODY-ANGLE=

LU= T AT Ly

JullT
5000
5000
5000

5000

5000
5060
5000
5600
5000
5000
5000
5000
5000
5000
5000

5000

P
o’

® & o ® © & ¢ o ° & s &« W

ODOO0ODODODNLDIDOODHOQOOHME DO ODOO0OO00O0OD0O0DO0 D~

§ ) !
DO C 0O QOTOCSOoOCOOCOOO0OCOCOO0OO0O0OTOWwWMmM
s o & ¢ & 4

45




122000
123000
124000
125000
126000
127000
128000
129000
130000
135000
14C000
145000
150000
155000
160000
165000
17C000
175¢C00
180000
185000
130000
200000

END OF MODEL

END OF DATA

=-17.1
~13.9
=-11.5
-'907
-8.3
"7-2
-60_3
=5.5
_409
—300
-2.0
~l.4
-101
-0.8
-007
-0.5
-005
-Oo‘f
-0.3
-0.3
-002
0.0

1£1&1

=17.1
-13.9
-1l1.5
-9.7
~6.3
-7.2
-(').3
-5.5
4.9
=3.0
-2.0
-l.4

, —l.cl

-0.6
-0.7
=0.5
-005
-0.4
-0.3
-0.3
‘0.2
"0-2
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would certainly produce oscillations in the computed
magnetic anomaly, if not complete instability.

3=5-2 Field Data

3=-5-2-1 Lesser Antilles Arc Anomaly

This is a2 marine magnetic anomaly recorded during
the 1968 survey by the USC & GSS DISCOVEIRER. It crosses
the trend of the Lesser Antilles ( Volcanic) Island Arc
into the Venezuelan shelf (Fig. 3-4). The world wide
regional program was used to remove the background field.
The anomaly, shown at Fig (3-5(b)), is fairly complex
and is thus a good test for the technique.

The top surface of the assumed causative body is.
known from seismic reflection (air-gun)data (Lattimore
et al, in press), thus the oniy unknown to be specified
is the magnetisation contrast. Control on this is
possible since the depth to magnetic basement is estima-
ted to be between 4 and 5 km . in the Grenada Trough
(Fig.- 3-4), to the north of the profile, from seismic.

refraction data (Ewing et al, 1957). Various maegnetis-

ations were specified and a value of 0.002 emu/cc was:
found to satisfy these conditions. The angle of
magnetisation is 84° down to the north, and since the
Earth's field dip is of the order of 45° in the plane
.of the profile, remanent magnetisation must have a
significant contribution to the total. The computed
space-form of the body is shown at Fig(3-5(c)) and shows
good agreement with the seismic reflection data, the
rough topography to the north of the main anomaly peak

probably being due to the magnetic basement undulations

shown.
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3-5-2-2 The Carlisle Anomaly

This anomaly, which is taken from the aeromagnetic
map of Great Britain, is centred. near the city of
Carlisle in N.YW. England. Fig.(3-6). The exposed rock
at the surface is Triassic conglomerate, sandstone and
marl, and thus no surface evidence can be found for the
cause of the anomaly.. The roughly circular form of the
anomaly does however tend to favour an intrusion of some
kind rather than basement relief, asthe causative feature.

Since the basic form of the causative body is
unknown, the magnetic anomaly was analysed using both
MAGGIT1 and MAGGIT2, for a series of depths and magnet—
isations. The results are shown at Fig. (3-7).

Although, for a body with outward sloping contacts,
a range of solutions with depth to highest point in the
range 2~-4,.5 km . and magnetisations 0.0008 to 0.006
emu/cc satisfy the observed anomaly within reasonable.
limits of tolerance, the best fit is produced by a body
with a depth of 4 km:.. and a magnetisation contrast of
0.001 emu/cc.(all residuals <1 gamma). The form of
the body produced is suggestive of a dome-shaped intru-—
sion, probably a basic plug, as 0.001 emu/cc is an
unusually high magnetisation for a granite.

A slightly deeper body with a magnetisation contrast
of 0,003 emu/cc also produced an excellentiﬁo the observed
anomaly (Fig.(3-7(b)). As this model has only 1 km. of
relief a basement rise is suggested. However, the
direction of magnetisation of the basement to the south-
west of this profile is known from the work of Al-Chalabi

(1970) and from re-analysis is this chapter(section
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Fig.3-6. Location of the Carlisle (C) and Solway Firth (SF)

Magnetic Anomalies.
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(3-5-2-3) to be of the order of 82° down to the north.
The body causing this anomaly has a computed magnetisation
direction of 107° (i.e. down to the south). This fact.
plus fhe circular nature of the anomaly tend to militate
against basement topography as the origin of the anomaly.

The best fit with an inward sloping contact body
was obtained with a magnetisation contrast of 0.0005
emu/cc and a. depth to top surface of 2.5 km: . Again
two possible interpretations exist.

1) The anomaly is caused by a downwarp in the mag-
netic basement, which must then be magnetised at an angle
of -73° (i.e.. up to the north) Fig.(3-7(d)).

2) The 'downwarp' contains the material with the
higher magnetisation, and the angle of magnetisation is
as before 107° Fig (3-7(c)) (feeder not computed).

Again we cannot exclude either solution on geolog—
ical grounds, but basement downwarp is unlikely for the
reasons. given previously against basement. rise..

Thus: the anomaly would seem to result from either
a plug shaped intrusion or a lopolith.. In either case
it is clear that the body was intruded during a period
of reversed polarity, the computed. magnetisation direction
resulting from a. combination of. the induced magnetisation
(down to the north) and the remanent (up to the south)..

The Solway Firth Anomaly

This anomaly is again taken from the Aeromagnetic
Map of Great Britain and is chosen to provide a method
of comparison between the matrix method and the only

other available method, non linear optimisation
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(Al-Chalabi, 1970).

The anomaly extends over the Solway Firth and is
negative over a region occupied by a sedimentary basin
(Fig. (3-6). The anomaly was first discussed by Bott
(1965), who concluded that it cannot be attributed to
a magnetisation contrast between the basin and the
underlying Paleozoic rocks. Al-Chalabi (1970) inter—
preted the anomaly in terms of Pre-~Cambrian basement.
relief..

The specified top surface was the same as that used
by Al-€halabi(1970) and a. series: of magnetisation con-
trasts in the range 0.0005 to 0.005 emu/cc were specified.
The best results were obtained using contrasts of 0.001
and. 0.002. emu/cc, the results are shown at Fig. (3-8)..

The. angle. of magnetisation computed differed by
only 1 degree from that found by Al-Chalabi (1970) and
the models. were in excellent agreement with those obtain
by optimisation for the same magnetisation contrasts..
The. computer time for each model was of the order of

45 secs.

Limitations of the Method

The limitations of the matrix method applied to
gravity ihterpretation (Chapter 2) apply equally to
the magnetic programs.

There exists, however, an additional limitation.

Shallow Angle Magnetisation

If the angle of dip of the body magnetisation vector
is found to be less than 10 degrees in the plane of the

profile the problem of instability in the initial
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equivalent layer approximation, due to dependance between
the individual magnetisation vectors, is encountered..

The problem can be overcome by increasing the initial
blockwidth to 5 to 10 times the depth to the equivalent
layer approximation, thus reducing the instability, but
resulting in an unacceptable loss in resolving powver.
This. in turn can be overcome by using a shifting block
coordinate program similar to the VARYIT gravity program
(Chapter 2). Although the instability is not entirely
removed by this method, a good esitimate of the body

space form is' obtained..

An attempt to overcome the problem using a pseudo-gravity
transform technique (Baranov, 1957) was unsuccessful
since: the transform alseo. becomes: unstable under shallow
angle conditions..

The second problem assbciated with shallow angle (/UL L_IOO)
analysis. arises in determining the shape of the causa—}
tive body from the equivalent layer approximation..

Since the direction of magnetisation is at a high angle
to vertical, the resultant. magnitude of the vertical
expansion, given by equation (3-15), will be very small,
and a.correspondingly slow. rate of convergence will
result..

This is overcome by expanding the body dimensions.
at an angle shallower than 90° and varying both the x
and z coordinates of the unknown surface (Fig 3-9).

The. choice of expansion angle is governed by the nature
of the sin function and the estimated steepest slope:

of the body, since if the expansion angle is: not greater
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than the steepest body surface slope, the program will
obviously be unable to produce the required body. The
general problem of low angle magnetisation is illustrated
at Fig.. (3-9). An expansion angle of 60% has been used
throughout..

The. equations replacing equatioen (3-15) and defining

the x and z coordinates of the new body point are:
d2 (jth block) = d, (jth block) +

J (jth block) x (cos:/g,_. cos® + sin# . 5in® ) sin®

specified magnetisation

(3-16)
and:

X5 (§th) = x,(jth) + J(jth) x cos)',u—.cose + sin/,u.,sine)cos9
specified magnetisation.

(3-17)
where.(xiﬁ dl) are any initial
body coordinates, (x5, d,) are
the new. coordinates and © =

expansion angle - see I'ig.(3-9)..

Other Applications of the Magnetic Equivalent Layer,

Having computed the magnetic equivalenti layer the
.anomaly at any point in space on or above the layer can
be found. The method can thus be used for upward and
downward continuation, or for recomputing the anomaly

on a regular grid for mapping purposes. The problem
encountered in many upward continuation methods of
requiring at least a series apprdximation for the anomaly

between + co and - ¢© does not arise as the equivalent

layer has a finite magnhetic anomaly at large distances
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from the layer.

Conclusions

The programs developed provide a fast and reliable
technique of determining the shape and magnetisation
direction of a body, from a knowledge of the magnetic
anomaly produced, under certain constraints on the depth
and intensity of magnetisation.

The advantage of the matrix method over the only
other available method (non-linear optimisation — Al-
Chalabi (1970))15 that it is faster ( average computer
time = 40 secs. cf. optimisation = 8 mins.) and is thus
able to handle a large number of body variables and
consequentlyanalyse complex anomalies. Interfering
anomalies. cause by adjacent bodies with different magnet-
isation contrasts can also be treated.

The advantage of non-linear optimisation over the
matrix technique is that it is not necessary to specify
the regional field, the magnetisation or the whole
anomaly to obtain a solution. Although the last point.
may be open to criticism in that unless the whole anomaly
is specified the model produced is merely the optimum
body for the section of the anomaly specified and may
have. no. geological significance, the first two points
give the method a real advantage over the matrix technique
in many cases..

Extension of the Technique to Three Dimensional Analysis

As stated in Chapter 2, the application of two
dimensional analysis to three dimensional structures

will lead to an underestimate of the body dimensions
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being made..

Three dimensional analysis programs have not been
written, but modification of the three dimensional gravity
programs for magnetic interpretation is merely a matter
of substituting the magnetic prism formula (Bhattacharyya,
1964) for the gravity prism subroutine (PRISM - see
Appendix 1). Whether the greatly increased computing
time and storage requirement would be justified is open
to question. From an examination of the work of Lehmann
(1971) on this subject it iéi;%esent author's opinion
that it would not. The formula is given here for complet-
eness and for the information of anyone wishing to employ

three dimensional analysis:.
F (x,y,0) =Fhq (x,y,0) — Fyo (x,y,0) (3-18)

where Fhi and th are the magnetic anomalies at the point
(x,¥,0) due to infinitely thick prisms with depths to

top surface h, an& h, respectively (h2:> h1)” The. anomaly
due to a prism of finite thickness h2 -—h1 is. then obtained

from equation (3-18).. See Fig. (3-10)

We: haves

F, (x;v,0) = J (L 232 log -(r-o —oC, + L 15  log (ry = f4
- C+ o + )

h=h1, h2 2 To ¥4 ) 2 . To /31

- CC,, log (ro + h) ~ L atan (d&_/gl

CC12 +roh o+ hz)
~m N atan (cry A + n N atan (co; B, % |Au
r02' +r, hy —(:(‘12) r, b )
&e ./KL
(3-19)
where:

€y = C-x%x, B =p-x,r2-c®+p2+n



and oC, and /6u are the
the lower limits of CIi
the direction cosine of

L,M,N are the direction

vector

and

oC

i2

= Lm + Ml
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upper limits and OC _ and /3 o are
and /61 respectively. e,m,n are
the Earth's field vector.

cosines of the body magnetisation

CC13 = Ln + N1 and @23 = Mn + Nm.
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CHAPTER 4

THe MEASURSMENT OF GRAVITY AT SeEA

Introduction

Gravity stations at sea are established by measuring
the difference in gravity between some fixed location at
sea and a land base station where gravity is accurately
known. This can be accomplished by using an underwater
gravity meter (operated on the ocean bottom), a Vening
Meinesz pendulum, or a surface ship meter (mounted in
gimbals or on a stable platform). The gravity stations.
discussed in the present work have all been established
using an Askania sea gravimeter mounted on an Anschutz
gyrostablised platform.

Problems arise because the measuring system is
itself in motion, resulting in errors which must be taken
iﬁto account if accurate measurements of the gravity field
are to be obtained.

Vertical Accelerations of the Ship

Since no instrument can distinguish between gravity
and vertical accelerations any measurements made at sea
will be of gravity plus the vertical acceleration of the
ship due to wave motion (g + ;). These vertical acceler-—
ations have an average period of 8-10 seconds and a
maximum amplitude of 100,000 mgal. The gravity signal
can be considered to have a minimum period of interest of
8-10 minutes. The meter is thus highly damped for high
frequencies, to remove the signal due to wave motion and
prevent the measuring instrument from hitting its stops,
but has low damping for low frequencies. No long period

!
change in z is considered since vertical accelerations.
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of the ocean surface due to tides are negligible. The
gravimeter then behaves like a simple low-pass filter
and some data, at higher frequencies will be lost.

In normal use the Askania sea gravimeter has a
time constant of 250 seconds. This introduces a const-
ant time delay of 250 seconds for constant gravity
gradients (Graf and Schulze, 1961), but gravity signals
with periods of several tens of minutes are distorted
as well as delayed (Talwani, 1966).. This effect and
the effect of non-linearity of the measuring system
are usually ignored..

4-3 Horizontal Accelerations of the Ship

4-3-1 O0Off-Levelling Errors

Dynamic off-levelling errois, caused by a periodic
off-leveling of the stable platform in the presence of
periodic horizontal accelerations are discussed in this
section.

If we consider the stahle platform to be off level

by an angle 6 (Fig. 4-1) the gravimeter will measure:

gy = (& + z_ cos (Wt + Q )) cos ® - x_ cos(wt + A )sin©

o o
(4-1)

where the horizontal acceleration is given by

1" 1] )\

x. =x,  cos (wt £ A) (4-2)
and the vertical acceleration by

" "

z = 2z cos (wt «+ Q ) (4-3)

that is the two accelerations have the same frequency..
This condition generally exists to some extent at sea due

to the approximately circular motion of water particles
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in waves.
If we now consider the case where the off-level
angle is driven by the vertical accelerations and has

the same frequency as the vertical accelerations:

6 = 90 + Gi_cos (wt + €) (4-4)

where 90 = mean table angle.

we have:

By = (g + ;o. cos(wt t{? N --902 - 90 91 cos(wt + € )

2

- 912 cos.2(wt + € )) - ;_Eocos(wt + A )( 90 + 91 cos(wt +€))

2 (4-5)

"
Taking the long period time average and assuming z, to be

n
damped and therefore z << g we have:.

gy =6(1 —% 62 -2 02 - 1% © cos (\-e) (4-6)

If the period of table off-levelling is not equal to the
horizontal acceleration period only the term due to non
vertical measurement exists in (4-6)..

It is found that the level must be maintained to
within £ 5' if an accuracy of £1 mgal is to be maintained..

Cross Coupling Errors

Cross coupling errors occur if horizontal acceler-
ations act in the direction of the beam with the same
period as the vertical motions of the beanm..

If the wave motion causes the beam to be displaced

by an angle Q where:

(p = q)o + ?1 cos (wt + N\ ) (4-7)

-
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and the horizontal accelerations are given by:

X = X, cos (wt +€) (4-8)

The instantanfous cross coupling is given by:
n
CCI = X Q (4-9)
The time averaged cross coupling is given by:.

cC =% x, §4 cos (- A) (4~-10)
(La Coste, 1967).

This effect is relatively small in calm seas, but values
up to 25 mgal have been reported in rough sea states
(Talwani, 1966; LaCoste, 1967).. A simple computer can

be used to measure the effect by monitoring the beam
position and measuring the horizontal acceleration exerted
on the beam with anancglerometer on the stable platform..

1t
The Fotvos: Effect

A moving object on a rotating earth is subject to
a vertical Coriolis acceleration known as the E8tvos
effect.

The gravity data must be corrected for this effect.

which can reach well over 100 mgal.

The E&tVos error is given by:

- 7.503 Vg cos€ (mgal..) (4-11)
where VE is the easterly component
of the ship's velocity in knots.
and © = ship latitude

a second order term involving the ships speed (0.00415 Vz)
is: neglected.

Since the effect can be large it is important to




4-5

- 51 -

know. both the course and speed of the ship accurately,
that is, to have accurate navigation.

A 1 knot error in the calculation of the east west
speed of the ship, will result in an error of the order
of 7 mgal in low latitudes.

Gravimeter Drift

Sea gravimeters, like their land counterparts are
subject to drift of reading with time. This effect is:
usually considered to vary linearly with time and is
corrected for by 'tying in' the meter reading to an
established base station on land, at each end of the
survey..

Land Ties

Land ties at. either end of a survey leg are necessary

to tie down the survey and compute the sea gravimeter
drift correction.

A gravity station at the dock alongside the ship
is first tied in to an accurately established gravity
base station, using a land gravimeter..

The gravity at the ship's. location is then deter-
mined at sea level. If the dock is solid this consists
of a free air correction (+c:09u06emgal/ft.), less the
semi-infinite slab correction (~oa7o2 mgal/ft. - for an
assumed density of 2.67 gm/cc). If the pier is open
only the free air correction need be applied. At the
same time as the dock station is established, the steady
reading of the sea gravimeter is taken.

The survey between land ties can thus be tied down

and the sea gravimeter drift since the last land tie
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can be calculated. This is done by subtracting the sea
gravimeter reading (converted to mgal) from the computed
sea level gravity. This quantity, known as the 'zeroed
meter gravity' (Z.NN.G) is then subtracted from the
previously determined Z.M.G. to obtain the drift in
mgals between land ties.,

This treatment. of the problems encountered in measur-
ing gravity at sea has necessarily been brief. Excellent
detailed accounts of the problems and errors involved.

are presented by Talwani (1966) and LaCoste (1967)..
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CHAPTER 5

INTERPRETATION OF A MARINE GRAVITY SURVEY OF THE CARIBBEAN

EASTERN MARGIN SOUTH OF ST. VINCENT.

Introduction

Island Arcs—General

The hypothesis of sea~floor spreading(Deitz, 1961;
Hess, 1962) and the complémentary 'New Global Tectonics'
(Isacks:y Oliver and Sykes, 1968), whereby new oceanic.
crust is being created at the active ocean ridges and
crustal loss or shortening is occurring at the deep
trenches and regions. of active folding and tThrusting is.
now generally accepted by most Earth scientists. Geophys-
ical evidence points to island arcs as being areas of
crustal loss.. They are regions of great tectonic
activity, volcanoes, folding, faulting and the majority
of the worlds deep and intermediate depth earthquakes
are associated with these or similar structures. A
deep ocean trench often parallels a volcanic arc on its
convex. side..

A study of the hypocentres that account for most.

indicates. that the earthquakes are situated beneath the
landward slope of the associated deep-sea trench and
form a zone dipping beneath the arc (Isacks, Oliver and
Sykes, 1968). Comparison of seismic waves generated by
deep earthquakes and propagated along different paths
under Tonga Kermadec arc, demonstrated the existence

of a zone of anomalously high seismic velocity and low

attenuation of the order of 100 kms. thick in the upper
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mantle.. This zone, which is bounded on its upper surface
by the seismic zone previously mentioned, dips west ben-—
eath the arc and extends to a depth of 700 kms. (Oliver
and fédcks, 1967). These data are interpreted as under-
thrusting of the oceanic lithosphere (that. part of the
crust and upper mantle having high strength) beneath

the volcanic arc, the deep sea trench being taken as. the
locus: of underthrusting..

Island arc: areas, in general, exhibit three main
elements, a.deep sea trench, a chain of uplifts lacking
young volcanoes and a. zone of active volcanoes, although
one or more of these features may be absent in some arc
areas. The narrow belt.of negative gravity anomalies
found to. the convex side of the volcanic: arc (Hess,1938),
the: inclined zone of earthquake hypocentres (Isacks,
Cliver and Sykes, 1968, Molnar and Sykes, 1969) and the
narrow zone of volcanic activity about 150 kms. from the
concave side of the trench, all lend support to the
theory that island arcs are areas where recycling of
the lithosphere occurs..

The volcanic activity is believed to result from
partial melting (Ringwood, 1969) under high load pressures
and shear stresses (Oxburgh and Turcotte, 1968) of the
oceanic crust on the descending plate. This probably
involves the partial melting of quariz eclogite from
the transformed dry basalt in the lower crust and of
amphibelite from the transformed wet upper crust, leaving
residual eclogite (Dewey and Bird, 1970). The calc-—

alkaline magma which is formed erupts on the arc as
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andesite and dacite. Lateral variations in magma type,
attributed to different depths of formation by Kuno(1965)
are observed in the Japan arc,

Lesser Antillean Geology

The. islands of the Lesser Antilles, which form one
of a series of north-south trending ridges and troughs,
separating the Atlantic ocean from the Caribbean basin
(Fig. 5-1), form an atypical island arc.. No deep trench
is found to the convex side of the islands and the arc
is in a.region of otherwise inactive continental margins
where no crustal loss- occurs..

North of Dominica the islands can be divided. into
'Limestone Caribbees' and 'Volcanic Caribbees'. The
geological history of the Limestone Caribbees: (Marie
Galante, La Desirade, Grande Terre, Antigua, St.
Bartholomew, St. Martin, Anguilla, Dog and Sombrero)
is. Middle Eocene: to Late Oligocene volcanism, followed
by erosion,, minor intrusions and faulting, then a late
Oligocene - EFarly Miocene cap of shallow water limestone,
followed by Late Miocene uplift (Nagle, 1970)..

The. Volcanic Caribbees (Illes. des Saintes, Basse
Terre, Montserrat, Nevis, St. Kitts, St. Eustace and
Saba) are composed of. Late Miocene to Recent Volcanics,
with no major intrusions and only few sediments..

To the south of Dominica lie only Volcanic. Caribbees.
(Martinique, St. Lucia, Si. Vincent, the Grenadines and
Grenada), which have Middle Eocene to Lower Miocene
volcanics in addition to the Late Miocene to Recent

Velcanics, similar to those of the Volcanic Caribbees
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north of Dominica (Nagle, 1970).

There have thus been two episodes of volcanism
separated by a period of submergence, resulting in the
deposition of shallow water limestone.

5-1-3 BSurrounding Framework.

On the Atlantic side of the Lesser Antilles lies,
in the north the Puerto-Rico Trench and in the south the
Barbados Ridge. Between the island arc and the Barbados:
Ridge is the Tobago Trough (Fig. 5-2). Interior to the
arc is the Grenada Trough and west of this the: Aves
Swell, which forms the eastern margin of the Venezuelan
Basin.. To the north of the arc are the islands of the
Greater Antilles. (Jamawa, Cuba, Hispaniola and Puerto
Rico) and to the south the South American continental
margin.

5-1-3-1 Northern South America, Trinidad and Tobago..

Pre-lesozoic rocks probably underlie the North Range.
Mountains. of northern Venezuela and Trinidad (Fig 5-1),
although their existence has never been proved (Nagle,
1970). The rocks. of the North Coast Range form a rigid
unit, traceable from the Araya Peninsula in Venezuela,
through Trinidad to 59°% 50' West (Bassinger et al, in
press) and are believed to have been metamorphosed
during the Cretaceous =-- Early Terfiary interval during
a series of episodes (Hess, 1960). The range is bounded
north and south by fault zones (the southern boundary
being the El-Pilar fault) and is comprised, in the east
of Venezuela of two major groups of metamorphic rocks,

a metasedimentary sequence in the north and an essent-

ially metavolcanic sequence in the south (Nagle, 1970).
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South of the El-Pilar fault thick Mesozoic and Tertiary
sediments overlie the Pre-blesozoic rocks through most
of northern Venezuela.

In Trinidad, the North Range Schists are mainly
phyllites (Liddle, 1946) ‘identical with the metasedi-—
ments of northern Venezuela. No metavolcanics, and only
a few igneous rocks are found.

In Tobago, the deeply eroded schists of the Main
Ridge formation, found in the north of the island resemble
the North Range schists of ‘irinidad in degree of meta-—
morphism and in that they are both isoclinally folded
and turned over northwards, (Maxwell, 1948). On the
other hand the schists of Tobago are mainly metavolcanic
rocks. South of the schist belt on Tobago, is a belt
of intrusive and extrusive rocks, occupying more than
half the islands area (Maxwell, 1948). This is in
contrast to northern Trinidad where igneous activity is
only slight.

Barbados..

The island of Barbados is a local topographic high
element within the complex. Barbados Ridge. structure..
The foundation series of the island is the Eocene Scot-
land Group (Senn, 1940), a series of sandstones and
clays testifying to the proximity of a large'land.area
at this time. Overlying this is the Miocene Cceanic
Series containing abyssal deposits (radiolarians)
indicating that the Barbados Ridge was a. foredeep at
this time (Weeks et al., in press) and has since been

elevated. Lying above this is Pliocene Globingerina.
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marl and limestone (Trenchman, 1933), followed by Recent
to Carly Pléistocene limestone. At present most of the
island is covered by coral rock up to a maximum thick-
ness of 250 ft.. Boreholes show that sediments have a
thickness in excess of 15,000 ft. under the island..

Previous Geophysical Work.

Seismic refraction experiments in the eastern
Caribbean have been interpreted by Lwing et.al.(1957)
and Officer et al, (1957; 1959)..

Gravity measurements have been made by Vening
Meinesz (1934; 1948), Ewing (1937), Shurbet and Ewing
(1956), Shurbet et al. (1956), Masson Smith and Andrew

(1965), Talwani et al, (1959), Andrew et al, (1970) and
Bowin (personal communication).

A general description of the nature of the magnetic
field in the eastern Caribbean is presented by Ewing et
al. (1960)..

Bunce: et al. (1970) describe several continuous
seismic: reflection, magnetic and gravity profiles across.
the eastern margin of the Caribbean and Chase and Bunce
(1969) show. four seismic. reflection profiles to the
east of the Barbados: Ridge..

Details of the seismicity of the region are pres-
ented by Molnar and Sykes (1969).

Reduction of the Gravity Survey.

Introduction

During the summer of 1968, 4630 km,. of seismic
reflection profiling, gravimeter, magnetometer and echo
sounding observations were made by the U.S.C & G.S.S.

DISCGVERER in an area bounded by longitudes 58° 30' Vest
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to 63° 00' West and latitudes 10° 00' North to 12° 30!
North, as part of a geophysical investigation of the
southern Lesser Antilles and associated structures.
The track chart is shown at Fig. (5-3).

Results and interpretations of various sections of
the survey are presented by Lattimore et al., Bassinger
et al. and Weeks et al. (all in press).

The gravity data obtained, supplemented by gravity
data from Bowin (personal communication), Bush and Bush
(1969) and Andrew et al. (1970) are interpreted in this
chapter.

Measurements of the gravitatiohal field were made
wvith an Askania Seagravimeter (nr.23) mounted on an
Anschutz gyrostabised table. The meter was run in the
automatic: mode and a cross—coupling computer was not
used,

Navigation was by radar and star sights, the estim--
ated probable position of the ship being ¥ 2 nautical
miles. (R.K. Lattimore - personal communication). The
survey was, in the main, run at a speed of 5 knots,
although for various reasons, speeds between 2 and 10
knots were used during the cruise..

Gravity Base Station }

The survey, which was in two legs, was tied into
the gravity station at Seaweil Airport, Bridgetown,

Barbados
BASE GRAVITY = 978.2997 gals.

The. dock gravity station established was the same for

each land tie. Details of the dock gravity and sea-
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gravimeter zeroed metered reading are given below

SCIENTIFIC  LOCATION OF GRAVITY £-M.G.
DAY STATION + ZLEV. (gals) (gals)
170 BRIDGETOWN BDS.  978.2951 977..0565
LEG 1 BOLLARD 34 h = 8'
180 " ! 978.2951 977.0506
248 " " 978.2951 977.0585
LEG 2
266 " u 978.2951 977.0573

5-2-3

5-2-4

5-2-5

Drift. rates were thus:

0.59 mgal/day for leg 1.
0.07 mgal/day for leg 2

Navigation

Smooth plots of the navigation fixes were drawn and
the ships. tracks broken into sections. that could reason-
ably be approximated by constant course and speed..
These fixes were then supplied to a reduction program..

Analogue Recordse..

The analogue gravity meter records were critically
examined and a quantity of the data deemed to be in
error as a resuit of a malfunction of the x - axis
accelerometer on the gyrostable table, was rejected.
The remaining data was digitised by hand at a maximum
interval of 5 mins. (0.75 kms.), less if necessary to
delineate the records..

Reduction to Free Air Anomaly..

The free air gravity is. computed from the digitised

records: by applying the meter scaling factor and the
(LB

Eotvos: and drift corrections (Chapter 4).. Free air
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anomalies are taken as the deviation of these corrected
values from the values computed from the 1930 Internat-—
ional Gravity Formula

The reduction was carried out with a computer program,
written by P.Grim (personal communicatioﬂ) using the
University of Miami's I.B8.M. 360/70 computer. The program
computes the free air anomély and navigation fixes as a
specified function.of distance or time, by linear extra-
polation between given data pdints.

5-2-6 Reduction to Bouguer Anomaly.

The Bouguer correction corrects for the effect of
varying bathymetfy by effectively replacing the sea
water up to sea level with rock of a specified density.
Two common densities used for this correction are 2.67
gm/cc, the mean density ggfg;ustal rocks (Woallard and
Strange, 1961), or the density of the 'basement' rocks
of the region, if these are common to the whole survey
area. In the extremely complex area under consideration,
it was decided to use the density of the shallowest
sedimentary layer (1.80 gm/cc - estimated from P - wave

" velocities using the relationship of Nafe and Drake,
1963). In this way successively deeper strata have,
in general, increasing densities. This is considered
a realistic method of making the correction, as well
as facilitating the computation of the structure of
the region.

The corrections were applied using a program avail-
able at Durham (GRAVN; Bott, 1969) which computes the
gravitational attraction of an arbitrarily shaped body.

Sudden changes in bathymetry prohibit the use of the
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simple infinite slab formula (Nettleton, 1940) for making
the correction.
5-2-7 Lrrors

cdrrors in the observed meter readings will occur
due to the off-leveling aﬁd cross coupling effects
(Chapter 4) errors in navigation, and non-linearity of
the. meter. Further, operating the meter in the autom-
atic mode results in the attenuation of readings in
regions of high field gradient. Some estimate of the
errors incurred can be obtained by an examination of the
readings. at the intersections of track lines (cross-
over errorsj).

The ten cross over errors examined for this survey
were less than 10 mgal, the mean error being 6.9 mgal.
with a standard. deviation of 2.9 mgal: from this. mean..

5-3 Description of the Bouguer Anonialy kap

The Bouguer anomaly map (Fig. 5-4) shows two main
areas of anomalously high gravitational field. The
first, High A, in the north and west of the map shows
the curve of the volcanic arc and its extension into
the Venezuelan shelf at least as far as 63° West. Data
for the islands of St. Vincent, the Grenadines and
Grenada has not been included but is available (Andrew.
et al. 1970).. Bouguer anomalies up to 195 mgal are
observed on these islands. The highest anomaly measured
at sea is 110 mgal in the south west of the arcuate high.
Although topography accounts for part of the high there
is obviously a considerable mass excess associated with
the islands. Outside the survey area this high can be

traced further north always associated with the volcanic
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‘at Longitude 62° 30! West, from the Venezuelan Shelf off
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or ex~volcanic arc (Andrew. et al., 1970).

The second main high, in the south and east of the
map, is. considered to be caused by at least two distinct
structural features. iHigh C - C' is later interpreted
in terms of shelf structure, High R as a local mass
excess within the broad structure resulting in the Bouguer
anomaly low (LOW E).

As stated, LOW E is interupted by HIGH R and forms.
two distinct 'limbs', one striking from west of Barbados:
into the Tobago Trough where it decreases in magnitude,
dying out around 61% 30" Ylest, the other striking first
south, with increasing magnitude, then turning west
through central Trinidad..

Integpretétion

Profiles R —R' and. S - S' and the Extension of the Lesser

Antilles Arc into the Venezuelan Shelf.

Profile R - R‘I(Fig 5-4) strikes roughly north-south

the Paria Peninsula to the Grenada Trough. It includes
a Bouguer anomaly high (liigh A) that is continuous with
the arcuate Bouguer anomaly high associated with the
Lesser Antilles. The énomaly has a maximum value of
110 mgal. High A coincides with an outcrop of seismic

on R-R’
'basement', and with a zone of high frequency, high amp-

litude magnetic anomalies. 'The outcrop of basement rock
is not, however, an extension of -the island of Grenada,
since seismic reflection profile KB' (Fig.5-4) shows

no basement in more than 0.5 sec. of penetration and

the magnetic record shows a lack of the characteristic
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high frequencies (Lattimore et al., in press). Lattimore
et al. (ibid.) suggest that this is probably due to
faulting and postulate a N.l. - S.E. trending fault in
this area. The gravity evidence also indicates that

the basement rock is at depth in this region.

Two interpretations of the Bouguer anomaly high are
then possible:

1) A fault bounded block of igneous or metamorphic

rocks.

2) A continuation of the island arc structure into

the Venezuelan Shelf.

The second possibility would seem the more probable
of the two, taking into consideration the magnitude of
the Bouguer anomaly and its continuity with the trend of
the main arc. anomaly (Fig.. 5-4).

A possible structure, that satisfies all the avail-
able seismic. and gravity evidence, is shown ir Fig (5-6).
The. following initial assumptions were made..

The profile crosses a seismic refraction line shot
by kwing et al, (1957) (line 25 - Fig (5-5)) on the
Venezuelan Shelf. The crustal structure at the point
of intersection is taken from the refraction data.

The north of the profile extends into the Grenada.

Trough (Fig.. 5-4), but does not cross seismic refraction

w

line 29 (Ewing et al., 1957). However, recent seismic
reflection work (Bunce et al., in press) indicates that
the sedimentary strata are extremely flat lying .in the
Grenada Trough, thus in the absence of further informa-

tion, the crustal structure at the northern end of the

profile is taken to be that found under refraction
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station 29..

Refraction work in the region of the volcanic islands
of the Lesser Antilles (Ewing et al,, 1957; Officer et al.,
1959) has Bhown that a layer with velocity 4.0 - 4.4 km/
sec. rises above the sediment cover to form the islands.
The seismic basement found beneath High A is taken to
be the upper surface of this layer.

The density of upper mantle rocks is assumed to be
3.30 gm/cc, other densities are estimated from P - wave
velocity — density relationships (Appendix 3) and the
densities reported by Andrew et al. (1970). Layers are
distinguished on the grounds of seismic velocity and
density, not necessarily lithology.

The method of computation was as. follows:.

A simple initial crustal model was constructed
using the available seismic evidence and the resultant
gravity anomaly was computed using GRAVN (Bott, 1969).

The program GRAVIT 2 was then used to. determine the
shape of the source body causing High A, assuming a
point on the top surface (from reflection data) and a
density of 2.6 gm/cc. A thickness of some 9 kms. of

the 2.6 gm/cc layer was found to be required to satisfy
the Bouguer anomaly and since this is incompatable with
the seismic refraction evidence (Ewing et al., 1957) it
is clear that this layer alone camnot be responsible for
High A..

The most probable explanation is that the 6.4 -

6.8 km/sec. layer, found under most of this region and
elevated under the volcanic islands of the Lesser Antilles

(Ewing et al., 1957) is also elevated under this extension
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of the arc. The depth to this layer is known at the

ends of the profile, thus assuming a simple model for

the 2.6 gm/cc layer compatible with the seismic evidence,
the program GRAVIT 2 was used to determine the required
depth to the top surface of the 6.4 — 6.8 km/sec. (2.95
gm/cc) layer beneath Iiigh A. A depth of 4.1 km.. to the
top surface of this layer was found to satisfy the gravity
and seismic refraction data. This is in excellent agree-
ment with the depths to this layer found by Ewing et al.
(1957) under the islandsof the Lesser Antilles.

In the final model a simple outline for the 2.95
gm/cc layer (Fig. 5-6) was assumed and a good fit was
obtained to gravity High A, using the program GRAVIT 1
to adjust the upper surface of the 2.6 gm/cc layer.

If constant crustal thickness is assumed the Bouguer
anomaly in the north of the profile cannot be produced.
It is clear that the Moho is elevated in the Grenada
Trough with respect to the Venezuelan Shelf and arc
extension. High A intersects the break in shelf slope
(100 fathom isobath) and it appears that the Moho remains
depressed under the arc structure before rising in the
Grenada Trough. The depth to Moho under the Venezuelan
Shelf was assumed to be 30 km., this value being obtained
from the average Bouguer anomaly on the. shelf (recomputed
for a density of 2.67 gm/cc) using the relationship of
Weallard and Strange (1961), no other evidence being
available. The Moho profile (Fig. 5-6) waswfgfggg&gw;“‘uah
using the program GRAVIT 2 and a depth to Moho,of 20.5
km.v. was. found to be necessary to satisfy the Bouguer

anomaly. Ewing et al. (1957) obtained a velocity of
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7.47 km/sec at a depth of 18.5 km., further north in the
Grenada Trough, which they interpreted as possible upper
mantle.

Although the Bouguer anomaly does decrease between
the coast of Paria and the arc structure, this has been
interpreted in terms of crustal structure, rather than
& depression of the Moho under the arc. structure relat-
ive to the Venezuelan shelf. It is shown as a thick-—
ening of the sediments on the shelf, although crustal
thickening under the arc structure, oi (when the evidence
from the profile T - T is considered - section 5-4-2)

& pinching out of the 5.2 km/sec layer northwards the
arc. wvould appear to be egually valid interpretations.

Clearly, because of the large number of unknown
layer interfaces, the model presented is in no way
unique. It does, however, fit all the available seismic
and gravity data and forms a.starting model to which
modifications can be made should further seismic data
become available,

In the region of gravity High A, the 2.6 gm/cc
layer has probably been built up by volcanic accumul-
ation (Shown by fine hatching - Fig.5-6), elsewhere it
is. probably composed. of lithified pyroclastics and
other sediments. However, other possibilities exist
since lithified sediments, volcanic rocks and. some
metamorphic rocks all have velocities that could lie
within the required range. There may also be a lateral
variation within the 6.4 - 6.8 km/sec layer, but no
detailed evidence is, as yet, available.

The 5.2 km/sec velocity layer underlying the sedim-

entary strata in the south of the profile can probably
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be. correlated with the metamorphic rocks of the North
Coast Range of Venezuela. (section 5-1-3-1).

=4-1-1 Continuity of the iArc Trend

If the anomaly irend is continued west of 63° West,
it would pass-through the islmnd of Margar\vta, however,
the basement rocks exposed in the north of that island
are metamorphic rocks, similar to those of the Horth
Coast Range of Venezuela ,(Hess and Maxwell,
1953) and it thus seems probable that the arc structure
either dies out or is present oaly at depth west of 63°
Wlest.

Farther west the Dutch islands of Curacao, BDonaire
and Aruba, which also have associated Bouguer anomaly
highs (Lagaay, 1969), seem not to be related to the
Lesser Antilles, being composed of basic tuffs, dykes,
sills and larger diorite to gfanite intrusions (Lagaay,
1969).

It is worthyof note that the continuation of the arc
trend to 63° West is evidence that the often postulated
'South Caribbean Fault' (e.g. Martin Kaye, 1969 -~ Fig.
5-1) trending east-west, north of 11° North, does not
exist.

-4-1-2 Profile S - &'

Profile 5 - 5' (Fig. 5-4) strikes along the crest of
Bouguer anomal& High A frowm 62° 30' West to the Grenada
Flatform at 62° 05' West. The anomaly shows a fall of
some 35 mgal from its value at the intersection with
profile R - R', before rising again towards the Grenada
Flatform. No data is available between 62° 05' West and

the island of Grenada, but a proposed model on the evidence
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available is presented in Fig. (5-7).

The gravity low is assumed to be due to a depression
of the 2.6 gm/cc. layer and infilling by low density
sediments. No downwarp of the 2.95 gm/cc. layer has been
considered.

The program GRAVIT 1 was used to compute the model.

The depression of the 2.6 gm/cc layer could be
attributed to faulting or to two centres of volcanism
separated by a sediment filled channel. The Bouguer
anomaly requires that the 2.6 gm/cc. layer be near to
outcrop on the slope of the Grenada Platform. Lattimore
et al. (in press) did observed seismic 'basement' in
region K'' (FFig. 5-4) on the Grenada Platform slope..
Furthermore, these authors' magnetic. profile M - M' (Fig.
5-4) has higher frequency content than profile KB', again
indicating a rise in crystalline rocks on the slope of
the Grenada Platform.

Profile T' - T Trinidad Shelf to Grenada

This profile strikes roughly north-south from the
island of Grenada to the continental shelf off Trinidad
(Fig. 5-4). The gravity data for the island of Grenada
is taken from Andrew et al. (1970)..

The profile shows a. Bouguer anomaly high of 160 mgal
over the island of Grenada decreasing to -27 mgal between
the islands before rising again to 12Imgal on the ‘irinidad
shelf (Fig. 5-8). Just north of the coast of Trinidad
the Bouguer anomaly falls again to at least -42 mgal..

Two isolated readings indicate that the gravity low may
reach -70 mgal, but the evidence is not good enough to

include these values in profile T'-T. Two land gravity
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stations on Trinidad (Bush and Bush, 1969) indicate that
the Bouguer anomaly rises. again over the North Range, as
would be expected, before decreasing again over the sed-
iment filled basin south of the El-Pilar fault (Fig.5-1).

A possible structure, that satisfies all the avail-
able seismic and gravity evidence, is shown at Fig.(5-8).
The following initial assumptions were made..

The crustal structure determined at two seisnic.
refraction stations crossed by profile T'— T (stations
23 and 27 - Ewing et al., 1957) is assumed.

The structure under Grenada is taken from seismic
refraction station 28 (Ewing et al., 1957) adjacent to
the island (Fig. 5-5).

When computing the. structure of Grenada symmetcy
of the island along the line of the profile was assumed,
no other evidence being available.

An initial assumption of constant crustal thickness
along the line: of the profile was also made. The method
of density determination was as in the previous. example.

The method of computation was as follows:

A simple crustal model was constructed using the seismic.
evidence available and the resultant gravity anomaly was
computed using GRAVN (Bott, 1969). Refraction line 28
(Ewing et al., 1957) shows the 4.0 - 4.4 km/sec. layer
rising to form the island of Grenada and the 6.4 - 6.8
km/sec. layer at a depth of 4.5 kms. beneath the island..
The volcanics of the island are hornblende and hypers-—
thene andesites with recent lava flows of basalt and

picrite basalt (Andrew et al., 1970).
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A simple model for the lower velocity (2.6 gm/cc.)
layer, satisfying the seismic. refraction data from stations
28 and 27, was assumed and the program GRAVIT 2 was used
to determine the upper boundary of the higher velocity
(2.95 gm/cc.) layer, fixing the highest point at 4.5 kmd.
under Grenada. If the crust is of constant thickness
along the profile, the 2.95 gm/cc. layer must be at a
depth of 9.5 km,. beneath refraction station 27 (Fig.5-8).
Assuming a. smooth outline for the upper surface: of the
2.95 gm/cc. layer, the Bouguer anomaly between Grenada
and station 27 was reproduced using GRAVIT 2 to determine
the upper surface of the 2.6 gmn/cc layer between these
points (Fig. 5-8).

The 5.1 km/sec. layer found beneath refraction
station 23 was not found beneath station 27 and the
layer is; assumed to pinch out to the north (Fig. 5-8).
Similarly only 300 metres of the 4.0 - 4.4 km/sec. layer
was: found under station 23 and this layer is assumed to
pinch out to the south.. The Bouguer anomaly between
refraction stations 23 and 27 was then produced. using
the program GRAVIT 1 to determine the lower boundaries
of the sedimentary layers..

The 5.1 km/sec. layer found under refraction station
23 can probably be correlated with the metamorphic rocks:
of the North Range of Trinidad. As mentioned (section
5-1 - 3-1) the North Range of Trinidad is a narrow horst
bounded north and south by major fault zones (Fig. 5-1)..
The decrease in Bouguer anomaly south of refraction
station 23 is then interpreted as a basin bounded in the
north by a downwarp of the shelf structure and in the

south by a major, down to the north, fault. The program
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GRAVIT 1 was used to match the Bouguer anomaly assuming
downwarp of. the 5.1 km/sec. (2.7 gm/cc.) layer with an
accompanying thickening of low density sediments. A
complete model of the basin is not possible because of
the lack of gravity data. from northern Trinidad.
Inspection of the Bouguer anomaly map (Fig. 5-4) indic—
ates: that this. basin off the coast of Trinidad shallows.
to the east and to the west where it appears to die out
around 62° 40" West..

The major ambiguity in the interpretation is the.
upper boundary of the 6.4 — 6.8 km/sec.. (2.95 gm/cc..)
layef under the central region of the profile., Seismiec
refraction station 27 was heavily shot by BEwing et al.
(1957) but. no velocity higher than 4.3 km/sec.. was
obtained from first arrivals.. Ewing et al. (1957)
estimate the depth to the 2.95 gm/cc. layer may be of
the order of. 12 kms. from second arrivals..

If a uniformly thick crust is. assumed across the
profile the depth to the 2.95 gm/cc. layer is 9.5 km: .
(Fig.. 5-8). If, as seems likely, the layer is found to
be deeper than 9.5 kmy,, there must be crustal thinning
between 'Irinidad and Grenada. This might be expected
as the maximum water depth between the islands is 500
fathoms, and the effect of the mass excess of the vol-
canic arc. is unlikely to cause a depression of the Moho
as far south as the shelf onset.

As in the previous example the model is not unique,
but is consistent with all the present data. Again it
seems probable that lateral variation in the nature of

the 2.6 gm/cc. and 2.95 gm/cc. layers. exists. The area
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of probable volcanic accumulation is. shown by fine:
hatching in Fig. (5-8).

Profiles U-U', V=V'-V!' and W~Y' and the Barbados Ridge.

The gravity data presented, plus the seismic reflec-
tion work of Bassinger et al. (in press) and the refrac-
tion work of Ewing et al. (1957) and Officer et _al.(1959)
show that, in the area under consideration the Barbados
Ridge is a continuous, arcuate structural element,
extending from Barbados, south and west to the island of
Tobago. West of Tobago the picture becomes confused, but
it secems probable that the ridge: structure dies out..

Gravitational Effect of the Downgoing Lithosphere

Profile W-4' (Fig. 5-4) strikes east-west from the
volcanic.arc.(St.,Vincent) to Barbados. Since this is
along the direction of assumed lithosphere underthrusting,
in this section the likely gravitational field due to the
downgoing slab is considered. Our lack of knowledge
concerning the behaviour of the lithosphere under the
conditions encountered. renders any model. speculative and
imposes an additional uncertainty on an already ambiguous:;
situation. Several firm conclusions can however be
drawn.

The. gravity models due to a. series of models were
computed using GRAVMN (Bott, 1969). The model presented
shows. the factors taken into consideration in computing
the gravity field (Fig. 5-9).

1) Adopting the model of Funnel and Smith (1968)
for the opening of the Atlantic, the rate of under-—
thrusting of the lithosphere is taken to be 1 cm/year.

1.
2) Minear and Toksoz. (1970) describe the temperature
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field for a lithosphere plate 80 km . thick, underthrus-
ting at 1 cm/year. Taking into account adiabatic comp-
ression, phase changes and shear strain energies, their
model shows the: average temperature of the slab to be
about 100°C. lower than the surrounding mantle..

3) The value for the thermal expansivity of upper
mantle rock is taken to be the value for Forsterite
given by Thomsen (1967)

1 (dp_ = 2.40 x 1070 %1 (5-1)
4T )pr '
where p = density
T = temperature and subscript
pr indicates a. value at constant
pressure.
Evaluation of equation (5-1) gives a density contrast
between the underihrust lithosphere and surrounding mantle
of the order of 0.01 gm/cc.

4) The effect of the lithosphere passing through
the. low velocity zone of the upper mantle has. been consid-
ered. separately. Anderson (1967), shows the reduction in
P - wave velocities under oceanic areas is of the order
of 0.7 km/sec. From the work of Birch (1969) this is
assumed to result in a reduction in density of 0.07 gm/cc,
assuming partial melting in the. low velopity zone,

5) The effect of the crustal portion of the litho-
sphere is also considered. Ringwood (1969) suggests
that the transformation of basalt to eclogite will begin
"within a few tens of kilometers" in the lower 'dry'
crust, with the upper 'wet' crust transforming to

amphibolite. Total transition of the crust to eclogite
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should however have occurred by a depth of 100 km;.(Fitton,
personal communication).

The density of eclogite is taken to be 3.5 gm/cc.

6) The point of underthrusting is estimated to be
some 100 kms.. east of Barbados, from a consideration of
seismic reflection (Chase and Bunce, 1969) and refraction
(Ewing et al., 1957; Officer et al., 1959) (Figs.516(a)
and (b)). The depth of the lithosphere under St. Vincent
(and hence its dip) is estimated from the work on
Caribbean seismicity (Sykes and Ewing, 1965).

The model and anomaiy are shown at Fig. (5-9).
Although this and the other models computed are specul--
ative, the general conclusion can be drawn that, over
much of the. region between St.. Vincent and Barbados, the:
slab ‘will produce only a low. amplitude, long wavelength
anomaly.. In the vicinity of Barbados however, it seems
possible that the crustal. section of the lithosphere
will make a significant contribution to the broad Bouguer
anomaly low observed. Nevertheless, it has been assumed
in computing a model of the structure between St.
Vincent and Barbados from the gravity data, that the
gravitational effect of the downgoing slab can be ignored.
Without a detailed knowledge of the behaviour of the
lithosphere at depth, this is considered to be the only
peossible approach..

Profile W-W' St. Vincent to Barbados..

This: is an east-west striking profile from the island
of Barbados to the volcanic island of St. Vincent. The

Bouguer anomaly shows a local high within a broad low in
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“the vicinity of Barbados (Fig.. 5-11) before rising to a
'plateau'’ value of 50 mgal in the Tobago Trough. Over
the island of St. Vincent the anomaly reaches. 160 mgal.
The rocks on St.. Vincent are entirely volcanic, mainly
basaltic andesite and basalt, and are correlated with
the. 4.0 — 4.4 km/sec. layer. The lateral extent of
surface outcrop of the volcanic. rocks: is. known from a
seismic. reflection profile, shot during 1970 from north
of St.. Vincent to. north of Barbados (Fig. 5-10).

The following initial assumptions were made:

Although no refraction data is available from the
area. of St. Vincent, the refraction lines of Ewing et al.
(1957) in the vicinity of the islands immediately to the
north and south of St. Vincent. (8t. Lucia - profiles 1t
and 12; Grenada. — profile 28 — Fig. (5-5)) all indicate
that the depth to the 6.4 — 6.8 km/sec. layer is of the
order of 4 kms. A similar value: is assumed. for St.
Vincent..

Profile W-W" intersects refraction line 7 (Ewing et
al., 1957) in thé.Tobago Trough. The crustal structure:
deduced from the refraction data. is assumed at the point
of intersection..

Under Barbados the. structure. is. far less: certain..
Ewing et al. (1957) shot two refraction lines to the
north of the island (lines. i5 and 16; Fig (5-5)) and one:
to the: south (line 22). Worzel and Ewing (1948) shot
a.line just wést of the island.. Most of the stations
show. large dips and horizontal discontinuities indicating
severe folding and faulting. A possible upper crustal

structure is estimated using the data from these stations.
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Fig. (5-11) show a possible structure that satisfies
the available seisnic and gravity data. The method of
computation used was as. follows.

A simple crustal model between St. Vincent and
refraction station 7 was constructed using the available
seismic. evidence and assuming east-west symmetry of the
structure of St. Vincent (no data west of St. Vincent
being available). The gravity effect of the model was
computed using GRAVN (Bott, 1969). However, the Bouguer
anomaly produced at. St. Yincent by the model was of the
order of 50 mgal too high with respect to that at
refraction station 7 in the Tobago Trough. Since the
crustal structureat. these two points is known, it is
clear that either crustal thickening, or a net décrease
in upper mantle density is occuring from the Tobago
Trough towards St. Vincent. Computation carried out to
determine. the gravitational attraction of various 'down—
going slab' models indicates that their effect. will be
to reduce the Bouguer anomaly at. St. Vincent with respect
to that of the Tobago Trough, but that the effect is:
unlikely to. be as great. as: 20 mgal.. and will. probably
be of the order of 10 mgal. Crustal thickening is ass-
umed to be the cause of the required. anomaly reduction
and aithough no account. is. taken of the gravity anomaly
.due to the downgoing slab, it is clear that. crustal
thickening would still be. necessary if this effect were
considered..

In the absence of further information a. crustal

thickness: of 30 km' . under the arc. was assumed (this
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being the value assumed for the extension of the arc
structure further south) and the program GRAVIT 1 was
used to determine the crust-mantle interface required to
satisfy the. observed Bouguer anomaly, assuming an upper
mantle density of 3.30 gm/cc. A depth to Moho of 20.5
kms. under the Tobago Trough was found to be required.
Ewing et al. (1957) put a minimum limit on the depth to
the Moho under the Tobago Trough of 16.5 km . A simpli:=—
fied model was;then assumed for the crust-mantle boundary
and the 2.95 gm/bg. layer upper surface. The program
GRAVIT 2 was then used to determine. the upper surface of
the 2.6 gm/cc. layer necessary to produce the observed
Bouguer anomaly (Fig.. 5-11). The model may have to be.
modified when the. depth to Moho in the Tobago Trough is
determined from seismic refraction.

As. previously stated, the structure under Barbados:
appears- complex. Evidence for the distinction bétween
the 2.60 gm/cc. and 2.65 gm/cc. (4.0 and 4.9 km/sec.)
layers. shown in the. gravity model (Fig. 5-11), although
well defined south of Barbados, is a little tenuous. under
the island itself. The refraction profiles show a general
decrease. in velocity in the various: strata. from south
to north along the ridge (Fig. 5-12)..

The gravity data.presenfed,_the land gravity data
from Barbados (ﬁndrew.gi_gl,; 1970) and the marine gravity
data obtained. during 1971 by Durham University (Westbrook-
personal communication) show. a broad Bouguer anomaly low:
in the vicinity of the Barbados Ridge, withalocal central
Bouguer high. The high is attributed to an anticline in

the. intermediate velocity crustal layers: as shown(Fig.
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Work on the 'downgoing slab' of lithosphere indicates
that part of the broad gravity 16w.will probably result
from the effect of the crustal (basaltic) section of the
lithosphere. being thrust into. the mantle (before its
transformation to.eclpgite).._;t is: unlikely, hoﬁever,
that this is the only contributory factor. The thick-—
ening of the 4.9 km/sec. (2.65 gm/cc.) layer will obviously
contribute to the low. A general crustal thickening under

the. ridge would also appear to be nedessary if the estim-

ate of 20.5 kms. of. crust in the. Tobago Trough is of the

right order of magnitude..

The base of the 4.9 km/sec. layer and the base of
the. crust are both undetermined under Barbados;, intro-
ducing a further ambiguity.. Various: models. of the crust
under Barbados: were produced, assuming the:uppgr'crustal
structure from seismic refraction data, and deie;mining
the: possible: lower boundaries: of the 4.9 km/sec. layer
and the crust using GRAVN (Bott, 1969) and GRAVIT 1 Fig.
(5-11) shows one. possible solution.. A simple thickening
of the crust to 26 kmm.lundef Barbados has been assumed
and. the lower surface of the 4.9 km/sec. (2.65 gm/cc..)
layer has been computed using GRAVIT 1.

The implications of. the Barbados Ridge structure
are discussed in section (5-4-3—5),'

Profile U-U'

Profile U-U' extends: S.W.. - N.E. from Tobago island
to the northern extention of gravity High R (Fig. 5-4)..
The Bouguer anomaly on Tobago reaches 30 mgal. (Bowin-—
personal communication) thén falls rapidly to - 70 mgal..

(Low: D) to the north of the island, before rising again



Fig.5-13(a) Seismic: reflection and magnetic profiles
¢ ¢ V-V'ayriaytt Y ~gee Fig.5-ke

-(After Bassinger et al.,in press)

Fig.5-13(b) Seismic reflection profile X-U'-X',
(After Bassinger et al., in press)

Fig. 5-13(c) Interpretation of Bouguer anomaly profile
V-V!-V'', Two dimensional structure has

been. assumed,

Fig.5-13(d) Interpretation of Bouguer anomaly profile
u-u', Two dlmen51ona1 structure has been

assumed.
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to -17 mgal. (High R).

The north eastern end of profile U-U' coincides with
refraction line 22 (Fig 5-5) of Ewing et al., (1957),
which shows some 300 metres of sediments overlying the
3.97 km/sec. and 4.91 km/sec. layers. _

In the absence of detailed seismic information the
3.97 km/sec. and 4.91 km/sec. velocity layers were taken
as having a uniform density of 2.60 gm/cc. Constant
crustal thickness along the profile was assumed.

The model shown at Fig. 5-13 (d) was computed using
the program GRAVIT 1 assuming a density of 2.2 gm/cc.for
the sedimentary layer..

The gravity model is in excellent agreement with the
seismic reflection profile (Bassinger et al., in press)
which crosses the northern end of U-U' and shows seismic
basement near to outcrop in the region of U{ (Fig. 5-13
(b)). The density of 2.2 gm/cc. for the sediments in
this area was. chosen, as the sediments. can be seen to
plunge beneath the younger beds of the Tobago Trough at
point X (Fig. 5-13 (b))..

The magnitude of Bouguer anomaly Low D requires a
depth of 72 km. . of sediments in a basin, north-east of
Tobago. The anomaly gradient suggest that the basin is
fault bounded on it southern margin (Fig. 5-4).

Profile V-V'=V'!

Profile V-V'-yV'! extends N.¥W. - S.E. along a line
east of Tobago (Fig. 5-4). The Bouguer andmaly is -4

mgal. over High C in the north-west of the profile, falls

.to =70 mgal. (Low D), then rises to O mgal. in the south~-

east. of the profile (High R) over the seaward extension of

the rocks exposed.on Tobago (section 5-1-3-1). A seismic
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reflection profile. (Bassinger et _al., in press) shows
basement outcropping in the region of gravity High R.
(Fig. 5-13 (a)).

As in the previous model, a simple contrast between
the 2.60 gm/cc. basement and the 2.20 gm/cc sediments is
assumed, as is. constant crustal thickness. The model
shown at Fig. 5-13 (c) was computed using the program
GRAVIT 1.

The depth of the sediments in the basin resulting
in Low. D is 7 km,., agreeing with the value previously
obtained.

Seismic. reflection and magnetic records along the:
line of the profile (Bassinger et al., in press) are
shown at Fig. (5-13. (a)). The reflection profile con-—
firms. that Low. D results from a faulted basin and shows
an anticline in the sedimentary strata, with many minor
faults, in the region of High C. The magnetic field is
also relatively disturbed in the region of High C.

These data tend to confirm the results of the gravity
model which shows: High C to be caused by an elevation of
the 2.60 gm/cc. layer. The depth shown to the layer may
however, be an underestimate. Examination of the Bouguer
anomaly map (Fig. 5-4) indicates. that the trend of High C
may be continuous. with High C' to the west, previously
interpreted as: a shallowing of the 5.1 - 5.1 km/sec. layer.
If this geological structure does continue to form High
C, the mean density of the rocks in this region should
probably be 2.65 - 2.70 gm/cc., resulting in a greater

thickness of sediments under High C.. The simplified
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model is however presented in the absence of detailed
seismic information.

-4-3~5 The Barbados Ridge —- Discussion

Although continuity of the gravity trend (Fig. 5-4)
and the available seismic data indicate the existence of
a continuous structural unit from Tobago to south of
Barbados, the featureless magnetic field in the vicinity
of Barbados, the variation in the. acoustic. nature of the
seismic (reflection) basement (Bassinger et al., in press)
and the complexity of the seismic refraction data along
the northern section of the ridge (Ewing et al., 1957)
(Fig. 5-12), all militate against a simple extension of
the metamorphic and igneous rocks of Tobago, north to
Barbados. -

That the ridge in the vicinity of Barbados is not
due - - simplyﬁ%ediment . filling of the 'Antillean
Trench! is evidenced by the presence of the Oceanic
series on Barbados.. The abyssal. nature of these marls
(section 5-1-3-2) indicates that the area of Barbados
QaS-once a foredeep and has since been uplifted. This
conclusion can also be drawn by an examination of the
generalised section across the region by Officer et al.,,
(1959) (Fig. 5-16 (b)).

The Antillean Arc is not alone in having an uplifted
sedimentary outer arc and a lack of a deep sea trench.
The area of the Kodiak-Alaska Peninsula, which is an
extension of the Aleutian Arc, the eastern extension of
the Indonesian Arc and the Andaman-Nicobar Arc all show
similar structure.,

The Andaman-Nicobar Arc has been studied by Peter
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et al. (1966) and Weeks et al. (1967). The main elements
of the area are shown at Fig. (5-14) and profiles across
the structures at Fig. (5-15). As shown the volcanic
arc is, in places only poorly developed, but the nature
of the gravity field shows a striking resemblance to that
of the Antilles Arc, the Nicobar-Andaman sedimentary arc
having a mass deficiency similar to that of Barbados and
the volcanic arc having a mass excess. The lack of a.
trench and nature of the sedimentary arc shown by the
bathymetric profiles of Fig.. (5-15) is remarkably similar
to the structure. shown by the seismic. reflection profile
from the Atlantic basin onto‘the Barbados Ridge (Chase
and Bunce, 1969) (Fig.. 5-16 (a)). The Java-Sumatra deep
sea. trench dies out south of the Nicobars..

The fact. that the occurrance of a sedimentary arc
appears usually to accompany the absence of a deep sea
trench iS'evidence.that'although simple.infilling of the
trench due. to close proximity to a large sedimentary
source, cannot alone explain the sedimentary arc, proxim--
ity to such a source would appear to be a necessary ¢éond-
ition for the formatio n of the sedimentary ridge.

A possible source of uplift is pressure exerted by
the oceanic lithosphere. It appears probable that although
much of the crustal section of the downgoing slab will be
dragged down into the mantle, various parts of the crust
will be torn from the slab and forced westwards resulting
in a mélange terrain west of the locus of underthrusting.
Flysth filling the ‘'Antillean Trench' might also be
incorporated in this terrain. Takeuchi and Uyeda (1965),

suggest that such an area might be the sit&: of low
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Fig.5-15(b) Bouguer anomaly profile E-E'-E'' showing the "low"
associated with the outer sedimentary arc and a
possible interpretation. The volcanic arc is only
poorly developed in this region.
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temperature, high pressure (blueschist) metamorphism.
Whether such a mechanism could result in uplift to the
west of the locus of underthrusting is open to speculé-
tion, certainly the possibility that the area. would rise
isostatically cannot be excluded.. That there has been

a vast amount of sediment available is evidenced by the
reflection profile of Chase and Bunce (1969) (Fig. 5-16
(a)).. In the area shown, east of the underthrusting
zone, simple accumulation of flysdh would appear to be
the only necessary mechanism for the evolution of the
ridge, but a detailed. knowledge of the strata. underlying
Barbados. will be necessary before the mechanism of evol-
ution of the ridge, west of the underthrusting zone, can
be determined.

General Conclusions

1) The crust under the volcanic. arc is thicker than
that under the. adjacent basins (Tobago Trough and Grenada
Trough). It also seems probable that there is a crustal
thickening under the Barbados Ridge with respect to the
Tobago Trough.

2) The Barbados Ridge is a continuous arcuate
structural feature from Barbados at least as far south
as. the shelf off Tobago.. In the vicinity of Tobago the
roughly cast-west striking structure of the metamorphic
and igneous rocks exposed on the island is shown by the
Bouguer anomaly map (Fig. 5-4) to merge with the N.E. -
S.W. trend of the ridge. An irregular outlined Bougqer
anomaly high is' developed in this region. It is possible
that the island of Tobago, and the shelf structure

resulting in gravity Highs C' and C, are an expression
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of the continuation of the uplift that resulted in the
Barbados Ridge into the continental shelf of Trinidad
and Venezuela.

3) Weeks et al. (in press) concluded from an
examination of anomaly profiles, that the 'South Cari-
bbean Fault' long postulated as the sight of strike slip
motion between the. Caribbean and South American plates,
does not exist. The continuation of High A to 63° West,,
shown by the Bouguer anomaly map (Fig.. 5-4) clearly
illustrates this. conclusion to be correct. fny strike
slip motion between the plates must then be attributed
tothe. faults exposed. in Trinidad and Venezuela (e.g. L1~
Pilar Fault - Fig. 5-1).. Although Rod (1956) implied a
lateral displacement of over 100 km.". dﬁe to strike slip
faulting in northern Venezuela, Metz (1964) could only
find 10-15 kms. of strike slip motion along the El-Pilar
fault.. In addition, work by Ewing etfalm (1957) and Ball
et al. (1971 - in press) suggest vertical displacements
along the southern Caribbean margin, rather than lateral
movement...

These data, in addition to the seismic inaétivity of
northern Venezuela (Molnar and Sykes, 1969), indicate
that the. South American .and Caribbean plates. are welded
vest of the Paria. peninsula, and add weight to the theory
of Ball et al. (1969), that, rather than right lateral
motion between the two plates, relative motion between
the lamellae of the Atlantic plate, from the latitude of
the Lesser Antilles, to that of the Greater Antilles,
results in left lateral shear in the Atlantic and under-

thrusting at the Lesser Antilles. This theory allows
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for welding of. the South American and Caribbean plates
and is. compatible with the. relative northward movement
of North America with respect to South America proposed

by the model of Funnel and Smith (1968)..
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CHAPTER. 6

INTERPRETATION OF A MARINE GRAVITY SURVEY OF THE SIERRA

LEONE. CONTINENTAL SHELF

Introduction

Structural Framework of the West African Continental Margin

In pre-Cambrian times: a. large area of the. continent
of.Africa.was.affeéted.by a major orogenesis (the 1850
t. 250 m.y. orogenesis) that. resulted in the structural
differentiation of the continent into four major stable.
nuclei; The Rhodesia. -- Transvaal. Craton; The Tanzania
Craton;, The Angola. — Kasai Craton and the. West African
Craton (Fig. 6-1). These are distinct. from the
surrounding regions: of more recent activity (Ciifford,
1966). In West: Africa, the Ivory Coast, Upper Volta,
Mali,, Senegal and Mauritania. were affected, with wide~
spread metamorphism and intrusion of granites: occuring..

In the: east. of the Sierra Leone - Ivory Coast.
nucleﬁs ( a.nucleus: of ancient rocks: affected by an
orogeny dated at: 2500 m.y.) pegmatites and dolerites:
giving an age of 2000 ¥ 200 m.y. are found illustrating
the wide. influence. of’ the event. (Andrew. Jones, 1968).

In contrast to these stable areas, a major part of
Africé was affected by the 550 £ 100 m.y. or Pan-African
orogenesis (Clifford, 1970). In west Sierra Leone it
is represented by a well defined orogenic belt extending
across the country from south east to north west and into
Guinea, where it disappears beneath horizontal sandstones
(ﬁgréé horizontaux') that pass upwards into fossiliferous.
Slurian Shales (Rockel River Series — Allen, 1968;

Clifford, 1970)




end of the Kibaran Orogeny, distinguished from

zones affected by the Pan-African and more recent
"+ Orogenies.

Fig.6=<1(b). Regions which have been stable since the end
. of "the Pan~African Orogenesis- distinguished -from: zones

affected by Hercynian and Alpine Orogenies.

0y
e o - =

.,-: (Modified after CLifford,1970) = .
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Extending along the western margin of the continent
from ltiorocco to Senegal is an orogenic belt, similar to
the marginal. belt of Sierra Leone. Evidence for the Pan-
African orogeny can be found, but the main fold movements
were Hercynian (Sougy, 1962). This belt is known as the
Mauritanide Zone (Fig. 6-1 (b)). In post-Hercynian times,
westward downwarp of this belt occured and resulted in
the accumulation of Jurassic and. Cretaceous sediments.
along the coastal region (Sougy, 1962).

The southern extension of this Hercynian fold belt
shows divergent trends;, one south through Guinea, the
other west-southwest through Portuguese Guinea (Sougy,
1962). This latter trend falls: along the southern flank
of the Senegal (Mesozoic and Tertiary) basin (Fig. 6-2).
Sheridan et. al. (1969) suggested a south-west extension
of the Mauritanides onto the continental shelf, south
west of the Bijagos: Archipelago, where the sediments are
thinner than in the basin to. the north, and a fault
controlled basement arch separating the Senegal basin
to the north from the sediments further south. The
magnetic evidence does not support this idea (McMaster
et al., 1970), a relatively quiet pattern characterising
most of the area (Fig.. 6-3). However, a relatively abrupt
change 1in magnetic. anomaly does occur near 11° North
suggesting that the basement is higher, and that the
westward deviation of the contour lines for the pre-
Mesozoic surface (Sheridan et al., 1969 -~ Fig. 6-2)
could reflect an upwarp in basement rocks along the

southern boundary of the Senegal basin (McMaster et al.,
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1971).

The Senegal and Sierra Leone Embayments.

The continental shelf of Senegal has been studied
in detail by geophysical methods (Ayme, 1965; Tenaille
et al., 1960). It would appear that the Mesozoic and
Tertiary basins of the Sierra Leone continental shelf
and the Senegal and Mauritania shelf, were controlled
by regional basement features, with the stable West
African craton acting as a hingeline. The subsidence
in Senegal may have started as early as Jurassic times,
with a general transgression taking place during Albian
and Aptian times and continuous subsidence and deposi-
tion occurring throughout the Cretaceous (Aymé, 1965).

At the termination of Cretaceéus times the sequence
is marked by thick Maestrichtian sands in Senegal, indi-
cating the infilling of the basin.. Overlying these sands
are calcareous marly Tertiary deposits, which continue
into Sierra Leone. The Cretaceous. sequence is underlain
by Paleozoic sediments. of Cambrian to Devonian age (Ayme,
1965). These outcrop in Senegal where they consist of
Cambrian sandstone followed by graptolitic Silarian shale
and terminate in incomplete Devonian sandstone and. shale.
(Aymé, 1965)..

These beds on the Senegal shelf can be correlated

with

ot

hose found on the Sierra Leone shelf by Sheridan
et al. (1969) as the result of a two-ship seismic refrac
tion survey (Fig.. 6-4)(a+b)

Seismic. Refraction Results from the Sierra Leone Contin-—

ental. Shelf

Four distinct. layers were recognised. on the grounds

of velocity by Sheridan et al. (1969)
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1) The shallowest seismic. velocity layer (1.6-1.9
km/sec.) was correlated with the Tertiary and Quaternary
sediments exposed along the coast of Sierra Leone, Guinea,
Portuguese Guinea and Senegal.

2) A 2.2 to 2.7 km/sec. semi consolidated layer
correlated with the Cretaceous sediments found on the
Senegal shelf.

3) A 5.2-5.4 km/sec.. seismic. velocity layer corre—
lated with a seaward extensioh of the Cambrian-Devonian
sediments exposed in Guinea..

4) A 6.1-6.5 km/seé. layer correlated with the
crydalline,pre—Cambrian rocks exposed nearthe coast of’
Sierra Leone.

6-1-3 The Geology of Sierra Leone.

Sierra Leone is situated between the latitudes of
7% North and 10% North on the West 4ifrican coast. The
east of the country consists of a series of plateaux. up
to 6400 ft, while the west is a vast plain. With the
exception of a coastal strip of sediments of Plédsto-
cene to Recent age, the country is: made up almost entirely
of pre-~Cambrian rocks, divided into two main geological
units, corresponding to morphology (Fig. 6-5)..

In the east of the country the Sula Mountains and
Kangari, Kambui, Nimini and Gori Hills, consist of
sedimentary and igneous rocks, metamorphosed in the
granulite facies. These were once part of the old crust
before granitisation and are known as the Kambui schists
and Mano-Moa granulites. Their relationship to Dahome-
vian (the oldest classification of rocks in the region)
is unknown, but they are believed to be older than

Birrimian (Haughton, 1963) and are surrounded by gran —
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-itic gneisses and granites, which have been intruded into
them.

In the western plain area three main groups are
distinguished. Firstly the Kasila series, a series of
Dahomeyian crystalline schists and gneisses with some
granulites, forming a belt some 20 miles wide, running
almost parallel to the coast from Guinea through to
Liberia. Secondly the Marampa schists, Birrimian
metamorphic rocks of sedimentary origin, having subordin-
ate ortho-schists and forming a narrow belt running south
from the Guinea. border for about 100 miles..

Finally there is a 20 mile wide belt of sedimentary
rocks with intercalated lavas and ashes extending for
about 140 miles south southeast from the Guinea border
known as the Rockel River series. These lie unconform-
ably on the granites and metamorphic rocks and are in
turn overlain unconformably by the shales of the
Siaonya Scarp series, which are of Silurian age. The
Rockel River series has been studied in detail by Allen
(1968) who concluded that towards the end of the pre-
Cambrian a. geosyncline formed at the margin of the West
African craton in this. area of Sierra Leone.. The flat
lying Siaonya Scarp series above indicates tha{ deform-
ation of the Rockel River series occurred before the
Silurian..

The mountain range of the Freetown peninsula is .
formed b& a layered basic intrusive, known as the Free-
town Complex, whicﬁ is intruded into the highly folded
and metamorphosed basement rocks. In the east of the

peninsula the contact between the intrusion and basement
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is covered by a thin veneer of Pleistocene to Recent
sediments, and it is similarly covered by a coastal
strip in the wests The outcrop is creseemtic in form
(FFig.. 6-5) indicating the extension of the intrusion
under the Atlantic..

On the basis of the layering, Junner (1930) con-
cluded that the complex was lopolithic and not a. bath-
olith as had been suggested by Dixey (1922). Junner
(1930) also pointed out that, unlike the Bushveld and
Sudbury Lopoliths, where the more basic. rocks occur at
the base of a layered series, with granitic rocks above,
the Sierra Leone complex lacked this order, the variation
of rock types occurring in cycles.

Wells (1962) studied. the structure: and petrology
of the complex and showed that the layered series can
be divided into four major zones in each of which there
is. a. generalised. upward sequence. from Clivine rich to
Plagioclase rich rocks, and within which prominent
ﬂvthmic.layering can be recognised. Ideally the sequence
is from ‘troctolite to.anorthosite or leuc:ogabbro..

Baker and Bott (1961) carried out a land gravity
survey of the I'reetown peninsula which confirmed saucer
or funnel-shaped space form for the intrusion, with an
inward contact dip of 20-30 degrees, centered 8-12 miles.
eS.W. 0f York..

Refluction and Interpretation

Introduction

Between the 25th February 1969 and the 2ist March

1969 a bathymetric survey of the outer approaches of
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Sierra Leone was carried out by H.M.S. Hydra. During
this period 11 days were allocated to measurement of the
gravitational field. The area of the Sierra Leone
continental shelf covered was from the 20 fathom line to
the 100 fathom line between latitudes 8° 10' North and
8% 55' North (Fig. 6-6). East-west lines were run at

5 mile intervals and interlined at 2} miles in areas of
likely interest. Two north-south cross: lines were also
run,

Measurements of the gravity field were made with
an Askania Seagravimeter mounted on an Anschutz gyro-
stable table.. The meter was run in the manual mode to
obtain the maximum possible accuracy -over steep gravity
gradients. A cross-coupling computer was not used.

Navigation

Navigational fixes throughout the survey were obtained
using Decca Lambda, with stations at Barlo and Shenge
on the coast of Sierra Leone (Fig 6-6) opposite the north
and south limits of the survey respectively. Both sites
were adjacent to frigonometrical stations of Sierra Leone.

Base Station

The survey was. carried out in & single leg and was

tied into a base station at Kissy Jetty
g = 978.21875 gals.

this value. having been established relative to the station
at Lungi airport. occupied by Harding (Woollard gﬁ_g;;,
1952) during the establishment of the International Gravity
Network. The land ties established the drift rate to be

0.2 mgal/day. This was corrected for and the free-air
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anomalies computed in the usual way using the Internat-

ional Gravity Formula..

Lrrors.

Examinatioh of crossovers shows a mean crossover
error of 2.54 mgal with a standard deviation of 2.01
mgal from this mean.. The main source of error is attri-—
buted. to errors in the north~south lines, where the
technique of making many small course changes: to maintain
a constant track on the Lambda Plotter was: employed. A
bias was .given to the east-west readings where discre-
pancies: occurred.

The Bouguer Anomaly Map.

The Bouguer anomaly map was produced using a density
of 2.75 gm/cc; the density of the crystalline pre-Cam-
brian basement rocks which underlie the region.. This:
value is. the same as that taken by Baker and Bott (1961)
in reducing their land survey, of the Freetown Peninsula,
and is arrived at from a consideration of density measure-
ments made by the Geological Survey of Sierra Leone. The
corrections were applied. using the. infinite slab formula
(e.g. Nettleton, 1940).. This method was considered
sufficiently accurate in view of the relatively feature-
less bathymetry.

The gravity high seen in the east of the Bouguer
anomaly map {Fig.. 6-7) is associated with the seaward
extension of the Freetown Compléxp It is apparent that.
the intrusion is elliptical in plan, with its major axis.
striking along a N.¥. - S.E. line passing through Banana
Island, rather than circular as might be expected from
the results. of the land gravity survey (Baker and Bott,.

1961). The. maximum observed. Bouguer anomaly is 157 mgal
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at a point 12 miles UW.S.W. of York. ¥From a consideration
of the gravity gradient it appears most unlikely that the
actual maximum Bouguer anomaly is greater than 5 mgal
above this.

The other striking feature of the map is the Bouguer
anomaly low, parallelingthe high on its IaﬂdWard.side.
Here the minimum observed Bouguer anomaly is 18 mgal..
but it is impossible to predict what the actual minimum
anomaly will be..

Additional Data.

The main objective of the marine survey was a -
detailed bathymetric study to ensure safe approach to
Freetown for deep draught. shipping. This resulted in
areas. of great interest, from the point of view of the
gravitational field being left unsurveyed (Fig. 6-7)
and the scope of the interpretation of the geological.
structure of the shelf was consequently reduced. This
deficiency was: overcome to some. extent by gathering data
from other sources:

1) A land gravity survey, carried. out. by Baker and
Bott. in 1961, of the Freetown peninsula..

2) A marine gravity traverse over the continental
margin of Sierra Leone, carried out for the U.S.
Department of Cbmﬁerée by the U.S.G. & G.S.S. DISCOVERER.

3) A seismic reflection and magnetic survey of the

Sierra Leone shelf carried out by McMaster et al.(1970).

4) A seismic refraction survey of the Sierra Leone
shelf by Sheridan et al. (1969)

5) Three magnetic profiles. obtained by the Royal
Navy on the Sierra Leone shelf (H.M.S. Hecla, 1966).




TABLE 2-1,

SampPLE DENSITY MEASUREMENTS
Class and Nature of Rock Locality Dcnslty
g-fem.
Surface Weathered Deposits
Bauxite . near Songo 2-21
Ferruginous laterite Samueltown grid (surface) 2-58
Sedimentary laterite ” » ” 2°45
Sediments SBullam Sme.r) .
Black clay Samueltown grid (borehole) 171
/ Metamorphic Rocks (?Kasila System)
Granodiorite-gneiss . . . »”» ”» 2-82
Plagioclase-hornblende-gneiss . » »”» » 293
Amphibolite (average of four |pec1- :
mens) . . Rokell grid (boreholes) 3-01
Freetown Basic Complex
Gabbro (marginal) Samueltown grid (surface) 2-87
3.03
Hornblende-gnbbro (average ol' ﬁve Samueltown and
specimens) Rokell Elds (borcholes) 308
Troctolitic gabbro astings 313
Troctolite (average of four specx-
mens) ? 3-16*
Ohvmc-gabbro (averngc of lhrec
specimens) ?- 3-16*
Norite (average of four specnmens) ? g-01*
Anorthosite . . . . ? 2-72*
] Ljolite near Songo 305 .
* Densities according to Junner (|930), all other demma meuured by Geolog:cal
Survey, Sierra Leone.

(After Baker and Bott,1961)

TABLE 2-2,

* P-Wave Velocity

Anorthosite

Nature of Rock Density
: (lan/sec) (gm/ce)
Tertiary-Quaternary = P
Sediments : 1.43-1.51 1'89
Cretaceous Sedimemts 2,26=2.67 2. 20
Cambrian-Devonlan
' . “Je . 0
Sediments e Th=5. 41 2.6
Pre~Cambrian Cryatalline 6.16=6.59 2.75-2, 80
' Rocks : * * , *
Freetown Complex
~ Main Complex - 3.05-3,15
- 2.72

*P-Wa-ve veIooi_tiea after Sheri.dan et al., 1969."
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6-2-7 Densities

The densities used for the interpretations: were
arrived at by a consideration of measurements made by
the Geological Survey of Sierra Leone and measured P -
wave velocities (Sheridan et _al., 1969) using velocity
density relationships (Appendix: 3). Details of measure-—
ments of densities made are shown at Table (6-1) and
the densities used at Table (6-2).

6-2-8 Interpretation

6-2-8-1 Profile A-A'

This. profile extends roughly cast-west from the-
Freetown peninsula onto the Sierra Leone continental
shelf (Fig. 6-7). It includes the data from the land
gravity survey,(Baker and Bott, 1961)

The Bouguer anomaly shows a steep increase west~
vards from its value of 50 mgal in the east. of the
Freetown peninsula, to 130 mgal at the coast. There
is then a gap in the data, but the trends of the data
available indicate that this steep increase continues
to about 150 mgals, followed by a broad low gradient
increase to the maximum observed. value of 157 mgal.

Yest of this maximum the anomaly shows a low gradient

decrease to 150 mgals before falling off rapidly to 70

mgal in the far west of the profile (Fig. 6-8(b)). The

background anomaly over the shelf is difficult to estim-

ate as. the majorparfof the field due to the intrusion covers most
of the map. A linear increase in regional field

from 55mgal in the east of the Freetown peninsula to

70 mgal on the shelf has. been assumed..




Fig.6-8.Interpretation of Bouguer anomaly profile A-A',
Two-dimensional structures have been assumed.
The relative lowering of the Bouguer anomaly
over the centre of the intrusion has been intérpreted

in terms of top surface topography.
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A magnetic traverse (B-B' - Fig. 6-7) run by H.M.S.
Hecla. (1966) close to profile A-A' indicates that the
top surface of the intrusion is close to the sea bed
throughout its length. Intensive bottom sampling west
of 13° 30' West. showed né surface outcrop of crystalline
rock..

As a first assumption, the intrusion was taken to
have a . . sloping top surface 10 metres beneath the
sea bed. The program GRAVIT 1 was then used to deter-
mine the bottom surface of the intrusion assuming its
density to be 1) 3.05 gm/cc. 2) 3.15 gm/cc.

Although the program reproduced the observed Bouguer
anomaly accurately, the'flattened top" nature of the
anomaly resulted in the unidensity models being gedlog-—
ically unacceptable.. The two models showed a. linear
increase in thickness with distance towards centre,
associated. with the steep sides of the anomaly, but
these steep sides resulted in the low gradient central
region of. the anomaly having to be produced by a.
shallowing of the. bottom surface under the centre of
the intrusion..

To. produce. a. geologically more acceptable model
the linear sides of the computed models were. extrapolated
to an apex.. The gravity anomalies due to these models
were computed using GRAVN (Bott, 1969). As: expected,,
the computed gravity showed excellent agreement with
the observed over the steep limbs of the anomaly (resi-—
duals: less than 1 mgal), but large residuals over the

central region.
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Assuming this basic space form to be correct, two.
possible explanations exist for the flattened top nature
of. the anomaly.

1.. Top Surface Relief.

The énomaly can be explained by a central sag in the
roof of the intrusion accompanied by a thickening of the
Pleistocene to Recent sediments. Assuming ‘roof sag'
the. program GRAVIT 1 was used to compute:thé:necessafy
top surfaceztopography of. the intrusion, to produce a
good cover-all. fit. to. the observediBouguer'anomaly.
Density contnasts’between the Bullom sediments: and the
two. specified intrusion densities were used. The results
are. shown at Fig. (6-8 (c))..

It is impossible. to estimate the strike length of
the intrusion south of  Banana Island, but. should the
intrusion be found. to terminaté.in the region of the
is¥and, the depths. shown in Fig. (6-8 (c)) will be under-—
estimates..

It appears from the models that the landward and
seawafd.contact;dips are. very similar, 20° for an
intrusion of density 3.15 gm/cc. and 26° for 3.05 gzm/cc.
These values: are in good agreement with the dips of the
intrusion banding observed on land (25° - 30%) (Wells;,
1962).. However, variations of density that are known
to occur within the intrusion (Table 6-1) and the
uncertainty about its true top surface make it imposs-
ible to determine with absolute certainty, whether its
form is saucer shaped (i.e. a lopolith) or funnel shaped.

Modification of the models may be necessary when the




o wif]  svmade] R

o419

- U wye
Eﬂu& nw c.m.um @ nk.q&%:uq! aysoytsouy 524 131 00y 73

(9661 ‘asieg
pue SIS I93JV)

*Butaske T ouF Jo dTp JO UOTFOSITP IUI BuoTe IYTEOUTIOUE I8 BT syjy BUTSBOIO uoT4des Teurpny tBuorg

sy s ¥ £ 2 I o0

SWoZ jo S REwxoiddy ..e~w-

o.ctotwuﬁacmmuhﬁhea&
il Jueuiwopasd y0 suoiby E

NISoyIOuR dalssew f0 suolbay

*xoTdwo) UMO399IJ SY3 JO
S2TNOC. 0 IRCTAICT™ TaLoAIrs
utew ayL JO uoTINQTIISTIA

*6-9°31d




- 99 -
true top surface is determined from seismic evidence.

2. Density Variations within the Intrusion

As stated earlier, Vells (1962) showed that the
layered series of the intrusion can be divided into four
major zones in each of which there is generalised upward
sequence, ideally from froctolite to anorthosite or
leuc: ogabbro (Fig. 6-9). It seems likely from the work
of Wells and Baker (1956) and Wells (1962) that each
zone represents a separate influx. of magma, and that
differentiation occurred within each zone, producing
the:dythmically layered units. Thus we might expect: to
find an area of anorthosite, assdciated.with zone 4 (Fig.
6-9) under the. centre of the anomaly.. -7

Measurements by Junner -(1930) gi#e a density of 2.72
gn/cc. for the anorthosite of the intrusion and Baker and
Bott. (1961) notedfa.relative lowering of the Bouguer
anbmaly over the anorthosite belt of the York pass area.

Using the density for anorthosite giQen by Junner
(1930) and assuming a flat top surface for the intrusion,
the shape of the anorthosite mass required to produce
the relative. lowering of the Bouguer anomaly was computed
using the program GRAVIT 1.. The models. produced are
shown at. Fig.. (6-10)...A saucér shaped mass of anorth-
osite is required with a maximum thickness of 530 metres
(intrusion density = 3.05 gm/cc.) or 920 metres (3.15
gm/cc..). This. is not unreasonable as:the.ﬁig Vater
anorthosite mass has a. thickness of the order of 800
metres (Wells and Baker, 1956).. As before uncertainties

about the body's: top surface and strike length may




Fig.6-10, Interpretation of Bouguer anomaly profile A-A',
Two-dimensional structures have been assumed.
The relative lowering of the Bouguer anomaly
over the centre of the intrusion has been interpreted
in terms of an anorthosite body.
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necessitate modification of the model when more seisnmic
data is available.

Profile C-C!

Profile C-C' extends. roughly south-west from the
coast of Sierra Leone at Lungi and crosses the main
gravity high associated with the extension of the Free—
town Complex. under the Atlantic. (Fig. 8-7)..

The. Bouguer anomaiy decreases:’ seavard from its
value at Lungi. (43.5 mgal) and although there is a gap
in the data, examination of the gradient of the anomaly
further wést indicates that the anomaly falls to around
20 mgal-béfone rising again to 110 mgal over the exten-
sion of the intrusion.

The. western section of the profile coincides with

two seismic. refraction lines. shot by Sheridan et al..

(1969).. In the absence. of further information the top

‘surface. of. the. intrusion is assumed to coincide: with the

hfgh velocity (6.1 km/sec. --metamorphiC'rodk) layer
ohset,_which_undérlies the region, as no othef suffi-
ciently high velocity layer has: been detected above
this..

Seismic reflection profiling, coinciding with the

‘eastern section of C-C' was undertaken by the University

of Rhode Island (McMaster et al., 1970) and shows:

crystalline rock at. a depth of 300 - 500 metres for
about 11 km: along the length of C-C' adjacent. to the
Freetown peninsula, where. the intrusion outcrops. (Fig.
to The wast
6~11 (a)). A steep fall in the seismic basement .is

indicated by its sudden loss. as a reflecting horizon.
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This coincides with a high amplitude, high gradient
magnetic anomaly (Fig 6-3) (McMaster et al., 1970)
indicating the highly magnetic nature of the seismic
basement.. For this reason the seismic basement is
taken to be the top surface of the intrusion,in,the.
east. of C-C'..

The-seiémic-refraction wvork (Sheridan et. al., 1969)
also shows that the Cambrian - Devonian and Cretaceous
sediments thicken ﬁestwards along C-C'. As these woulq“
tend to mask the gfavity anorraly due to the intrusion,
their gravity effect and the gravity effect of the over-—
lying Tertiary —-Quaterna{jsediments are computed and.-
removed from the observed Bouguer anomaly using GRAVN
(Bott, 1969).. Sediments thicknesses were taken from
Sheridan et al. (1969) and the densities were estimated
from P-wave velocities (Table 6-2).

The eastern section of C-C' crosses the N.Y. - S.E.
striking gravity low. As has been mentioned, the area
surveyed does not include the minimum of this low, but
this: is partially compensated for by chcosing the profile
to pass. through Lungi where the. Bouguer anomaly is known
(VWoollard g&_gi,” 1952).. In this way an estimate of the
magnitude of the low can be. made..

The low is, attributed to a sedimentary basin of
Cretaceous. or Tertiary. - Quaternary age.

The determinatiocn of the space form of the intrusion
and adjacent sedimentary basin was carried out using the
horizontal variable density program VARYIT as the two
anomalies interfere. The top surface of the intrusion

nluﬁ%-

3 MAR 1972
ERARY . -
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was estimated ffom the seismic data discussed and the
top surféce of the basin from this data and the known
extent of the Tertiary =--Quaternary sediments on land.
As in the previous example densities of 3.05 gm/cc. and
3.15 gm/cc. for the intrusion were considered.. The
basin was assumed to be formed of either Cretaceous
(2.20 gm/cc.) or Tertiary - Quaternary (1.80 gm/cc.)
sediments. The models are shown at Fig. (6.11 (b)).

As: shown, the intrusion in this region has a splayed
top, there being an increase in slope of contact with
depth. Both models have a maximum depth less than that
computed from profile A-A', indicating, as would be
expected, that the centre of the body is approximately
under A-4',. |

It is impossible, on the available evidence, to
rule out either model for the coastal sedimentary basin..
Thicknesses of 2 km .. of Cretaceous sediments and 1.2
km . of Tertiary-(uaternary sediments are necessary to
satisfy the extrapolated Bouguer anomaly low. The
Tertiary - Quaternary (Bullom) sediments that form a
strip along the coast of Sierra Leone are known to
increase in thickness towards the coast in the region
around Lungi (Pollett, 1951), but there is no evidence

for Cretaceous or older sediments underlying these on

As mentioned previously a probable basement. rise
separates the Senegal and Sierra Leone continental shelf

embayments. Extensive geophysical and drilling work
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north of this rise reveals up to 3800 metres of Tertiary
limestone and more in the area of the Senegal salt dome
arc (Aymé&, 1965) and there may be a similar accumulation
south of the rise on the Guinea and Sierra Leone contin-—
ental shelves..

However, many areas of the shelf of West Africa also
experienced basement downwarp and an accompanying infilling
of sediments during Cretaceous times, including the cont-—
inental shelf of Sierra Leone west of this area. Seismic
evidence will be necessary to resolve this problem.

6-2-8-3 Profile F-f"!

This prafile extends northwards from the centre of
the Bouguer anomaly along the line of a magnetic traverse
run by H.M.S. Hecla in 1966 (Fig. 6-7). The gravity
profile shows a steep decrease from 150 mgal to 100 mgal,
followed by a shallow gradient decrease to 70 mgal, then
a further steep decrease to 20 mgal over the sedimentary
basin discussed in the previous section. The profile
crosses the seismic reflection line of hcMaster et _al.
(1970)previously described, and the depth to the top of
the intrusion is taken to be 400 metres in the north of
the profile from this reflection data. The top surface
under the maximum anomaly in the south of the profile,
is taken from that found from the analysis of profile
A-A', assuming top surface topography to explain the
relative lowering of the Bouguer anomaly in this region..
The program GRAVIT 1 was then used to determine the
bottom surface of the intrusion assuming densities of

3.05 gm/cc and 3.15 gm/cc..
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The model is shown at Fig. (6-12). The change in
gradient of the Bouguer anomaly is reflected in a steep-—
ening of the contact dip of the intrusion with depth,
which is suggestive of a funnel-shaped rather than a
saucer shaped intrusion. The results are in good agree-
ment with those obtained for profile D-D' at the point.
of intersection of the profiles..

The margin of the intrusion is marked by the onset
of high amplitude, high frequency magnetic anomalics
(Fig. 6-12). Further south the magnetic record shows:
an extremely high frequency magnetic. anomaly with a
peak amplitude of some 2000 gamma. The gravity and
seismic. evidence indicate that the cause 'of the anomaly
is. not top surface topography, and computations show
that the change in slope of the bottom éﬁrface of the
intrusion, although it coincidess with the anomaly,
could not produce the high frequency required.

The anomaly has been interpreted as variation in
the magnetisation of the intrusion. Computations using
MAGN (Bott, 1969), which computes the magnetic anomaly
due to an arbitrarily shaped, arbitrarily magnetised
body, indicate that the anomaly cannot be produced by
a.body with a vertical contact, the contact must dip
inwvards towards the centre of the intrusion,

Determination of the angle of magnetisation was not
possible since the anomaly could not be isolated from
the interference effects, probably due to minor lateral
variations in the magnetisation of the intrusion. The

program MAGGIT 3 was thus used to analyse the anomaly




Fig,6-12. Interpretation of Bouguer anomaly and magnetic anomaly
profiles F-F', Two-dimensional structures have been
assumed, The magnetié anomaly is interpreted in terms
of a wedge-shaped body with a markedly higher or lower

magnetisation than the main body of the intrusion.
(Symmetry of the main body of the intrusion in the

"plane of the profile has been assumed in the gravity

interpretation.)
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specifying a series of magnetisation intensities and dips.
The best fitting model (Fig. 6-12) was produced by a
saucer shaped body with a slope of 20° in the north and
10° in the south. The required magnetisation contrast

was 0.01 emu/cc at an angle of 10° down to the north,
which is approximately the direction of the present
Barth's field. The magnetic map of McMaster et al.(1970)
(ffig. 6-3) indicates that this anomaly is roughly circ-
ular and is further evidence for a saucer shaped source
body.

The direction and intensity of magnetisation of the
body are, of course, relative to those of the rest of the
intrusion, and since these are unknown have little
significance.

Profile D-D'!

This profile extends northwest from Banana Island
(Fig. 6-7) along the major axis of the plan of the
intrusion. It is not possible to produce a rigorous
model with the data available, but the speculative model
produced (Fig. 6-13) gives a good indication of the extent
of the body. No data is available on the top and bottom
surfaces of the intrusion, other than that already used
so the following assumptions: were made:

1. The bottom surface of the intrusion was estimated
from the two values for the depth to bottom surface obtain-—
ed at the intersection of the two 'east-west' profiles
with profile D-D', and from the assumption that the
steep decrease in Bouguer anomaly in the far north of

the profile marks the termination of the intrusion.
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2. A constant thickness of Quaternary-Tertiary
sediments. of 300 metres was assumed along the length of
the profile with the exception of the region of Banana
Island, where the intrusion outcrops. This assumption
would appear to be reasonably valid in the light of the
refraction data of Sheridan et al. (1969)..

3. A uniform density for the Cretaceous and Cambr-
ian-Devonian sediments was assumed in the absence of any
data on their relative thicknesses.

The gravity model was computed using the following
procedure..

1. 7The gravity anomaly due.to the assumed Tertiary-
Quaternary sediment distribution was computed using '
GRAVN (Bott, 1969).

2.. Using the assumed bottom surface and taking as
its top surface the baée of the Tertiary-Quaternary
sediments the gravity anomaly of the intrusion was comput-
ed using GRAVN.. The anomaly due to the sediments calcu-—
lated in (1) was added to this,. This model produces. an
anomaly that is everywhere greater than the observed
Bouguer anomaly

3. The residual anomaly between the observed Bouguer
anomaly and. that calculated. in (2) was taken to be due to
surface topography with accompanying thickening of the:
Cretaceous and Cambrian-Devonian sediments. The reguired
topography was computed using GRAVIT 1 taking a density
of 2.35 gm/é:?fon the mean sediment density. Reasonable
agrecment. was obtained between the depths to top surface

of the intrusion, computed in this model, at the points

* biosed towards the upper Sedi.mentn.na Lna.or densuy (220 gm /oc)
" because of ks Pf‘ow’a o the level of Zrn.vd'j observation.
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of intersection with the 'east west} profiles, and those
previously obtained from the 'east west' profile analyses.
Several different bottom surfaces for the uncontrolled
northern section of the profile were used in repeated
computations.. The model shown (Fig. 6-13) assumes a
density of 3.05 gm/cc for the intrusion. In view of the
uncertainties in the model, end corrections have not
been applied and a two dimensional structure. is thus:
assumed. This will result in the depths shown being
underestimates, but the model nevertheless illustrates
the likely basic form of the intrusion.

3-2-8-5 Profile &-8'

This profile extends westwards from the Freetown
peninsula across the Sierra Leone continental margin
and onto the abyssal plain (Fig. 6-4). It includes the
gravity data (unpublished) from the U.S. Department of
Commerce Survey (Ffig. 6-14 (a)), which was run close to
the refraction lines of Sheridan et al. (1969).

The gravity anomaly due to the upper crustal layers
was computed using GRAVN (Bott, 1969) taking the thick-
nesses from the refraction data and estimating the
densities from P-wave velocities (Appendix 3). ‘The
density contrasts with the lower crustal layer were
used thus producing a crust of uniform density.

The depth to the Moho is known in the far west of
E-i' from the work of Sheridan et al. (1969) (Station
28 - Fig. 6-14 (b)). Assuming a constant density contrast.
between the crust and upper mantle, the crust-mantle

boundary was computed using GRAVIT 1, the method described
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in Chapter 2 for analysing infinite anomalies being applied.
A mean density for the -+ crustal rocks of 2.80 gm/cc.
wvas employed, and a series of densities of the upper

mantle in the range 3.25 - 3.45 gm/cc were specified.
Control on the density is possible since Sheridan et al.
(1969) obtained a depth to lioho of 24.41 km, at. station

27 (Fig. 6-14 (b)) east of station 28. The program GRAVIT 1
gives at depth of 24.8 kmi at station 27 using an upper
mantle.density'of 3.30 gm/cc. The depth to Moho under

the coast of Sierra Leone is computed to be 30.5 kmo: .

for this density (Fig. 6-14 (b)).

Summary and Discussion

The Freetown Complex, which forms the mountain range
of the Freetown peninsula on the coast of Sierra Leone is
a funnel shaped or saucer shaped intrusion, having an
elongate elliptical plan and extending for at least 110
km, north-west from the Ireetown peninsula. Its exten-
sion south of the Freetown peninsula is unknown. The
intrusion has its greatest depth to base at a.point 20
ki.:. WoSWe of York and in this region the body appears
to have east-west symmetry with a width of 55 km: . and
a maximum depth.between 10 and 13 km: .

To the north the intrusion thins and has a funnel
like form probably terminating as a sheet-like body in
the far north-west of the Bouguer anomaly map (Fig. 6-7).

The magnetic and seismic evidence indicate that the
intrusion has a roughly north-south trending fault along
mach of its length, which appears to die out to the south.

The relative lowering of the Bouguer anomaly over
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the centre of the intrusion is attributed to either a
saucer-shaped layer of anorthosite or central sag of the
intrusion roof. The magnetic evidence indicates that
ponéentric with this is a saucer-shaped layer of rocks
with a markedly different magnetisation from the surr-
ounding rock.. Both of these structures may be related
to the zoned nature of the intrusion (WVells, 1962),
although no evidence is as yet available on land for
any magnetisation contrast between the zones. Baker

and Bott (1961) did however remark on the highly varia-
ble magnetisation of the intrusion.

Krause (1963) attributed a circular plan to the body
and suggest that it was of meteoric origin. Although the
shape and size of the body preclude the possibility that
the body is itself of meteoric origin, Harrison (1954)
has pointed out that an impact of sufficient violence
could act as a trigger to release latent volcanism with-
in the. Earth's crust of sufficient magniZude. to oblit-
erate all trace of the impact, including the origi nal
circular form. Although this possibility cannot be
discarded there: is no evidence to support the theory.

Baker and Bott (1961) draw attention to the apparent
eastward rise of the background anomaly to the east of
the peninsula, and point out that crustal downwarp under
the intrusion is a possible explanation. A similar rise
is not observed on the secaward side of the intrusion,
however the westward thickening of the sedimentary strata
would tend to mask any such anomaly. When the gravity

anomaly due to the thickening sediments is removed, and
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the residual anomaly is interpreted in terms of crustal
thickening (section 6-2-8-5) the koho is found to be
deeper under the intrusion than under the shelf to the
west. How much, if any, of this thickening is due to
isostatic compensation of the igneous intrusion, as
opposed to the normal thickening which occurs at a cont-
inental margin is impossible to deduce. Isostatic anom-—
alies for the intrusion, assuming Airy's theory were
computed for depths of compensation in the range 30 km. .
to 50 km' . assuming a density contrast of 0.5 gm/cc
between the crust and upper mantle.. The calculated
increase in anomaly was less than that observed by Baker
and Bott (1961) for all the models used, even when allo-
wance was made for the gravity anomaly due to the marg-
inal. Bullom sediment thickness. It is therefore quite
possible that the body is infact overcompensated, how-
ever Baker and Bott. (1961) point out that an alternative.
explanation for the background anomaly rise would be
regional change of the basement density.

The sedimentary basins occurring on either side of
the intrusion on the Sierra Leone shelf suggest that the
intrusion has acted as a stable block, resisting down-
warp, but being susceptible to faulting. The basin
developed to the north and east of the intfusion has been
assumed to be of either Cretaceous of Tertiary age and
may mark the onset of a northward thickening basin on
the Sierra Leone and Guinea shelves bounded in the north

by the postulated. basement rise off Portuguese Guinea.
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The other feature of rote is the gravity high in the
south west of the Bouguer anomaly map (Fig. 6-7 — High A).
Only the onset of the high has been recorded, but the
magnetic traverse by H.M.S. Hecla (1966) shows a high
amplitude, high frequency anomaly in this region, sugg-
esting another intrusion or possibly a rise in the met-—
amorphic basement rocks. Further evidence is howeter
needed before a firm conclusion can be drawn on this

pointe.
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APPENDIX. 1

SPECIFICATICNS AND LISTINGS FOR COMPUTER PRCGRAFMS

CONTENTS

The. program GRAVIT
moooom GRAVIT
wooow GRAVIT

E =T 7 B \v R

wooow GRAVIT
woom VARYIT
" n PRISM

wooow MAGGIT
W MAGGIT
mooow MAGGIT

[T v N - R

n " MAGGIT
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PROGRAM NABRE: GRAVIT 1

FUNCTION : This program determines the space form of

a two. dimensional body with inward sloping contacts
producing a given gravity anomaly.. The top surface of
the body (not necessarily horizontal) and the uniform

density contrast must be specified.

INPUT FORMAT:.
CYCLE
' MODELNAME '
ITER |
N
M
P3
RO
TT
POS
MAO
XX1.
Y1
Y2

and therefore the number of sets of data..

'MODELNAME' Each new sct of data must commence with a
name of up to 60 characters, enclosed in single quotation

marks

ITER is the number of iterations performed by the program

(Try 10.)
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N is the number of blocks used for the initial equiv-

alent layer approximation (see GENZRAL NOTZS)
i is the number of anomaly values specified (Mgp N).

P3 is the number of density contrasts to be tried for

the model..
RO is an array of P3 density contrasts.

TF is an array of N points defining the depth to each

block of the initial equivalent layer approximation..

POS is an array of M x — coordinates defining the points

at which the anomaly is specified.

MAO 1is an array of M gravity anomalies at the x - coord-—

inates defined by POS.

XX1 is an array of N + 1 x - coordinates defining the

margins of the blocks of the equivalent layer approximation.

Y1 and Y2 are arrays of length N defining the strike length
of each block.in either direction normal to the pléne of

the profile.

GiUNERAL, NOTES: The user must define a set of blocks along
the known or estimated top surface of the body. If the
width of the structure is unknown the whole anomaly should
be underlain by blocks. The depths defined in TT are the
depths at the mid point of each block, The width of any
block must be at least as great as its depth. If the
observed anomaly has a steep gradient the minimum block-
width should be used.

Lengthss are in kilometres, anomalies in milligals and

the densities.
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GUTPUT: For each anomaly analysed the model produced
after the specified number of iterations is printed out

as are the observed, calculated and residual anomalies..
SUBROUTINES :

SUBR 1: Supervises the setting up of the kernel array

and the least squares problem.
SUBR 2: Sets up the trapesoidal coordinates.

SUBR 3: Computes the gravity anomaly due to each model

after each iteration.

SUBR 4: Computes the gravity anomaly due to any

equivalent layer block,



LaFRCT CPTIONS (WAERN), /% CUSS LAV ING 1969 */

GRAVITLIIPROC CPTICNS (MATNTS s GESS LAVIRG 1989 %/
CCLUITERATICN ;CUUNT Ny M P 3, R) FIXED BINMN (321),

POCELMNANE CHAR (A0) vARYINC:

GET LiST {(CyCllLi) ;

LDCP1 LG COUNMT=Y TO CYCLES

GET IPT(P'(‘[L'J/:'"'F;IT RATICNsINgNMyP3);

REGIN 3° :

BCL{MACIM,y 1), LAGAC,POSIIM) oYY ,¥2,01:D24CTT;TTLSICE,
RSICE)IN) g (XXNY s LSyRSPLLTRETsLOByRODR, 21327V (N+1);
(XXx42T42BY{N+2):S FF\S(hgg),KK(\,”‘,RD(F“)“LDAI BIN
ROULND FLDAT BINARY Wy {Kz;JyIsAA,C) FIXED BIN; KRCUNC=0.000013
ECL Z(N) FLOAT BIN;

CET LIST(RC,TT ;¥CS,\FAC)Y,: ILC S FOS#3GC0;  TT=TT*1CCC
DO I=1 TO M; MAOCT 1) ,AC(1)=ABS(NMAC(T 1)1} LN
RO=ABS(RC);

GET LISTIXXNL.Y1,Y2)5

XX1=XXi#1CCC; Yl=Y1*1CCGC3; Y2=Y2*1(C0Q;

DO I=1 TO N;

ZUT =XR1(I+Y)=xX1t1)3
END;

DO I=1 TO N+13

If 1-=1 TFEN RSICEL
IF I-=h+1 TFHEN LSIC
DO Q=1 70 P2 »
C1=TT; CIT,CZ=T7+1; L
CC I=1 TC Mv; MAC(I,1)=AQ(T)s AC(I1)=0% END;

AA=1;

CALL SUBRI(NGM MAC KKyPCSsLSICESREICESCENS
Cl,CZ,fThISF:Ab):

DC =1 T1C N;
D2CI),CTT(D)=TT(L}+SDERSHT 1) /RE(C)

TE CTTOIIQTITCOL)4L THEN Cz2(L)CTT(I)=TT(I)+3;5 END;
CALL SULER2 (N CLyC2272V 9 4BsXX19XXe21522:,Y14Y¥242);
CALL SUBR2 (2T oZE o XX 3 PLSACSROIGCH g N oM 214222 LA);
DO I=1 TO M5 MAO{T,1Y¥=A0(T)=-AC(L); END;

Ll: CC £A=1 TC ITERATICN;

DL=CTT; D2=CTT+1;

CALL SURRIIN,M MAC KK PCE,LSICERSITELSCENS,
£LO I=1 7TC K;

l'"l'lp-

b
TR

+SODERS U111 /REAG) S

=TT(IY+ 15 ENC3

1v722¢YieY¥2:2)3

),N,P’.leZL’,l\A);
END;

Geili=Ciid
If C1T( I)’]T(l b THEN CTT{I),De
CALL SUBPZ (N,CYL L2427, LB9XX12
CALL SLBRZ {2128y XxX:PCS, AC,R
DG I=1 T0 M5 HaG{ [sli—AU\l)-AC([
IF AA=1TERATICN TREN [CC3
PLYT LIST (MCCEULNAKE) FACE;
PUT COIT (FHOGCELT,CCUNT "' 5CQ) (ALFL{2),8,F(LIISKIP(2)3
PUT ECIT (SESTIMATE® AA: 'DENSITY sRC(Q) RLLND)
(A (3 X(3)yAsF(E42)) SKIP(2)3
PUT EDET (TRLOCKS ,#LTH L ERTS 40 LT TRLE, LY, tRLY)
{Ay X !)141\(711 p)’(l)v/\y)i(f)i X'?)s/\,X(‘I)oA) SKIR(2);

(5 X — +

CC ‘1 TC N+

PLT EBIT (Iy?x‘l) AXATIAL Y 20D ) s 2T L0+ ZRCT 220041 ))
(F{f); ¢ FLSy oY SKIP(L); EHD,

PUT LIST ('{Fthnlth CRSERVED CALCULLATED RESTE®)



GEANVIT 0200 GETIeIS (MAT' ) /7% GLSS LAVING 1969 #x/

=] 10 My,
)y"\l:(T‘yA(:(l)yf"/\':(lpl))
pFUNA, 1) R0 L)) SKIPELY

SKIP(4 ) 20
PUT LDYT (90D
({7,005 02
EiOLY;
FIalgitepu” CUIT(YEND CF MOCEL! yCOUNMT o t=%, Q)

(AZFU3) 6,0 00)) SPFIRPE3);

CHHY LCAOPL .

PUT LIAT (YenD CF CATAY) SKIP(3)3

STLP '
SURERIIPRIOCIAGR R LOCsLSi RSy 52D CDDLL, TIMEX)
PCLOIR,CY R ) s (LS4 R5,E0,COD LAY, G(A, L),

(=i, KK) (A ,R) s LOC(R) ) :

FLUAT BPIN, (A Ry T Je TIMEX) FIXED RIN (31) JAUR(Z,A) FLDATY
PINy, IPIVOAY FIXED BINA(31), (II,1ER) FIXED BIN (31}

A FLOAT BT, LL LADEL;

DO I=1 TO Rj

N J=1 TO A5

IF CO(JI<e 5 THTEY €O

L= BRACOD () -DD1J) )

LoD =’»5. COD(IY=DO(I)+X;

[F ABS(LOC(I)I~-LS(J ) )<0.1 | ARSILICIINI=-RS{U4))L0

TAEN LbL(l) =L0CH{I)+15 ERGCs

CALL SURRA4 (KKOJ21) sLOCTT) 3 LSUUYsRSUU) SLCDCS) »CEL () 53
EMTG END:

HH=KK; C=B ;

i1=1 3 Al=2:003GL

':r\'_L LI.SLQ(}—I—'.LI-)Q(\( :’.rl) 1"1,“;11 ,3( ].11) 1IPIV(1) ’AI ?
TER,AUX {141 ) )5

IF TER ~=3 THEN DT .

PUT LIST ('PROC UNSUCESSFULY) SKIP(2) ;

GG 70O LL EMEC

=
1501
Gs 1)

\Ti

—

SULRZPROCCH s ToC Ty ZT 2B LS o XX ZLY 5 272, ¥YYL :YYZ 4V )3
CCL O (N) FIXED BIN (21}
G ) VRY FLOAT DLW

ale

DCLOCLSyZZ: 3 Z22) (RFL) o U TyCT4YYL g¥YY2) (N) 9 (XX 2T ZB) (N+2))

FLOAT Q1IN

Ng 1=2 70 "I+l 3

XX(1)=LS(I~1)|V(T~1)/?

LTI} =T(01I=-2)5 ZBR(T)=CT(I=1)5 EHD;

r(((;)= S0 )“‘\/(!)/r_,

XXON+2 ) =L5 G L)+V IR /Z72 2T (L)=T (1)

CTUNA2Y=T0A) s 2B0L) =ZT(L)+1; IBUIIAZ )Y =2T(N+2 )41 ;

LT AN+ =YY LN Y L2208+ =YY2(N);

DG i=3 7O 45 ZZI(1)=¥YYL(IY; Zzz2(1)=YY2{1); END;

Oy SULR2;

SUBRZIPR2IC(ZT 20 g XSy LU0 AT S0 Ny MyEL,E24AA)

DL AN TIAED BINS

LE . (Ny"") FIczD BIN(: ')1

UCL((‘I‘\SQ‘&HyLl)\ N ’) y("'.Ly"'))( It 1 ) ,(LLC,( /\~:1[\C))(rl) ?

(XgZ;C,(;)(I.‘) FLOAT DI (PLeP 2,80, XC, L0 sWal e X1 421 R,
ll R 1 I [ s F Iz ,r‘r!- ‘\rrl::;::!() FILUAT pi\j;

e .)--), RUMH =R G0, UL 5726 CAS=0,

SO I=L Tu NM+iy




BRAVIVD sPREC OPTICNS (MAIM)Y; /7% GESS LAVING 1969 2/

1@ I=-=1 THE 2B )-(if({“f)+’ﬁ(l)*lp(lit

(')’X(II)’ lez\r(l\ X(J: X
[(1),(( yELTL1)5 LIZ)Y=2RUL); L1
Z(é)=lT(l*l);

C=X LI+ 2333 (Z(2 )20 )+22(2(3)~2(4)))
U)K/ 022 )= 2L ) v 22 ) =0 {% ) )
LC=0025%(2 ()42 (2Y+2(3)+2(4) ) ;

OO J=2 TU M.

A= (XC~LEC I Pl 4 LOxu2
PI=SQRT(A+LI(I)x%2);

P2=LQRT(A+EZ(I)**Z);

CORR=0-5% (22 LIV/P24ETLTIVW/IPL);

Xi=X(1)~LGC (1) Li=7(31); RI=X1Hx%242]%%2;
11=( 1o 3T08-ATAN(X1,21));

DE K=L1 T0O 4;

CXGEK(ReY ) =LCC () L2=7(K+l); R2=X2mAg +72%%2 3
F12=00e STORB-ATAINXZ2y242)) ;5

H=SQRT (X (K )—-X(l’+’))‘5-‘+(Z(K+l)'-'Z(K))**2);
SIKY={Z(K+1 V=2 (K) M F; CUK)=(X({K)=X(K+L))/H;
Wa 2o D SUK) = LOGARZ /RLV+C{KY®(FI2~FI1);
CASCI)I=CASUY VAROMF(Z 24T 22 L5F ] Lo { X1 STK)+Z1%C(KY ) )3
Xi=Xey Li=1225 Ri=R23 FIl=F125 EvD;
ACSUU) =ACS L))+ CAS(II=CCRR;  CAS(J) =3

Bl SUBR3;

SURBRG: PROCAICIN, Xy LTX, RTyUP,LT )3

DCL (GEX g X g LTX yRTHUP, LCy X1 oX2,F2) FLOAT BING
Xi=LTX=X; X2=R7T-X3 F2=UPxUP+Xi*X2;

IF Fa=0 THEN Fe=i.3708;

ELSE F2 =ATAM{{UPHR({X2-XL )V F2);

1F FZ< THEN F2=F2+3.14759;
GEX=0602668%(LU~UP )=F 2;

}!ID (J[‘Q

Eidb RAVITL;

1) /733
{4)=X5(I+1);
(3)y=2B(1%i);
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PROGRAM NiME: GRAVIT 2

FUNCTION: This program determines the space form of a

two dimensional body with outward sloping contacts pro-
ducing a given gravity anomaly. One point on the top
surface and the uniform density contrast must be specified..

A horizontal bottom surface is assumed.

INPUT FORRMAT:

CYCLE.
' ODELNAME "
ITER
N
M
P3
RR.
BLOCK.
RG
Us
POS
MAO
XX1
Y1
Y2

DATA NCTES.:.

CYCLE
"MCDELNAME!
N ' : i
As in GRAVIT 1
M

P3
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RR. is the number of different estimates of depth to the

top surface point..

BLGCK is the number of the block, counting from the left

whose. mid point depth is specified..
RO as in GRAVIT 1.

US is an array of RR depths to the mid point of the
specified block.

POS

MAOC

XX1. As in GRAVIT 1

Y1

Y2

For other notes see GRAVIT 1 specification.



GREVI T tPPEC OPTILRS (MAIN); /% GESS LAVING 19869 =/

CUANIT e PR OPTIONS (vat) s /7 GESS LAVING 1669 %/
DCLUITIRATICH COUNT oMy ¥, BLOCK; Py RICY FIAED BRI (31},
MOpELYAML THAR (62) V!\RY]HG‘,
G:’;’T:I;T (CYCLL )

LCCPL =D Sruiy =7 74 CYCLE;S

SCT LI ,]' (mCOL L APE, TTERATION s o My P2 3RRyBLOCK) 3

BEGING
DCILCHAGUIY 2 Y SDEIS ’Il, L e KW ANy MY (AD (AT ,POSI MY, IYL,¥Y2,D1,
D 1Cl T 1 rT,l- TGl rl‘\JI’n ) LN (XX3 ¢ L5 ..;.LOT,I{DT,L['i'G:,RI'H.’»y
LLyl2) M+ LY s XASLTEB) [N+ 2) ,RU(PJ) fLS(RR)) FLODAT Bk,
(B, 3 FLOAGT BIM,
(K ds Ty AAQ,TTT)Y FIXED BING
GCL £(1) FLOAT BILIH;
ROUG=0,0G001;
GEY LISTIRDyUS, PO
DO 1= Ty M MAL
DO I=1 TO MNj
LOLY=A0 Y0141 )=-XX101)y END S
RO=A35(RD);

ACCI)=ABS(MAD(CT, 1) )5  END;

POS=PDS:; 03¢ US=USxHI 0l
GET LIsTU{XXisYi,¥2);
XL =40 He000: Yai=YLRi0007 Y2=Y W00

L1:00 1= TO Ntig

b ;. Iiirl“ "’OIIJI (1_1) X/\.l

—

=M+l THEN LSICE(T Y= XX1
RRS TR I
DO TTT=1 TO RE;
Do (.5—.‘ T3 P'_-},
LSIDE{RLOCK ) =RSTIEE(BLOCK-1)
RSIDE(RLACKY =L STDE(BLOCK+Y |}
DO I=1 TU N,
TY Ly 041 v T T
- CTT(I’iIJg(I)—U) T
r‘[[‘)v
D0 I=1 T3 M3
MAC(I 1 )=A0(1);
AC(1) =,
END
A=13
CALL FORBMINM M MAC KK, PCL LS IDE, REIDE, SUENS, DLy LE, FINTSH,
AAY;
CTT(BLOCK Y, D2(ELD
D 1= T0 s
IF 1-=RLOCK THLM DG
D2(D), STV ) =CTTIRALOTK);
D (1);' FAL)=CP i (RLGCK P=SDENSC L 12 /73000) 3

R IV | M

CALL ZHAMOE (§),001 ,[)( ,ZT;/_ Gy AXL g% K321 ¢Z22 ¢Y1 o¥E 2 2);
C[‘-Li, Lr‘ 1]:\“0(1!' ’f' (\(y - { lqyl\r QJ("))\,M[?];ZL),
nn I-.-. TGO 4 !‘.-((1,-) AC(T)--AC (TS END;

OO Ad=) TO TTURATT ON;

LS !1_( i.’ILK)--L SInz(l)s

RETUIILLACr =k eI GdY s

Gu I=; T 0

ITF T-=3L02K TUHLN [

Do) =770 )~5

POa=USITTT)# SDENS(BLOCK,y 1) /RO(C) ;5

(@]



GRAVETD PP L0 GRTTICHS (A INY: /% URSS LAVINGC 1969 =/

FIMTEHh

CELDTRAD

DECIY¥=TTUL)
i

FLSL DU
DLOT)Y=C T( )
et )= LT P (I)+
BN C lLv

CII"\L'L ”\’l "-f”l’-\”,KHy.D“S 1LSI“L,I\JII"1.JD[ f('

-D"_y'.--__-l‘ 1)11 \)

Dl."lFCK)‘r'l('LHfL),

CTTIHLIZCK) iz (BLECCK) =CTT (BLOCK 1 45 EIS(HLUL<7')/RJ(Q)»

DU I=% TO s

IF [-=RLUCK TH:H DO

TTCIY L (DY =TT (D) =-SUENSLTIy LY ROIQ);
CTTL}) =CTY(LLACK);

EMD;

IF YV (I)>CTTUBLOCK )~) THIEY TT(1}4DI(I)=CTT(BLOCK)~1;
IF I-=pL0CK & TYA{II<E THLN TT(L),631(1)=1;
[)?( DY =CTT(BLOuCK)
llly
"(I'L( SITTT) ;

LSTLo{nL JLK, RfIU:(BLDCK"l);
SIU\(!L)LK)—LSIUE(BLUCK*I 3

CALL CHAMCE(My DL, LT 40 XXy XX W2 0y L 25Y1:Y242) s

CALL CALCTRAP(ZT,ZB yXXyPUSACRCUICY sty M Zis22) s

DA J=3 TD M; Mt\d(l!l)— n(l)"‘a\\,. ) l...NL\';

IF /‘.‘.'\“l'i'E'AT)')I\ THEN DO

PUT LIST(MCD “““IIAGL 5

PUT E{lf(‘HU)FL‘,LbUJT, =S TTT s = QY {ASF(2)9AsFl1) oy
FLLY)Y SKIPC(2);

PUT EBIT ("eSTIMATE! AA, "UFPER SURFACEYSLUSITTT),
PDERSITY' yRO(G)+ROUND) (A F I3 ) 4% (3) 4By E(6) 1% (3]0 Ay
Fley2)) SKIP(L2);

PUT COIT(YBLOCK Yy *LT Sy PRT®, BLUTy TRUYy tLLYy TRLT)

(A s X04) A XUT), ﬁ,X(?),H,A(Y)yA;A(T)a&;X(7) A) SKIP(Z2)3
DO I=1 TO N+1i;

PUT CDITOIs XX UD) g RX(T+1) 2 l(I)yZl(1+l),/B(1), 8(I+1))
(FLs)Yy, 6 FL9,0)) SKIP{L}; END

PUT LY15T J

{CLUCATION DR SERVED SRLTULATED ReSLbY)
SKIP(S); '

DOT =3 TO F;

PUT CDIT (PRSII)AD() JACCT) HAO(T)~AC(1))

(F(T O ) e FUIGy L)Yy FULRy L) FOLES 1)) SKIPCL) S

ooy Ly BERDG

PPUT ZOITVOYEND OF MODEL' 2COUNT ' = o TTT o=t 5Ga" ~* 4W)
(Ay FOR YA FED YL P e FOLY) SKIPC2)S

ENDOLOSF:

PUT LTET (YEND OF DATAY) SKIP{3);

PUT PAGE:

TN
.1|'._,| ,

PRGCOLT /0y S, LCC, ACS, RE pHis M EL 4 EZ2 )5

l)C‘L ("El'!) ,})\’ [.!.I (3 )1

DULCZT Ce2 )y 2R U2 ), X3 U142 1, L3C (M), ACSIM Ve LI 1) LOASEMY,

S S L )i (..')1'7.("'}1(:(.‘)1.)()) FLOAT BIM,

o~


file://f:/Vl

GPAVITZ:PROC GPTIONS (HATRY; £ G855 LAVIIG 1wey X/

(P:_ pe "1'._]-;):'\-.17.(:)!.‘11”5-/'\?_g."._')fl‘i}.y%?[y}.;"yi:\-a.'-; F‘i:'."'.l{.‘pﬂ.[."rl

P AZCORTY FLOAT BiiN;

ACS=0;  rUN=RIM(,CL3E3Z8;

CAGL=u;

D0 I=1 T} R+l

KOL)Y s X0 2) X5 =051

i) (5)=LT0L)y 2

LUS)Y=2T01+1 )5
(\‘X(L)+J 233320V =L e (0 L(D) -2 (%))
TAXAZ =K CIVYV /2022 )+ 203 =20 4) ),

LC=0ueb% (21 )Y+202)+2(3)42(%) )

DO J=1i TO Hy

) X{3) s XK(aYy=XS (14} )
(2i=2801)y  Z(3)=ZB(1+5);

A= (XC=-L0OCH J)) AR ZHLCRED;

PL=SQRT CA+EL (T )52 )

P2=SQRT(A+E2(T )%=3) 3

CORR=Q, B=(E2(1 ) /P2+EL(TY /PL)

Xei=A 0L =LAC(Jd Y5 L:=Z(L); RI=Xlwu242 13%2;
F1.=(1.5706~- AI,‘\I‘-:(XJy'/.'i)),

00 K=1 70 4:
IF ARSUEX(R41)-LO0(J))<Cet THEN LDCUJY=LOC L. u+
Xe=X K+ )=LOCUJ )y Lz2=2(K+1)i RZ=XZx%2+12% L;
FI12=(1le5728-ATAM( Xz 17’>))y
HESQRTLCX IR Y=~ XK+ ) )3 24 (Z (K41 ) =Z (K} ) % 2) 5 -
SIKI=(Z(R+1)= 200V /5 CUK )= (RIK )~ X(K+1) ) /H;
\l-".lo!:r::' (i\)JL‘. GIRZ/RI)+CIRKIR{TFIg~FIl);
CAS(J)=CASCJ)+ROHM(Z2%FT 2-2 1« FI =Wk (XL *S(K)+Z1xC(K}));
Al=X2; 2i=22;5 Rl=RZ; FI1=FI12;
CHDs
ACSUJ ) =AC SUUV+CASL Y)Y RCORRG
CAS (L )=03
ENDS EMDS
. EHD CALCTRAPR;
CH!\‘M:'.:.'J-’\(W ( }yTs:TfZTle1LS,X(;7_21,722,YY1 1YY; ,V’;
DCLON FIXCD BN (3.‘);
DCL VIN) FLOAT BRIk
DCL (L 50N+L ),)(X“H*”,?T(""")773(”"'2)yT\N)1CT(‘(,7
LEXCH+L )y ZZ20M+ L) s YYLOHE aYY2(M) ) FLOAT @INs
DO I=2 T0O H+l

XX(I) =0S(1=31)+V(I~1)/2; | |
ZT(i)=T(1=2)3 |
ZBUI)=CTY (f=10; |

= iU

XXC1)=LS(3)=-vIi)/2;
AXAM+2)=LL(N+LI+V )/ 25

IR )=CT () 2B(M+2)1=CT ()
LT =402 Y =33
LTHA2)=2000+2)-1;

223N+ I=¥YYT ()

LL20H+ 1) =YY2(N)

N I=L To N

SOLI=YY D)
2 (1) 5

f \l L
THL CHANGE S




GRAVITE 20ROC 0P TI0ES (MAEINY; /™ CLSS LAVING 1969 %/

FORM = PROC (AR By KK LOC L S,uS, 5,00 ,CDLLLTIMEXY 5
DCL (A,R)Y FIXED BT (31},
(TINEX,T 500 FTIAED OLi,
IPIVIAY T 1AED BHIY (31)y AUX(2:A) FLOAT BINy {11 ,1ER!
FIXED o1 (2L ),
LL LAN=L,
X FLUAT a71i,
(BIRy L) KK CASR )y HHILALA )y GGLA L) 00(R 1) ,LOC(RY)
LE Ay RS L) s GUA 2 ), COCAY, CODCA):PEA )y HHIAZR) C Ry 1Y)
FLOAT BT -
) I=1 TD R
o0 Jd=1 T Ay
IF NDDCJY<eeBL THEN
S3:050;
X=0a5%(CO00I =000 ) )
ND(JY=0s%; CEDUIY=CLC{JI+X
TF ADS(LOC(I)=LSUU) <) | ABSILAOCII) RS {J) <051
THENM LOCEL)sLOC(I)+1;
END 535
CALL CrLLSH (KK{Jp 1), LOCHLI) LS OJ)yKSUJ )« OOLJIsCDD (I )Y 5
END §d4 ERHD 513
FH=KK =8 3
IT=% ; AL=0000Y 5 G=03
CALL LLSGUHHI{Y yl) ,C(.l_ ,1) 1R1/~\,11 '(J(l v:‘ ) 1IP1V(1 )1.’-\11
[ERyAUX (s 1))
END FORM;
CALLSHAPRUOC (GEX XA, LTXyRT,UPy LD
PCL (GEX, X LTX,RT,UPL,LO) FLOAT BINARY
(X2 4X2,F20 FLOAT BIMARY:
XL =LTX=X; Xz=RT=X;
F2=UPyP4 X1 %Xz
IF F2=0 THEN F2=1,5708;
ELSE Fe =ATANIUPSR(X2=XL)YY/ F2);
1F F2<0 THEN F2=F2+3,14159;
DEX=0,02665%(L0~UP )i 2;
NN CALCE 1
EHD GRAVITZ;

nn
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PROGRAM NAME: GRAVIT 3

FUNCTION: This. program determines the space form of a
three dimensional body with inward sloping contacts

producing a given two dimensional gravity anomaly. The
top surface of the body on the uniform density contrast

must be specified..

INPUT FORMAT:
M

MM
ITER.
X1
Y1

Y8
XCD
YCD
Us
RO
AG

'MODELNAME!

DATA NOTES:.

N is the number of.anomaly points in the x~direction..
M is. the number of anomaly points in the y-direction.
NN is the number of rectangular prisms in the x-direction.

MM 1is. the number of rectangular prisms. in the y-direction.
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NxM> NN xM

ITER as in GRAVIT 1.
X1 is the x-coordinate of the first anomaly point see

Y1 is the y-coordinate of the first anomaly point.

XS 1is the distance between any two successive anomalg

point x-coordinates.

YS is the distance between any two successive anomaly

poinf y—-coordinates.

XCD 1is. the x~coordinate of the first rectangular prism.
YCD is the y-coordinate of the first rectangular prism.
US is the depth to the top surface of the body.

RO is the density contrast of the hody.

A0 is the gravity anomaly array (A0 (x,y)).

'MODELNAME' as in GRAVIT 1.

(e}

x
c Xxi
a -1.
"y R lgf\ g Fl?ki
ya :it',t;m:" . }:\:s MM blacks
2 INNHL
i
3 <3
N
I
NN blacks
Y

x

GENERAL NOTES: As for GRAVIT 1

SUBRCGUTING :

PRISH: Computes (a) the kernel matrix and (b) the gravity



GRAVE

TArki gl

CRAVIT Lo
UFL'IH?Ui
GET LISTH
REGLT
GOL (XL
OEID)
Sy R
CHAK{ L)
GET
Bu I=3%
GET LIST
C =H=etts
nay I=i
EMD;
PO I=i
1F 1=1
ENE;
PO J=i TO
Dn T=1 r{
AL IJ =i
EMNDG ENID;
DO T =
YIL{I)=Y
gHle;

T

i
TG

DO 1=1 TO
VL (T+N
EHD;
DO

I I=
CHES
DO J=: TO

DI I=1 70
SKA(I+J
EWD; ErDs
DO I=2

g
i

AT

yY L) CHF
;Hanim*ﬁ,_l,,(wu*wwyj),(x Am,x
,u2),Kk(ﬂJ='r,l~V).ht
VARY TG

LISTU AL 1\.\1)(:’\

(”K)DEL%!AI

)=XL(1

(HAL)

)’(er Y!

I1PIv (¥

y%tby
N *M
iﬁ);
=M MY

b TT(Y)=US;

TO N;
THEN XL(1)=X3;

M=i;
l-,} ;
)3

TO N5

K

AR (Vi )EH;

AL

y=YL(I)+YS;

ST OMNS

THEH

SK(1)=200; LL
RS

iy
Sl -
2 I

HHi=sX(1);

PR

SY(I)=YLD;

ELE:

Afl=(MR-Z )%

Ny I=1

TN
LR ¥

SY(T+IN =5

BN
RPOH=1;
PRIS
A0 =0
CALL

All\ll 3

“\ Ly
PUT SKIR
PUT LI

o =1

CALL

(@]
S0

LL

i Crv
PRT S
) 1=1
MAO(),

120 AA": T

o~

CALL

Niis
A%
YOI)4YS;

AT =0, 2001 ;
MG, 5 KK XL e YL 35X S
TI_};

AU Ty 1)=A00T1)3

ELSE

Yy TTyCTT,HR

A0C OPTI00S AT )Yy 7% GLSS LAVING 1970 %/
yNny "7(’!1;,]]"‘% llyIER) PLX-D BII‘J(J]);
yNyulc‘y l/I’]TLt‘\) '

N0, TT, (Ff)lHH‘H.)oA

(/*NV <MW,y 1)) FLOAT
il k[xfn BIM(31);
YtU,US Rity AT 5
D ;

BIiH,

CTTLI) =TT(I)+0,001;

XLAI) =XL(T~1)+XS;

\ o
A

SE SX({1) =5X(T~1}

OH +AC ¢ XS,YST;

(KL o2 Yo MAGHL 92 ) s Cy By YT G35 IPIV(L)- AL, IBR,

1))

LIST

( *SURFACE

LA
H

+G(7, )/Rn)
([)_’_."._l“
1(' 1YLra/\fJ

\‘(1),

AS5EST) H

G 0013
THE ™

CTTL =TT 11 +0,€CL,
T"L“f!\l_‘ "C:)’:S'YS);

END S

R

By (AGsAC)
YY Z o LLy XD TCD X2y Y1 XS,
MO2 =z LNAME




GROEVETI3:PEOL 2P T0HS

s

L
-~
o

(MA LIS / Y %/

Y

LSS LAVING

DO T=y TC B3
DICLY=CTTLEY s D201 =CTT(I) 4015 END; l11=13
CALL PRISHIC: B,KKy XLy YL )X-L{yl)_\’\"fw{u”lr\-l\'q YSYs
AC =03 Al: L,of‘)ll
c;l’-\LL ||{)(..(w1(.|.1...),f‘ l‘(f.’.‘,'(f',ll,b(d rl)y[l”IV(:.)yAI Ier

AUXL -‘-7] )1
PULT OSKIP L
PUT LISTIG
0l I=1
CTT{I)=CTTH
IF CYTLIICTT ¢

[:MD;
PUT LT ST ('ERD
MDD
PRIGM:PROC
- DCL
DCL (C4B)  FIX
cCcL ((7,Cv
DOL (KKIL,C)
AC=3;
FO 1= TD

DC K= TO

IF SX(K¥>=XL (1)
Y=ABS({SX (Kl )=X LI
IF X=0G THEN
| XX= X4 XS, ['['D;
[ X=ABSH(XL({I)-
IF X=0

XX=X+ XS

R E

IF SY(K)I¥>=vLA{I)
Y=ADBS(SY{R)=YLi(
YY=Y+Y5; el E A
Y=ABS (YL{T)=S

B Y=0 TLHE' v =0
YY=Y+YG, il
J]'—C\KT(A...:L).‘

7=7(K); | Z)=

Ly

)3

{ '*SDE l.\, )3

Ti B

Y+ GOT, 1)
1Yy+0.001 THEI

)\U )*Oo l;

CTTUIN=TT(I)+0,003% END;

ShLL PRISKHIC D s kKo ALy YL s SXa SYp TT4CTT o ROFAC XS ,YS )
Le i=1 TO 2
MAG(L, 3 )=A0(I)~AC(T )} ENC;s
PUT LIST ( MODELRAME ) PAGE;
FUT EDITCSESTIMATE Y yAA,PDENSTTY=Y ,RO,"GH/CCY) (AsF(3)4X(3)0A,
Fl4:2 0y A) SK UJ(E); .
PUT EDIT ("BLOCK® ¢V X=LEFT o " X-RICHFT # 4 'Y =LEFT ¥y FY~RLIGHT 'y ¢TIP ¥,
BOTTOMYY (A  X(UT) y/‘n,X(?)lA X( )y’\yl((?)yA,X(l)pA X(,)fl\) QI\IP(?)’
Lo I=1 7O 8;
PUT EDIT (15X (D) SX LM eXS, SY L) SYCTI)4YS,TTLIN,CTTII))
(F(2) 36 FlL442)) SKIP(I); END;
Ul LISTOYX-LOCATION Y~LOCATION 03 SZRVED CALCULATED
RESIDUALY )Y SKIP(4);
pu 1= TO C;
PUT EBIT (XLCI),YLETIYZAQCT Y ACHT ) s MAQ(T 1)) (F{T,2),X(1}),
FOTa3) s X {4 s FULO 2V FUL2,2) 20T, F(L1542) ) SKIP (1)

UF MCDEL') SKIP(3):
(Celay KKy XL,
A ] FLGAT
ED BIN (31);
Y(R) Y FLOAT RIM,200 FLOAT BIN:
(SXySYM(B)y (XLsYL,ACYIIC)) FLOAT BIN;
KiK=13;
C;
1t
CTlmys
THEM DO
IN);
X=0.001;
cLSE DO
SXEC)I=XS )

YLy 5Xy 5Y,
PING

TyCTyRUDISALXS,YS) ¢

T'{ Mo =0, (_J[_I 3

THEM DY
Iy IF Y=0
LLSE 00,

Y{KI-YS);

TheM ¥Y=0,0013

et L]
eJdJd. oy

Yah24 s 2); OOT=SCRTIAE24 Y247 72¥52 ),




NaVITS

nTT—cn;T(xu«?an '»u/z> (23

TUL b\J{T( Y)\’ "Z Y */.---—:‘-?.

PPECC OPTTOMS (MAIH)Y; /=

GESS LAVING LS70 %/

ACLY=ATANOXX® Y“ TO0Y ) ALZ) =ATAMOXRYY L:0TD)

AQR )= AT AN (X 2Y, 25000 )5
ASBY=ATANARY 775007 ) ;
ACT)Y=AT7 N XK ( LIsTOT
I.-\I'Js: O u(.:(.;b()? ['.UU '-‘(XX = Ur( ( (

—— ww

-

ALGY=ATANCAREYY, 25TT0) 3
A(b)—l‘\li‘\\‘()/ WYY, 2Z2%TTT)
ALB) =ATANUXRYY 3 Z7%0TT )

/YPTT”)‘(Y+T)T):/((Y+TUO)

Xe LCOUUIY+QCO) =YY +OTT ) )/ L{YY+QTD V(Y +02T 1) ) +

YYSLOG (OO XXETTOY = (X+CTT) Y /7 0AX4OTC )= IXX+TTT)) )+

YARLOGE O (X+HO00 )= XX+ TOT) ) Z{{X+30T) =L XX+ TCQAY ) ) +
(A YA (Z2)=A(3 ) =A04) )+ 22 (A{S)+ALS)-ALT)I=-A(8B)));

KE{K,1) =AaNS;
ACTIY=AC())+ANS;
END;

LD
EnE PRI SM;
END GRAVITI

P OTO=SURT{REEZY YV rkp s 2xe2 )3
$2)5 TTU=GURTIXXRK20YYNER 47 Hu)
P OTCT 50T (R +Y 552 427 432

2)

)i

(YY+TTT)) )+
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anomaly due to each model after each iteration.
N.B. N,M,NN,MM, < 15 for an I.B.M. 360.

PROGiRaM NAME: GRAVIT 4

FUNCTION: This program. computes the space form of a
three dimensional body with outward sloping contacts
producing a given two dimensional gravity anomaly. One
point on the top surface of the hody and the uniform

density contrast must be specified.

INPUT FORMAT:

M
NN
MM

X1 % as in GRAVIT 3

RC

as in GRAVIT 3
AG l

BLCCK

' MODELNAME'

DATA NO TioS:

US 1is the depth to the top surface of the specified block.

BLOCK is the number of the specified block counting in

the x-direction.

CTH<R notes as for GRAVIT 3.



PRV VGl PRGD BIETY LS (NMATRY ) /% GESS LAV Ie 1979/

CRAV [T4:PROC Jr7 IONS (HMe i) Fa SESS LAVING Ll u/
DOL N,V ARy My Oy Py ITERS LTI ITER)Y FIXED BlN(31);
DL PORELYANE LHAR (62) VARYITN;
CET LIST {(MODCLNAME )
GET LIST (E\‘,f-’\, g MBly 1T ER )
DEGI M
DCL LLL FIXID f)]'l:
BOL (AL YL 2 AU A C)ll MY  (SKe SY DL, D2,TT, CTT)(Nhkl"‘ll"t)rMﬁU(N’:‘!‘"yl)
s O PR TAIN s 1 ) g KNG p TN ) g AUX (250880, Y ) (XCDyYCD, X1: V1, XS5yY5
RO USHITLOAT "]'IyM( fol.u\.’/‘\f"lﬁ CHAR(63) VARYING, IRIV (MNFMM)
FIXcCl BIM{(21),0L00K TFFIXLD BIM;
GET LiST (X1 e¥ o XS, Y5 XUE,YCB,yUS RO, ATZRLIOCK )
DO YT =2 TGO Wiy MAQ(I 1) =A00(1); E6iDs
LLL=310900;
C=Maiy R NN,
UL 1= TC Bs TT(1)=US; CTT(I)=yS+0L.001; [LND;
DI I=x1 TO N;
IF I=1 THE 2L (0I)=X1; ELSE XL(T)=XL{I-1}+XS;
END;
DY J=1L TG H-1;
LG I=1 T"i M3
ALUI+dsRY=x L (1)
M ;_Nl H
D} I=3i Tu i,
YLEI)=Y 3
END;
Ab= (M=~ 1}3%N;
PO I=L TO ABR;
YLOI+M)=YL{I)+YS;
[
D3 I=1 TO MN;
iF I=2 THEN SZ(I)=XCDh; LLSE SX
END;
(3 Jd=L T0 FM-
DO 1=1 TO i,
SX I+ JENM)=541(1);
LHD ;s =Ds
l_)'_’l =1 T0O Nis
(D)=YCD;
""ln
/\U‘“(n*" - ") M g
CO 1=1 TO A3;
SY(T+M)=5Y (T)Y4Y5;
[HD;
ROl=21; N)1=0,039.;
CALL PRISH(C, BalK XL oYLy SXy SY, TTsCTTyROH ALy XSy YSyLLL)
AC=0; 11=L;
CALL LLSQRUEKKOL s sMAGCL 50) sC By TT sGLIL ) ) 4y 1PIYV (1), AL, IER,
AUX {31 ))
PUT LKIP LIST ('SURFACLE MASSESY Y
PUT LI1ST (G);
CTT(RL J( RY s D2(BLUDZK) =US+ (O (BLDCK 1) /RO x0N, 001 ;
DOoi= L) B
IF In JLHLK THEN DC;
D207y, CTTU1Y =CTTIRLDLKY
CalD)y TTODI=CTTL L)~ (G T 1) ARUI=0:00%,

f—
1]
vy
'<

I~1Y+X%5;

-

s ogwe




CALL

SPRCC OPVTLNS (FATWY; /7% GESS LAVING 1970 */

~

P TT{IY<., .0l TEED TT(01I=Ce0C s

JF T2 CTY CE )0 003 THEY TTOI=CTT0L 0,001

t D FHD;

PRISHC Sy Ky AL g YL 3 543 SYy TToCTT RO AT v XS, YSyLLLY
g = 70 C;

MADHT 0 ) =AG00T )Y -AC(T), END;

D3 ak=1 T2 .ETi_i'-!.;

L0 1= TC B : )
IF I-=BLCCK THIN DC; I
DICTI=TTOI) =20 Uil

CR0N=TT(1);
s

LS DO
DLEI=CTY(L) ;5
Co (=0T (1 )+
ENDS EMD;

sDOL;

“-\LL P .| n’l(L’ .-,K'!'i,.'ﬂ_,YL,S}'(,SY 1n: 1“2 :RGH,ACyXS ,YS'ELOCK);
AC=0; Al=0:0001 3

CALL LLSRQIRR G 2 )y MAG(L 3 2 ), CoBy 112 GOLy L)y IPIVI L) AT TER,
AUXT L 1))
PUT SKI2 LTST ('SDENST);
PUT LI&ST (G a
DI(LLUCKY =CTT(BLECK) L
CTTILLACK) D2 LOCK) =CTTIBLOCKI4 (G(RLOCK,L) /RO}*Co001; Lo
LO i=. TOU B3
IF 1~=0LOCK THEN DOj;
TTOLI) s D(I)=TT(I) = (G131 )/RO)*DaDDL;
CTTAI)I=CTT(RLICK) 5
ERD; '
IF TTI)SCTTABLOCK) ~0e0 I THEN TT(I), DLO1)=CTT{BLICK)~0.0013 A
IF T7T0I)<0001 TAER TTUL) sD1(T) =0, 0CL; :
CEUI=CTTUBLOCK )
EHD,

SBLOCKY =USs

CALL DRIS(Cy BaKKy XL 1YLy SXy SYs TToLTToRO2AS XS, Y5oLLL) ;

DO I=: T C;

MAO(T +1) =A0(I) ~AC(L); END;

PUT LIST ( HODELNAME ) PAGE;

PUT EDTTLYESTIMATE 'y Ay '"DENSTITY= 'R YGM/CCY ) (AGF(2),X{3) ,4,
Fléa,a) A) SKIPLZ);

CEDIT (PRLOCKY g P X~LET Ty " A-RIGHTY ytY—~LEFT® ;' Y=-RIGHT', *TOP*,
BOTTUMY ) (Ay X{7 g A X{T ) A XKUY A XE T o &g XCT) oA XETY oA SKIP(ZYS

DO I=1 T Bj
PUT FOIT (T 5x(T) g SXLT I+ XSy SYLT ) sSY (L) +YS,TT (1), CTT (1))
(F ('a); & Fll 4, 3V) SKIPCL Yy END;

? =i

PUT LISTUCLOCAT IO y=LnCATION  OBSERVEL  CALZULATED
FESIDUALY)Y SKI P‘(") ]

DI
PUT

[=1 T3 C;

ECIT (XL ALy YLO D) ADCT ) ACUT ) HAOCT 1)) (FCT53) 3 XU 8,

FL7:3) 11(‘Irr\nkyc"1r(1’),f)1\lf))|ln.41__))SK..IP (1)

(SR

PUY

LIST ('Eﬁﬁ) UF MO0EL Y SKIPC2)

- U

PRI GNIDPPUOI (L s Dy KKy XL e YL s SXySY s T CT o RCO s AT XS YSy BLOCK ) §



TRAY G CROC GPT NS (MATNM ) £ GLSE LAVING 1910 %/

JIL DLUCK M Xkl gl g
DCL AC8) FLOAT RTH;
CCL (CyBY  FIXZD B (31);
DOL (ET,0T7Y{2)Y) FLGST BIK,RCOC FLOAT BINg
BOL (KKABsCY s CSKaSYIIBY y XL YL,AC) (C))Y FLOAT BINS
AC=0 '
N 1=y vo ©;
DUy K= TO B
I=T(K); LZ2=CT{L);
IF ~—L|Cbn TRET DO
IF SXUL)>=XL(1) THER DO;
K= uUb( X()-XL(1)) I1F X=C THEN X=0.001;
AR=A ﬁq((L([)‘fX(ﬁ)”XS)i END 3
ELJI. I)Ll
X=AZSIXL (1) - SX(E)-XS) IF X= THEN X=0.001;
XA=ARS(XL O -SX0 1) LD
IF LY (I)>=YL(I) THEN DO
Y= SOSY(1)-YL(1)) IF Y=G  THEM Y=0,001;
YY=4BS(YL(T)-8Y(E)=-Y5); FIND 5

e s
SLOE 05

Y=03 SEYLLI)=SY(B)-YE); JF Y=0 THENM Y=0.001;
Y‘l"-"A“S( YL(I)-SY(.L)); ’1' s
el

ELSE DO
TF SXCKID=XLUI) THEWN DC;
XSABSISXIK)=XL(T});
IF £=0 THIM X=0.001;
XX=A+XS; Eiil; ELSE DO;
X=ABSIXL{1)-5X(K)~XS5) ;
IF )\_l) THEH .'(::Le‘.-\:)-:
XX=X4K:n
CHD 5
1F SY(KI>=YL(I) THEN DO;
Y=ABL(SY (K)=YL(I))s  IF Y=O THEH Y=0,001;%
YY=Y+YS; EFD; CLSE OC;
Y=ABRSEYLLT )= SY(K)~-YS);
IF Y=0G THEI! Y=000003

YY=Y+Y3; ENES
El‘(‘ -
DON=50RTUR32+ Y024 2%%2) 3 DCT=O0RTIXERZH YRR 4 L 1%%2 )5

OTT=0QRT (X4 Y Rk Z4727%x2), OTO=SORT( Xk 24+Y VY% *Zlf«*ﬂ);
TTT=C0QRT{XRskp ayydong 2 2 ) ;3 TTU=S0ORY (XX Rk 4Yyshsdg 47 a0
TAO=80RTOXK R4 y% <g+z ) T07T= sghl(xx**’+Y='z+zzﬂ‘a),
A I=AT AU RY  2TUS ) ALZY=ATALCXRYY, Z50T0) 3
A(D) =ATAN (X \,Z T ) s A(G ) =AT A T(AXAYY,y 23 T]D).
h(.))—l"\”-u"(x Y’Z/ ““T), I\((-’)"‘IA”(XX"'YY;’I T‘T”
AU )=aTA XYy 2 25TOT); ACRI=ATAN(XRYY Z2%GTT)
nd: ot TRECDE (NG (YY+TTO ) (YirJr))/((Y+Tﬂn)‘(YY+TTT)))+
HLOGOUOYHGOO) =YY+ 0TT) ) Z7({YY4CTCYRA{YA00T) ) ) ¢+
YYrLD((((V‘tT‘ PYREXFOTTY) LU OTOY = {( XX+ TTTH )+
YRLGCU (X AGL ) HIXXATOT ) )/ COXH00T )Y = (XX4T30 ) 1+
FASH 8 YR I AN )—A(;)~ﬂ(f)‘411a(\(h)+ (e)~n(7)=-A(81));
PR, T =608
AC(i)=ﬂC(1)+AVS;

2)3




R

LAY

vl Tappac

4

ol
ErD;

END

SAPT C
oPhT g

ol

DRT SM;

GRAVIT4;

{MATIYS

/7

&

"4

S

LAV TG
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PROGRANM MAME: VARYIT

FUNCTION: This program determines the space form of a
two dimensional body when the top surface is too deep

to use the GRAVIT 1 or GRAVIT 2 programs. The program
can also handle more than one body with different density
contrasts (of either sign) resulting in interfering
anomalies or a body with a know lateral variation in
density; The top surface and density contrast of the

body or bodies must be specified.

INPUT FCRPIAT:

CYCLE
' MODELNAME '
ITER
LIMIT
N
M

P3

o1

Y1

Y2
DATA_NGTES

CYCLE
'KODELNAME ! as in GRAVIT 1
ITER

LIMIT defines the required. goodness of fit to the observed
| anomaly. (Try 0.5 mgal).




N
M

P3

BB

™

RO

- 124 -

as in GRAVIT 1

is the number of sets of N density contrasts for

each block.

is the reciprocal of the fraction of a block width
required for good body resolution (e.g. if 1/10th

of blockwidth is necessary then BB = 10).
= 1 if block=-shifting is required.

is a P3 x N array of block density contrasts.

as for GRAVIT 1

Other notes as for GRAVIT 1.




PRI DETIONS

(RETRETD S

VARYIT::PRICC CPTIONS (AT ;

LGP G

BEGLiY

FIXED

: DO

DCL (LIMITY FLUGAT PRI,
(]T[RﬁT]HV,CJUVT,”,pr3vkﬂ7Hyﬂ3yTHth)
BIt) (31 ),

HPAGH FIXED DECIVAL INITIAL
TITUL CHARG L E&6) INTTIAL (* VAR=DENS-DOBY' ),

UM ITL CRAR (231 THITIAL (rYGAL g METIES,OM/CU THe Y,
MORELHANME CHAR (40) YV ARY 111G,

PAGEVORD  CHAR (4) THITIAL (*PAGEY Y,

PUT COIT (TITLELWPAGEWUREL MPASBE)Y Ay X(84) yask(3))
PUT DIV (UNITSIHA) SKIFL2)

SET LIST (CYCLE),

DO COUNT T3 CYCLE;

GET LIEY (MODELUAKE);

FIPAGE =#PAGE+L :

GET LIST (TTERATVIGH LIMIT,NyMyP3,RR+BB,yTH) ;
TH=TH*1000 3

DCL CAAC (M3 ) o SOERS N T oK (M M)y ALY, ACIM ), PUS(H),

YLONY o YZOMDY 9D (MDY D2 (N) yCTTINY o TT U g LSICE(N) s RSIDE(N),
SHIH)p TY(ND)2RIM) DM, L) (BGINg L) pMNNIMNINY JUSIRR) sROLPI ¢iN)
AXI R+l }) FLOAT BIN,
(ROUND S S) FLOAT LIMs
(FLOUW LINGS < sds] AN

ROUND=0 00001 ;

{3 )

PAGE;

- 1
=1

2 CONTROL,TTT,Q) FIXED BINS

VA x/ <
DA I=1 T3 P3;
DO J=1 TO N3

GET LIST
LDy OND;S
i Tii N3
FOTT
1

X/
00 I=i
GET

T M

LT ST (POS(I)Y ,MACCI 1))
POS{II=POS(1 )% CCO;
AQ(T)=1AD(Iy 1)
IREIeH
A */
T3
IF I=N+1
GET LIST
L

M+l
THEN DO,
(XXi(1));

= 3
=4

T OXXE (1), YL(I),¥Y2U1));

SET LIS

MDD Sig

NAL=XX1¥i000;  Yi=sYL*1000; VY2=Y2%1GC0;

/e N/
DI W= To BB

DO I=3 TJ v+l

TF w=0 THEY WR=07
FUSE bw=i
XELCIY= XA LT )+ (s TH) /(38«1 )

I -

T BOS




VALY IT:2R0C0

APT Y0NS (MATNY

[}
o

[ R )

EHGS

Il T==M+21 THZN DO;
LSTIBECD)=XA2{T);

I VR S

/% . *f

() CG=31 Td P33

DI =1 TO N3

TT(L) 03 (1) =TT (1)

CTTI ), L20TY=TT(T )+ 13

DO I=1 TO M,
MACUT 1) =A0(1) 5
AC({TI)=01;
Catls
/::: x/
PUT EDIT (MIUELNAME PAGERIRD ;HNPASE) (A 44(50) yAF{3))
PAGE;
NPALGE =MPAGE+1;
AA=1;
CALL FORM My MaMAD KK POS)LSIDZsRSIDESDENS YL oY »01 5052
FI\].")H]TY,SI\,I—\’\);
DD I=1 TO W;
D2CI),CTTOI =TT+ SOEMS(T 22 ZRO( Q1)
IF CTTCIIKTT LI+ THEN DzUI);CTT(I)=TT(I)+1;
ENDS
IF FLOW -~=100 THEN DO;
CALL CALCUL {(NsMiPOSHLEIDE RSTIOESRI(I =) oYL o ¥2501,02 00
TY »SHN)S
CALL RESIDUAL (MyMAOAULAT o LINITZCONTROL,FLONW )5
ENC;

(D0 AA=L VYO ITERATION;

IF FLOW=1GO THEN DC;
PO I=1 TO ®;
DLOI)=TT(I);
DE(I)=CTT(1)
ENQy EMD;
DO I=1 TO N
D (I)=CTT (1)
il+1

ENI S
CALL FORM (s My MHAQ KKy POS, LSIDELRSIDE s SDENS YL Y2501,02,
FIMISH,TY SN;AAQ);

DO I=1 TU #5

DL(TI=CTT(1)}

IF FLOW=10G0 TEEK £C

TF A6=1 TH:ZNM DO
DZCD)HCTTOD)=TTOI)H(CTTOIN =TT )= SDENS(T 41) /RO{Q,1))53
DI LD)=TT(I);

END;

ELSE DO

IF ABSCSDENSUL, 1)-ROCQC,TYI>0. 001 THEN

CTTCE), B2 ¢ ) =CTV (1) H{CAT(I)=TT (LI 1a{dSOENS{Te 11=30{0,1))
ROCGSI) )




VARY IT: 200 GPT LONS (MATH)

Friyy £6D;

CLSE CTTOH) D201 =CTTLIY+SDENS(14) /RO(Q,1)

IF CTTHIISYTOL) THEN CTTELY 2201 ) =TT(T)+13

oy S35

CALL CALZUL (MM PCS,LSIDE yRSIDEJRCIGy*),YI,Y2: 11,02,
AC, TYs SN

TF AA=3 & LIHES=100 TFEN FLIW=0;

cAlLl QESIUU‘L (FeMACHAC sAC, LIMIT CONTROL,FLOW ) 5

$=0; JF FLOW =G THEM DO;
PG I=:L T3 43
ROTY=MAC{I 41 ) %42,
o=c+§(§);
EME; CNDs
/.c */
IF AA=ITERATICN THEWK DG;
PUT ZDIT (PASEWORD NPAGE) (X(210)A4F(3)) PAGE;
HPAGE, =NPAGE+LS
EriD;
PUT EDTT ("MODEL',CCUNT) (AyF{2)) SKIP(2);
PUT EDIT (*CSTIMATE *,A4) (AsF{3)) SKIP{(Z2);
PUT LIST
( 'CLOCK LEFT RIGHT MED UPPER LCWER DENS ITY® )
SKIP(2);
DO I=2 TO M3
PUT ELRIT (1 LSIOE(L) yRSICE(I) y(LSIDECINHRSIDE(L) )/ 2y
TT{I)ZCTTCINsRI(Qs1)) (FU3) 5 FL9,0),F{9,42)) SKIP(L):
ENES
PUT LIST
{ " LOZATION OB SERVED CALCULATED RESYCUALY ) SKIP (&)
DO 1=1 TJ M3
1F FLOW=iU0 THEN
PUT EDIT (POQS(I) ,A0((1) JAC(T) 4AQ(TIY~AC(]))
(FIT740) s FOICy 1) s FL33, ) 4yF(1143)) SKIP(1);
ELSE
PUT ELIT (P
{(FUTy0)4F (1
EMD3
PUT EDIT('vARTANCE=

r T -
Ir 'J?'iv\.ax_' ‘o

END S22

FINISH:PUY EDIT (&40 OF MODTLY,COUNT) {A,FU3)) SKIP (3);
EMD; ERD;s
END LGUP L
PUT LIST ('END QF DATAY) SKIP(3);
PUT PAGE;

o

N R 2

EHDCORIPROCIDURC(LOO yPP LUz VYV XX YY) 5
DCLILEGy PPUU WV XXy YY)FLDATY DINARY .
V& !,‘:’I
IF vwete L THEN LODR=3 ;
Lt e bos
TF LU Yy TEHEN LCC=1/SCRT {1+ v *u2]) 3
FLSL LU=y JSGRTUIHYY/ V&2 )

EMES

[N
)
?

1) AC(I) ,ACUT) , MAO(T, 1))
Y PF(13,2) FL11,3)) SKIP(L);

Cs
Y
' &

(AyF(4sy2)) SKIP(4);

] ',..‘l u“')
THEN 60 TO FINISH;




INVTAM:

SLLIBLOTK:

JURTD“

DECINL::

ARYI T:PROC CPTITHS (MAIN);

/ x /
IF XX<O.: THEN PP=33

ELSC LG

IF UU>YY THEH PP“‘/\‘RT(lSLU/x’f*Z);

ELSE PP=1/SQRTL4YY/XX*%EZ)

25

END ENUDCOUR;

/%
PQDCEDURE(HM O.PP,CQ) 5
YWoL (M, U, PP QQIFLOAT BIMARY 3
NWLFP*Q +0EPPR;
IF MH=D THERM MM=l.hTU8;
FLSE MM=ATAN({QQ=(PP~-0}) /MM);
[F MM<D THEWN MHM=HMH+3, 14139;
CND INVTAN;
[/
________“—____—___~___-__________________-qnm___;7 ...........

PROCEGURE(ATT sy RHC ;A By Ly Gy Sy Feg Gy He TY,5IG) 5

DCLIATT sRHG A 3B D 4C 45 4F, G,A,TY,b)G)FIUAT BINARY ;

IF TY-=0 THEN ATT=ST0%RHO%(e QL Z34% ( (~A%:0, S LGG{A=ASCH0)
JCARA+DED ) ) 4B%0 ,5 ¥ LCG { (Bx B+CsC)/(B~U+D D)) +CERE~DXF ) F{{ G+H
)*&3e 5)) 3 '
ELSE ATT=RHO%GC, C2668%=(L=D) *F

LMD CALLR.OCI'

/%

IPRUCEDURE(GEX ¢ DE#XyLTX sRTUP, LiJ, ELy L2, TYPE, SGN ) 3

UCL(GEX,D&,X,LTX,R[,UP LL,LJ,.Z TYPL’ GN) FLDAT

BINARY (X1, %24CL,C24F1,F2) FLOAT BINMNARY ;
£ A/
Xi=LTX-X;

Y2=RT~-X;

IF TYPE=D THEN DO;

CALL ENDCOGR {(C1,C2,((X~Do5®(LTX+RT ) )XX2+(UP*%2)),EL,EZ,
(00U SH(RTHLTXI=LTX) Do 5) %22+ (UP*%Z2} ) )5

ENC; GLSE DO

CALL ENDCOR(CL,Cay ({X=00 'k(LTX+&T))**7+(0o5*(UP+L3))**2):
EL B2 (0 B% (RTHLTX)-LTX)%Do5 %3224 (D 0% (UP+LO) }*%2) )3
CALL THVTAN (FilyXi g n2,L0); FUJ

CALL INVT AL (FZ2aX1leXZ2oUP)5

CALL CALCHLECK (GEX’“E)XE,XZ,UP]LUVFl,FZ'leCZvTYPE’SGV);
END SORTOUT

PROCLDURE (ABs T1, T2y SNE, TIH);

DCL AR FIXEC BITARY (31),

(T7 CAB) T2 LA ﬂ),.«L(‘h):TIN(AB)) FLOAT BINARY
I FIXEG SIMARY s K FLUAT BINARY
/ */f



http://PROCE.Dl.JRf

VAR Yl i

PO

LPYTUNS (RAZ M

SHE=L
TIM=,
S0 1=1 TO ADR;
P (G5 (T 0DY+TF24TYY S=2xA3 5(T1(1)~T2010))) |
{(LABS (3L (D) =T2(I))<=3) & (TL{I)<2eB2 ) & (T2(T)1<2,51})
TaEi Sz DO
TLHTIY=0
IF AT2(0)>T2(L)) & (
S0 3 X=Do5% (T2 (1)~
TI())=2e 3 T2(1})=
END 535,
CLSE S¢: DG
IF (T2013KTR(1)) & (Tzli
S5:DT; K=0.05%(Ti(1)=-TZ2(1))3
)=Y21(1

<2,51) THEN

T2(l)= 2.5 ; T1(1 )+X  ;
EHD S5; CLSE

SE:DU
TL(I)= D50 Ti00) + TZ(1))3
LMD S&; - ND Sé4; END OS2

L Sk

ST R0
IF T2 (1371 (1) THEN S8¢
DOy A=Ti(l); SHNE(I)==1 3
TII)=T2(1);
T2 (lYy=x,
EM S8;  END SY;  END SLs
END DECIDE
/%

e o e e i et e it e e D T TR e e e Tl W P on M e S A - S R s e T TV M0 MG @i s o e M S e e e U B S e Y M e ST RIA 6 WA TS @04 AR e s

CALCUL :PROCEDURE (ARLLIC yLSeRSyHs LI s L240D9CLBoACS T 45115

DCL(A,RyIyd)  FIXED DIN (21)y CAL FLOAT BIN,
(LSCAY yRSEAY LI (A, L2 (A}, ODLA), COCIAY, ACSHIR ), LOC(R Y, STLAD)
s TOA) yH{A)Y)FLOAT DIN;
CALL DeCIDE (A,DD,CDDySI,T)

S5i:00 I=1 TO Rj;

D0 J=1 TO A;

IF CODMY)~=DD(J) THEN

HE I

CALL SCRTOUTICAL:H(J)Y, LOC(CI)yLSUIILRSEYI,DDUIYLCODEI Yy

LX) sL200),TOd) ST 0D )

ACSUI)=ACS(I)4CAL

END 53 EWLC Sz ENC S13

INU CALCUL;

n L
o ra

&

FAIRMIPIOCUA G R 4B yKK Gy LNC LSy RSyG oL s L2 9yDDsCEDPLLyT9STy .
TIMEX )
DCLUAWRSZIER,TIT) FIKEG GLd (31)y (109K R2) FIXED BING
(DS0058 FLOAT BIMARY o
LLoLavst
IPIVIA)Y FIXZD PInd (31), AIX (2 A) FLOAT 8 IN,
(R‘Ry:‘.),K!‘((A,R)1|.'\l=‘.5(!"1[l))(.}(;(/-‘-,-l)v




VARY IT:PRS0 0PTIONMS (HATIN)

OO(R, 1) ,LOCIR)Y yLSEAY RS (A)
2 OUAL LY SLIGAY Sy L2CA)Y 3DDTAY sCDODEA) s TIA) o STLAY P LAY
FH(A R} ,C(Rs 1)) '
FLUAT BT
DU S=5
CALL DECIDL (A,DD,CDD ST 7))
1300 J=L T0 A,
2:00 I=1 70 R;
IF BD0J)Y<2, 80 &8 ABRSOLOC(L)=LStJ)) <0:.% | DDLJI<2.52
& ABSHLOC(TI) -~ RS(J)IC Cad THEY LIOC(I) =LOC(II+Y ;
CALL SURTOUT (KKOJI) s DERS, LOCCIY,LS(I ) sRS{JY,DD(J ),
COL{A) L L{J) L2200y, T(J) 4SILIY )
ENE S2;5; EMD 533
HH=KK ; C=0B ;
IT=) 3 &1=0,0Q0Ca) '
CALL LLSGUHHELy I 3C 0Ly 1) 3R yALIT,5(L1,1) ,IPIVIL)Y yAIJIER,
AUX (i +3))5
IF IFK -~= @ THEN DC
PUT LIST { *PROC UNSUCESSKFULY) SKIP(2):
GO 70 LL
EHD ;
IF TIMEX=1 THEMN DOG;
PUT LIST (*SURFACLE MASS') SKIPL2);
PUT EDIT ({G(I,1) LO I=1 T3 N)) (8 F(lZy4ai) SKIP{l);
END;
END FORM ;
/=

- e s - — Y - S S e A - S S S St e - L MR ok e S S i B fan WA= M W Mem Saa WS Ak Gme Ak hbe W FYS e e M Fie A% e v Miie TRe AS ca PP S mea o S e S aree

Lo
~

RESTEUAL:PROCENURE (RyMA:J,CoLIM,CONsFLOW) 3
DCL R FIXED BIM (31}, (CON, I; FLOW) FIXED DBINy

LI FLGAT BINARY ",
(MALR; LYy O(R)YHC(R)) FLOAT B3INARY ;
CON=D3
DO I=} TO R ;
MA(T , 1}=0(1)-CH
IF ABS(MA(I,1))
IF FLGW=100 THE
END RESIDUALS
ENE VARYIT;

)
PLIM THEN ZON=13

I)s
N MACLy1)=MA{TI,1)}+C{1);
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PROGRAM NAME: PRISM

FUNCTICN:. This program computes the gravity anomaly due
to any three dimensional body by dividing the body into

a set of rectangular prisms.

INPUT FORMAT:.

N

M

NN.
MM
X1
Y1
XS 3 as in GRAVIT 3
YS

XCD

YCD
»
D1
D2
RO

DATA. NOTES

D1. and. D2 are. the top and bottom surface (NN x MM) arrays.

RO is the density contrast: of the body.



Hrohrre Ol GPTTONS AT

PRISH: P20C UPT IS (NN )
NGl (ly[",!\“glélv":yby}.|I:R;‘lrlslf"() FIXED Bi'\i(il);
1' T LTSTEM I g )5 MM)
EOIMG DCLOOXL YL Y (st ) o (S SY 0 4,0 1) (N MM) FLOAY BIN,

A(L) FLCAT BYH, (XX e XYY Yy 22,2, XCD, YO, X5g Y1y XSy YS,RIVY FLAAT

Biliy DCL ACGIEN) FLCAET RIS AT =03

L)LT ]\T (\ly{l.’ .;3,‘:"],>(LU;YCD,-’_'!Z.r:)2,P\O);
Lo or=:
1F 1
END
O Jd=3 TO M=-1;

Do I=31 TC Nj

XLAT % =XL T}
EMD; END

Do I=L IO YA
YiL(l) =

GND

AB= (et YN

DO I=1 TO ABR;
YLOL+iD=YL(I)+YS;
Etil
DfJ 1=
IF i=
SN,
£O J=1 TO HM=-

Do I= TG NN
SHLT+dmnt) =S%X(1);
END tHL;

D3 I=1 TC NN;
SY(1)=YLD;

tND

AB= (MM--7

.!' i i H

L THEN XL(1)=X33 ELSE XL(I)=XL{I-1)4XS;

-

IRMHERH
Lo THEN SX{1)=XCD; ELSE SX(I!=53X(I-1)+

>
[¥2]
-e

C=hisey  DB=NN=uMM g
DU T=3 TQ C;
. AL=C;
PO K=> TO 0
2=D] ('\I; 12=02 (K);
]F SKIRID=XL{1) THE ) bCs
SABSESX (M )=XL{I));
IF A=0 THEN X=0001;
AX=X+ X5 AN -LSE DO
K=AabSIALL T )=SX(K}~-XS}
IF X=ur THIN X=0,001;
AX=X+XS;
ND
IF SY ) >=vL () T 0D
Y=ARS(SY (K)=YL(I)); IF Y= TkcM Y=0.001
YY=Y+YSs AR 1 F £ 3
VEARSOYL (D) ~SY(K
1F Y“iii%n Y#'Nm';
YY=Y4YS
H33=SC'

AT =50R

+/3me )y COT=SERT{AR®2+ Y '+//"‘-r):
Rl uaZ Yy OTOD=0QRTE Xtk i+ YY RAVIRELZ)




Pl e AT ePYIMISIPATHDY

TTT'—ik¢RI("("‘* iVY""-l’/ D20 TTO=80RTE Akt 23 YYmw 24 L),
Cab CRT(AXRsb2 Y 4+ %% s V(T = <'k-(nK?“HlY‘*_*”*$z);
AlLL)Y=ATA ‘!(f’k“(,/ TU() A2 ) =ATA L 2YY 20T L)

AL )I=ATANCX =Y, 22000 Y, AU4)=ATAMNUAXSHYY 25 1T10)) 5
AD ) =47 AN(KNYy £ 45007 LG )= ATA(XXKRYY a2 2= TT )
ALTY=ATANEXX \111' CT): A2(BY=ATMI{A%YY 2452077 )
ANG=0a 6HEATHRT R XALNG (L YeTTO = (Y+TOTHY/Z00Y+T00) = (¥YY+TTT}) i
¥
)
}
A

YYRLOG O UOXYXE TT) A X+ (CTT (IA+OTRI(XXATTT )Y )+
(LL\:(((X!J{‘H (1*’ |(H)
LECALL)HA(2)=A(5)-
AC(TI)Y=4C(]) +AS;

)3
Y
"'IUC( ( (Y #000) = (‘1’1 +HITT) (YY+O0TO I (Y+02T ) ) )+
/
{

(00T = (AKX TCCY) 3

i
T
{
/
)
/
GY)VHLEH(ALB)I+A(O)-A(T)-A(8)));

[ND
PUT LIST (AC(I));
SMD;s

eND PRI SM;
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PROGRAM NAME: HMHAGGIT 1

FUNCTICN: This program determines the angle of magnet-
isation and space. form of a body with inward sloping
contacts producing a given total field magnetic anomaly.
The. top surface of the body and the magnetisation contrast
must be specified.. The body is assumed to be two dimen-

sional..

INPUT FORMAT.:.

CYCLE
' MODELNAME *
ITER
N.
M
P3
RO

DATA NOTES.:

CYCLE. is the number of anomalies to be analysed, there~

fore the number of sets of data.

"NODELNAME' each new set. of data must commence with a
name 0f up to 60 characters enclosed in single quotation

marks..

ITER is the number of iterations performed by the program

(try 10)
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N is the number of blocks used for the initial equiv-

alent layer approximatioh (see GENEZRAL NOTES).
M is the number of anomaly values specified (¥ N).

P3 is the number of magnetisation contrast to be tried

for the model.
RO 1is an array of P3 magnetisation contrasts.

FI is the dip of the carth's field vector in the direction

of magnetic north at the loéation of the anomaly profile.

FA is. the azimuth of the earth's field vector. That is
the angle, measured in an anticlockwise sense, between

the strike of the body and magnetic north..

TT is an array of N points defining the depth to each

block of the initial equivalent layer approximation..

POS is an array of M x-~coordinates defining the points

at which the anomaly is specified.

A0 is an array of M magnetic anomalies at the x-coordin-—

ates defines by POS.

XX1 1is an array of N+1 x-coordinates defining the margins
of the blocks of the equivalent layer approximation.

Y1 and Y2 are arrays of length N defining the strike
length of each block in either direction normal to the

plane of the profile.

GENERAL NOTES: The user must define a set of blocks

along the known or estimated top surface of the body.
If the width of the structure is unknown the whole

anomaly should be underlain by blocks. The depths
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defined in 1T are the depth to top surface at the mid
point of each block. The width of any block must be
at least as great as its depth.

Lengths are in kilometres, anomalies in gamma and

magnetisations in e.m.u./cc..
OQUTPUT:.

f'or each anomaly analysed the angle of magnetisation,
the model produced after the specified number of iterations

and the observed, calculated and residual anomalies are

printed out..

SUBROUTINES :

SUBR 1: Computes the vectors for the determination of

the angle of body magnetisation.
SUBR 2:: Set up the trapezoidal coordinates.

SUBR 3: Computes the magnetic. (total field) anomaly

due to cach model after each iteration.

SUBR 4: Computes the magnetic: anomaly due to any

equivalent layer block.

SUBR. 5. Supervises the setting up of the kernel array

and the least squares problem..

N.B. The origin of the coordinate system defining the
body and anomaly must be at the more southerly
end of the anomaly profile. i.e.. X increases

northwards.




PPRGEL LTI ANS (AT £ GESS LAV IS LA9TD »x/

MAGGIT. t1+ROC JPTIONS (MATHY s /7 SULS LaVING 1970 =/
DCLOYTERATI O G COLLIT oMo My P2, REL T IFR) FIXTD BTN {41,
Mapredany CHak (8G) VARYLID;
DOL G FIXCED 8 IM (248),
GLET LILT (CyClao)s
LOGEY s DO COIT=4 TO CYCLES
GET LIST (HMGDELS lhl‘.LQITLi\A|Il_)HprHH’—.JI,
BLG“J; !rl(fll\"(l.'lr:'_)y(I‘ID].’I\CQPHS)(”?) (“lyl)/,TTyulT l\li "y‘\SID;‘Z-}
) M) g KWL Gl ) g (XK pAX 208 27 ) (W42 ) s RDENS (RN, L) RUL3 3],
Kin € 25N, 1) 3 SDENSOH,) BRI ,f"‘) FLUAT BIN, (Keylsdya8a,8) FIAZD
BIty (IVCyANMG, TGy SN S3HY) FLOAT BING
"IT ']'-T (l\L,,Fl”l\ T-lyl'“S;-\U)y
PGS=PISR1000; Ti=TT=100:0
GET LIST(XX1il};
XXY=XX]=5000;
DO I=1 T M;
L) =XK (1+3)=-XAMT )5 LD
O I=3 TC M;
MAOD (T 2 ) =A0ULT);
AC(TY =13

END;
Di=TTs D,y CTT=TT+:00;
DO T=2 TO 4]

IF T-=3 THEN RSTDF(I 1)=XX1(1);
IF Ya=i4l THES LSICE(D)=XX1(T1);
EHD S

CALL SUBR TN M MAD y KK sPOS,LSIDNE yREIDLESRDEMS DY s D2 sFINISH,

AN FILFA )

SHl=0; S5M=0;

D3 I=1 70 Nj

SH=SM+REEMNS (I, 2 ) ENDS

DG T=M+y TO 2=},

SSN=SSI+RDENS(] ;1) 5 END;

ING=ATALD(SSH, SN

AMG=9D;

g0 Q=1 70O P3;
Call, SUBRSB(II, MyMAC B ,POS,LSIDERSIDESDENS DL 402 s FINISH,

AAy AMGy ING, FIT,FAY; DO T=1 TO Nj

DEAL)H,CTT (L) =TT{I )+ (SDENSUL, 1 )/7RO(Q))*S
IF CTTOI)CTTOL Y+ THEN D2 (1) ,CTT({I) =YT{
cCALL S”pn"\l\! D:|£c.rl VAR ,)\)\yLl H
DO I=2 TO Hitl; DBXX(I)=XX(I);
Chiby BAXG ) =XRA{1 )5 BXX{(MN+2 ) =XA(N+2);
CALL SUBR3UZTZBy XXyPUSHACYRI(G) oildyMyFT oFAZANG ,BXX,
THG); DO I=1 TO M3 MADCI; L)=40(1)=A0(1) 3 EMD;

IND({ING)
Iy+1;s END;

Li :b0 AA=, 7TQ ITERATICN: Di=CiT; LZ2=CTT+i00;

CaLL 513{5( Lo Mo MAG BB yPOS S LSTGE ¢RSIDZ y SDENS DL 4 B2 s FIMNIS Hy
H\]l\ll‘J'I f;, l,ll-)y g =1 TO lf Ul(!‘_!r(l)g
CTTUL)Y yCe (1) =CTT IV 4(SUENS (L, L)/RO(Q) IS TNLOING ) ;

IF CTT{I)STTOLY THEN CTTUI) ,02{1)=TTLI)+)s C©ND;

CALL SUBRZ(N,D1,D242TZB y XA Ly XX 4L) 3%

‘;:\LL '\ lr;_:"(:f],/_[, )(Y,l'ﬁ /\Cyl\l(r})y M,I.-FA I\.f X1
Iy, HC 1=} TG i MﬁD(Iya) ﬂ((l) AL(I), ENDS

TP AL=TTORATION THOIE DO PUT LI STUMCOHT LNAFE) PARE;
PUT EDIT (FFODEL ' COUNT, *_ 'y Q) (A F(2) 8 ,F (1))
SKIP(Z)5 PUT EDITUYESTIMATE?D y A7, "MAGNET ISAT 1U4s 1,




Wbl T Lt

PRGLC IPTIONS (MATHMY; /% GESS LAVING 1970 x/

Ru{O) ' TUlyY ANGLE=Y (0GP BODY TUCL AT Tii= 2y TNG,
VEILLD=-ANCLE=Y 5 Ay Y TTELD-Y [CLINATION=Y yFIY LA, F{3) W
r((ﬁrr')l":(:f)'/-‘.yr'(j)g“ /2)1[\,:( D)V (( 4)) 1'\1‘-(3) ,?((‘f) y,"\s,-.{.jl‘
SKIP{Z): PUT EDIV(*SIDE? AT OPY, tXAAT ¢ ' DTUl ¢, *D3DT )
(A XU pae XU A ALE) A X(H) A} SKIP(2);

CO I=Y T2 H+Z; PUT BOITOL, ZL0L) 48 AACTY 2T (1Y ,268(1))
{(F({3)y% F(U,0)) SKIVCLY; Bl sUT LISY

(PLOCATEON DUSERVED CALCULATED RESID')

SKIPC4); DO-1=. T 4

PUT EDIT (POSHIYe ADCT ) ACC T MADCT, 1YY {F0E7,0),FLLO, 1),

FC..590 ) oF {21 43)) SKIPUL); END LY

FIRLISH: PUT EDITOYEND OF MODELY COUNT* Y 5Q)

(A F(3)ehayFLL1)) SKIPC3) G END LJAPY;

PUT LIST (YEND CF BRATAY) SKIP(3); STOP;

SURKRLItPROTIAZR B KKy LOC s LS 3RS 4Gy DD, CLDs LLy T IMEX,

F1s FAD;

DCLUIR,CI{RyI )y (LSyRSs DDy COUNLA ) G20y L)y KK( 25%A3R)

LCC(R) )Y FLOAT BIHN, A,R) FIAED BIN (31,

(leJyTIMEX) FIXED BIMN.

(AXZ22) (AyR) FLOAY Riliy H FIXED BIN (31),

(I1,1ER) FIXED BIN (31),1PIv(2%A) FIXED BIN (31)
AUXCa%h 1) FLOAT BIHs (X;ANC,LNMC,FI,FA) FLOAT BIN, LL

ARELS DO I=) TG R DO J=1 TO A IF DD{JI<2a 51 THER OD;

X=0s5=(CDD(J)=~CE(JYi; DOD(J)=2:5;5 COLUJ)=DD(J)+X;3

IF ARSILOCOI)=-LS(J)) <ucl | ABS(LOC(I)~RS{J)1I<Da) THEY

LOCIT)I=LTCOIY+3; EMND; EMDS END;

AMG=90; IMC=D3
CALL SUBRRGIXX,LCC CC,CER A RZJANGyIMNCsFI s FALLS RS

INC=90;

CALL SUBR4(ZZ,L0OC, T, CED,’-\,Q,A‘]G]I“"C,FITF[\,LS,RS);
GO 1= TO L\, DO J=x TC R;
KK dY=XX0Y ¢d) KEKCI+NyJd) =221 ,4); END; END; H=2 %A;
C=8; Il=1 Al=0.00013%
CALL LLSQUKK(I 1)y CtoL 2 )Ry Hy TT9GUL, L)y IPIVIL) Al IER,
AUX(L¢1)) 5
IF TJTER-=90 THEN DIJ; PUT EDITC'PROAI UNSUCESSFULY ,IER)
(A, F{3)) SKIP(2); €0 TO LL 3 MD: END SUBR1;
SUBKRE s PROCINGT sCT o AT 3 2B, LSy XXs V)3

DCL M) FIXTL BIN (31);

OGO LS TN+L s AT 0T IR URXy 2T 2B (N4 25) FLUAT BTN,

V) FLOAT oI

,-.hq

D i=2 TO M+L;

XX(I)-L-(I-—")+V(I-¢)/"

'/_T(I)-'.(I )y AB(D)=CT (-1 )5 2805 XX(L)=LS(L1)=V(1)/2;
XX 2) =L5 (’4/)+V( /72

ZT(-.)-T i AT+ 2)Y=T(H ),

)i
L)=27 (2415 LEANA2 )=2T(N+2)1+1 5 END SUBRZ;S
LATPRUCHIT g By RSy LEC, ACE, RO HsM o FT o FARANGe XBy 1ML ) 3

—-’.;"I\" ull i

DOL .) FIAED PIN(31); _
llCL((lil:’“ch)‘Hl ),‘— 7'.1‘.-;’\(.5)(“)i(XyZvCrS){z'r‘-\:?‘))7
(AIG,IHC,FI,FARO)) FLC ’\l Iy ACS=03

MO XB(H+2) FLOAT BRI

PY=COSDU TN YRSINGiAliG s PE=STHIL ML) PXE=CUSDUFT);
PLz=STHDA(FTY; ==STHLLFA);




CrLsPhuC aPrTIons (ratt); /7 GESS LAVING 2970 %/

) T=3 T ilezy Z(00Y=2B(T1)s A0 )=xXD(

nY I-—-m(_ by =) TC 13 !.(2*)~i|j—l)~'T(

X{23y+ 51 ) =XS() ) oROs 2(2%0N+8) =/

DO oJd=3 T M Ea(d)=0;5 LB(JI)I="5 DD 1

=g P1 (A =X (T4 p a2+ (2 (14202 1(1]
X
(

b5 LHD
)

r
i
105 X(2%N+b ) =X{1);
=1 T 2xNH4;
BELFIR
SULIE(ZT+)=20010) /il; CU1Y =(X (1) =X {T+1))/ 13
XI=X (1)~LOCHI s X2=X(T+1)-LOC(I) 5 £i=2(1);
beXi/LL3 D=YE/L25 BeleDi BEiaBeDi oA
BPACIRS VRV,

Le=L(1+1))

4=Gc5*LGG({K?*f?+

EACI)=EALI)ARO" LC Lu*b([)«(ﬂ <S{I)=H=C{1));
chi{d)= lt‘{J PARNHZO0DG00 S( [y iSO L) +A%T ( I})3 ENDS
Dﬂ‘(PK .A(J)*P7*T3(J *Ey DI=PXHEB(J)~PL¥*EA(J);

SUIY=P X} UH4 PZERDZ; CND, EIID SUBR3;
“'"\“:PRUL(IK;Ao,thbfL,Jyh,\VG,IWC FIyFa,LSyRS5);
YOL (M) FIXED BLIN (31);
DCI((:,S,A;?)(S) s LLELRE) () ’(}’\IIG,II‘IC’FL’FA)'
(CAEBy XS51H ) (DD, CODY R yKKIN,M) ) FLOAT BIN;
PA=COSDLTINC) ‘IUD(AHG); PZ=STNOUINC); PXE=COSD(FI) ;
PZE=STND(FTY), =SIMEUFA);

X2 X (2) X (B ) =LS (1)
XOZ) e X(4)=RES(1);
L{L ) L0& ), 205 )=DDOT);
{2V 2533Y=CCD(01);
0O Jg=L TC My EA(J) =035 EB(J)=U; DO K=1 TC 4;

iz X)) ~AS0d) s X2=X (kii)-(%(d). L1=2(K); Z2=L(K+1l);
H=£'1|((A(|) X(V*l)) FIHLLAK AL )=L (K )%%2)
S50 )=(/(K )-Z(;())/H, CIRI=(X (R )=X(K+1})/H;
B=XL/L1; D-X2/7?, 1=B6-D37 B=l+B*x0;, A=ATAM{H:B};
h—U 505 ((Xf\’k+/'*‘°)/(x ‘*Z L% 2) ) s
EACJY=EA(I) 4200000 %S (K Y (ASS (K)=H*CUK ) y%0,.01%
ER(d) =EEL ) +2 83550 .*t(K)«(H J(K)+A*C(K))*3031; END;
DH= (PXREALS PP L BB (Y ) ) 26 5
DZI=PX=cB(J)I~PI%EAL] )}
KE{T ¢ J) =PXERDH+PLERLY; EAD; G0 END SUBR4;
SUBRZIPRUL (AR yBy KK yLOC LS RSaGsDDZyCODJLL yTIMEX s ANG ¢ INCy
FIyFA)S :
DCLUIRYyCYIRsY )y (LSy RS, CO,CODY(A)eG(As V) s [HHy <K ) (AR)
o LGUTRYY FLOAT BINs(A4R) FIXED BIN (21 ),
(I,J,TINTV) FI1X:0 BIH, _
(11 RY FIAED DIk (31), IPIV(A) FIXED BIN (31), .
AUXLL ! 1Y FLCAT BINg (X, ANG, IMC, FFI, FA) FLIOAT BIN. LL |
LALELS DO T=1 TO Ry 1) J=1 TO A; TF DD(J)<2:51 THEN CO; \
X=0,520CDD{d)-0D0Jd )Yy bDWIY=2:255 CODEII=0D0 )+ X;
IF ABSILOC(I)=~LS(J)) <0:1 | ABS{LUOC(I}=RS(J)I)I<G.1 THEN
LOCCIV=LAT T+ LMD END; END;
CALL SULRA(KK,LIC;DO,CDD 8 RyAMG s IMCaFY sFASLS4RS);
Re=KK; C=i; Ii=33 AI=0.0001%1; .
CrLl LL SCLHRL: 1) :f( ia ) 9;2,/‘\1!;1(:(:1rI’,EP'lV(]),AI, 18Ry
AR L)) 5 :
TF TUER-=0 VTR=M D5 PUT EDTT{PRIDC UNSUCESSFUL *,TER)
(A GFL3)) LniPla)s GO T LLs =0y BIC SUBKR;
UMD MEGCIT L




- 129 -

PRCGRAM NAMI: MAGGIT 2

FUNCTION: This program determines the angle of
magnetisation and the space form of a two dimensional
body with outward sloping contacts producing a given
total field magnetic anomaly. One point on the top
surface of the body and the magnetisation contrast
must be specified. A horizontal bottom surface is

assumed.

INPUT "CRMAT:.

CYCLE
'MCDELNAML
ITER
N. r as for MAGGIT 1
M |
P3

—_
RR

BLCCK

FI. as for MAGGIT 1

POS
AQ as for MAGGIT 1
ploi!

——

DATA NQTES:

RR is the number of estimates of depth to specified

top surface point to be tried.

BLCCK is the number of the block, counting from the

left, whose depth is specified..
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US is an array of KRR depths to the specified block mid

point.

For other notes see MAGGIT 1 specification..




PATOGT20 PO UPTTCNS (AL )y /% OESS Lavins 1876 %/

PAGLTIT2 s eUC DPTICHS (MALH): /% GESS LAVING Llu70 %/
l)Ll_(‘T-"f‘r!r" “[JlllTlla,'|7l'Jf 0\11 ]'.::\') F1XED BIN (j:‘.\y
£ IH AT ol wMODELLANDE CRARILOT) V/-\F:Yl\l(;;

Lo N HXHJ RIN (A,), BLOCK T IS FU BINS

GoT LIST (CYCLL ),
Loge s DO COUNT=Y T
GET LIST (1p s /\"F
oty HCL(”T'MIN)

3 CYCLE,

f JTERAT [0 My My P33y R, RLICK )

y(/\[ ,,-\l",p”(‘) (M)’)( n’[l-’T.‘, TT,'-S‘L}%—"\ I[‘f_:y
{°

(.)“1); (“'](l"“))y f\f\y\(y.p[“y/ r)(f"‘d)y NS(C."I\,..),QU("’)r
UL IRN) g K (25 g M)y SDLIS (e 2 )y BB, M 1)) lLJu] HIN, (KydelahAA,Q)
FIXED 210ty (5:1:SSNINCyARG, Jid) FLOAT BIN;

GOT LIST (ROLWFIZFASUS,PES,AD)

POG=PUS %3000 US=US*1C00;

GET LIST(XX. )

NX1=)

= TO N 2Z00)=XX3(T+1)=XX0(1}; END;
TT= T0O RR;

DG T=1 TG K;

MAT( T, LY=A0CT);

:':'\C(]):-r';

15
X1 &-J\J.."

STOLARLOEK) =RSIDZABLOCK~Y);
RSTUZ(3LOCK =L SIDS(BLICK+L) 5
OO 1=, 70 i3

TTL) 0T =UsSITTT);
CTT(I):D2(T)=US(TTT)+ 10035

x.i”)-;
Lo =3 TO N+
Il Ja=1 THE'T RSIDE({I-:)=XX
IF I-=t+1 THIN LSIDE(T )=XX
;g
SALL SUDREB(H M MAG KK, PCS o LSTOEJRETUERDENS s R1 2 D2 FINISHy
‘3 ,r[,l‘m) s
N Si=0y SLN=3G,
DO 13 70 N _
SM=SHHRUENSI T, 0) 5 ELD;S
CO I=M+L TO 23y
SSN=SOHRDEIS (.2 )5 kB
THG=ATARDIS S, $¥1)
ALIG=90; D) Q=1 TO P3,
AC={r; AA=L; .
CALL SHBR: (il HyMAQ KK, PCS LS IDBE, RSTDE, SDENS DL D2, FINISH; AA;
;’\'i(a,l\ll‘.,l‘l,Fﬂ)i
CTT(EI.DCK),DZ(BLUCK Y=USCTTT)+(SOENS(BLOCK,; 1) ZRO(Q) )
STHOLING) |
U(l I=: TO 4
= BLOCK

AR AY

IF In THeN DD

Ce (L)Y,CTTLLI=CTT(DBLNCK )

LA, TV D) =CTTUBLOCIK) =~ (SDERS LT, M)/ RO YRS INDLING ) ;
TF I-=RLO0K & TT(1)YKL)y THEH TTA(I) 402 (I)—-l()f‘j;
TETTOOIDOTTIOLOCK )~ L THE DL{L ) TT{11=CTH(BLOCKY =13

B0y BeiD;

CRLL SUBRIUT,DL,02 2T 428 ¢X%) sXX 4 2);

DY T=2 TO N+ v,

THREA{T ) =LX(T);
Uis
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OATGIT 2 el DPTIGNS (HMATHY 3 /% OESS LAVING F970 =/

TAX(I ) =XXA{3 )3 TRAGIN2)=xX i+, )35
CALL SULR: A RYAL 'r")\i-’( "y AC S RID) eNyidgF iy FAy AL 'G T/.Xyl.'l(‘)i
£0 I=3 TO M,
FAC(Y 41 )=A0(L)-AC(T);
Liibs;
LLsDD a0 TO TTERATI DN,
LSTODS(BLOCK)=LE D= 2 )
RSIOE(BLUCK) =KSIDE{N);
DY 1=1 TO i, .
IF I-=BLOCL THEN DI
Ci(I)=T7(1)-,00;
D2y =TT(1);
EHD;
FLS e DO,
DL(I)Y=CTT(]);
DA(II=CTT(I)+100;
ERD; NG
CALL SUBE] (HyM,MAOs KK PLS,LSIDE,RSIDE,SCENSy DL, D2y FINISH, AL,
AVG,T‘IG’FI'F[\);
PIIBLOCK )=CTTIOLOCK )
CTTY(RLOCK) y D (GLAOCK ) =CTT(BLOCK }+{SDENS(LLICK,y L) /ROLG) ) *
S1HD (I NG)
DI I=1 TOD N
I I-=BLOCK THZY DD
TTOIY sD3 (D) =TT (I (SCENS (I, L)/ RO(Q)IASTIHLUING)
CTT(I)=CTTOLDCKY;
ENE ;
IF TT(I)>CTYV (BLOCK } =3 THEN TT(T),DICI)=CTYT(BLOCK)}-1;
IF 1-=BLOCK & TTLIIKIJD THEN TT(1),D1(1)=105;
NZC1)=CTTIBLOIKY) ;
D
DLABLGCKY=US(TYT);
LSIDE(BLOCK)=RSIDE(BLGCK~1);
RSTDFE(BLOCK Y=L SIDE(BLICK+L) 3
CALL SUBRZ (1,0, 02y 273 1By XX, X0, 1}
; DO I1=2 TU N+1;
TXXEI)=TXX(1);
EHCs
CALL SURRZ (’Iy/B,X\( "(J.,,AC,RO(\,),.“,M,II FA, '-\\lG TXXs ING) ;
| DY =3 TO M;
| o MAOCTLy DY=A0(T)=AC( L)
| END;
‘ 1F AA=T TERATION THEN DG
ruUT LIST (MﬂDELﬂAMC) PAGE;
PUT EDIT (IMOCEL Yy COUNT,, "1, Qy "_"sRRITALF(2)sA,F ¢
FOL))Y S¥IP(a)s PUT EDIT(SCSTIMATEY, AA, YMAGNETY ISAT
RO Yy 'RIODY ANLGLE = 4ANS 4P BODY INCLINATICH=Y ; ING,
VEIEL D-ANMGLE= Yy Ay YFIELD=TNILINATION= Yy FIJ(ALFI3) ¢X(3),4A,
Flaoah ) s X2 Y A F(3) X2, A0 FUB3) o X(2Y g Ay FU3 )y X(2)sA,F(3))
JPC2)Y; PUT 01T SIDEY yvXTOPY (tXBCTY WVOTCPY P DBOT )
(Ay L3y A XIS ) sy ALEY YA, XUL) yA) SKIP(2)

1 A
i =

)
anl

DO I=1 T 25 PUT EDITOL, VXXKCT) s XACL ), 2701, 2B (1))
(F{2) 56 F(9,0)) SKIP(i); END; PUT LIST
('LOCATIUN IBScRVED AL ULATED RESID')




P DT TCNS (MATTN) Gy A UL LAYIMG 1970 %/

EID(4) s DO T=1 T0 i3

W DnITo Py (r);I\J\!.‘Q;-'\C([)1M-‘\U(I1.".)) {FUT7,0)3FCLO42),
(T3 ed ) F L0743 SEIU); LMD L

jirl o PUT 'f'f)lT(':Hf‘- WOMODELY yCOURTY ¥, Q' _ $RR)

S

i

F

I

Ay PO ) ag FO2 DA FO L)) SKTEC3) 5 N L3P

PUTLLIST (Y E2 CF CATat) SKIPUD) 'STUP;

SULR RO LA R LB KK L LOC, :71"5 yo s DOLCDNy UL, T IMEX; ANGy INCy

Fly, FAY s

DELTIRy C) (R 1 )y (USRS, U3 CODICA)yGLAy 1)y LHHp KK I (A 3R )

LULURY) FLOAT B, (A,R) FIXED BIN (31 ),

(1ydy TItCX) FIXID BIN,

(Tiylci) FIXuD BIM (30), IPIV(A) FIXED BIM (31),
AUXTE R, ) FLCAT BIN, X 480G, [NCy FI, FA) FLOAT BIV, LL
LADIL

CAaLl SUBRG(KK,L2C, 'i[:,rl Dy By Ry ANGLIMNCIFI sFAYLSRS);

HH=K{; C=0; TI=i; AI=0,0001;

Ct-.'.l- LL S(.‘H”(." 1:-'.) ,(4-(4 r.‘ ) ,x".p/\ 11 ,'J(};E),IPZV(.'\ ,fAi' ]LRQ

AUX(ELy L))

TF OTER-=0 TFZN CDs PUT ZDITO'RPIOE UNSUL L'JSFI"‘ 1ER)

(‘\ F(3})) Sl\} )(r ): GC f{‘ LLs l|“)9 EnNE SUBRYL

%UI! ’ PR ((-r' lv(T,/T1In,L‘)1>\¥( \”a

cCL (ih) f[ng giN {(31);
ﬁfL SUHHE ) s (7 ,CT ) C) o (XX, 2V, 2B LN +2 ) ) FLOAT BIN,
I /\r “I\l, DU 1=2 TO N+1;

VIN)

V\X(I)—‘LH(I"'.)‘FV(I 1)
ZT(1y=T0I-3}; 2811 )'"(I-’.) £hD 3
XACLY=L %(-)--V(J) /e

XX+ 2)=L 3N+ L) +vIN )/ 25

LBUL)=CT (L)
LG 2)Y =CT (M) 5
LT =200 =L ZT{M+ 2) =B {N+c) -1
EMD SubrZ; :
PRDC(ZT’[“,XQ,LG' \C51P“'Iayl1yrr ,_/\ AJ(),X"IV )J
DCL (N, M) FLXED BIN (31);
1)1"1((/1" /ly\.,’("*")y(rl;._...lfLLl._yl S
(ANGy LHC, FI FALROT) FLEAT BIN;  AC
DCL XT{"+Z) FLOAT BRI

(M) s (XyZsCypSY(20iE5)

PX=COsDt INE) S HD(uLu), PZ=STNIUTHCY; PXE=COSDIFI);
PZz=S TR (RFD) . E=S THECUFA) S
GO J =l TO N+Es /(1)-/?(1 s X{I)=X5(1); END:
DO I=N+2 BY =1 TQ 13 2(2%M+5=-1)=/T(1);
KN +5~1)=XT{1); EHD; "(¢»H+5)=Zi1); A Z2xM+5)Y=X(1)3
DO Jd=1 TO #; EA(J)I=0; EO(I)= CO I=5 TO 2%M+4;
H= SCITLOXCI) =N+ ) ) /4(/(T4i) AN BB E VRN
SII)= A0+ ~20T M)/ CHlY=0 XD )=X(I+3)) /H;

XTIV -LO0 () X=X T+ d=tiiCOd Yy Zi=201Y; 22=24)+1)
F=X1/2%; ;:):x;'://..:":; H-fl-l‘ "*—H""") A=AT AL (H, B) ¢
Hz O 5303 00X 2m2 EANAG ST L VAR L0 B
cAGY)=EA()) +R0 1"" =~rl) (A Q(I)-H CLT)) s
FP(J)*'“("l"thu\¢J, Siii“\n \1;'n SCATIVY G ENDs
DH=0P R ALY PZEED(J) ) eEy DI=P Xty (Jd)-PLxsa(d);

/\ It |)—."'(."D!1H‘./_ AN =.'_'fll, ZND \..U'.-':;

SUENG 12200 (VX U8y DN QR e ™y AFIG, THCy FLy FAS LSy RS )
l')CL(\lg."-‘) Fidid GIY (51)




AITCr PRRC RTINS (MA )G S GELS LAVENG 170w/

(BI] ((..g"-,)q/)( )) r(l ,y'--) (”) )‘(\ (lfl ]rgl [fl L\,,
(S alig X500, { DDy COO) LY s )) FLGAT BRIN;
PL=C0 L0y IO A Sy P2=STHDULIC ) s PXE=CUSDUF] )
PZE=SLEDLET ) F=SLHCFA);
B I=1 70 1

X 001X (2)y 2 (0)=L5 (1)
XE0) 4 X(a) =35(1);
L0 208),205)=DD11);
L(..)fl..(-))—br).)\l)’

D J=5 TO M3 SACSI=DS ER =3, DU K=} TO 4;
Xe= XKy =XS0 ) Xe=X(K+L)=-X5(J); l‘=/(K), L2=L(K+1 ),
=S RT XY =X+ 1) 4 (7 ‘)-—/(h’))« -2 3
SHK)= 2K+ )=~ 2{K) )/ b5 ((|§)=( )-X(K*l))/”'
B=Xil/753 D=X2/L85 H=B-0;5 ‘3=-+U 3 A=ATAM{H,B);
H— b HRLOGU XAvu 24 2 2% 1) S RERZH £1%R%2) )
EAMI)=EALI J+ 00000 8S{RK )= (AS(K) -0 (K))%Ca 01
u\J)"L(JH‘-’."'l’u(-,a(l)‘(HS(K)"’*"(KH’ 035 END;
Y'H—(P" NN SNDE S LFAS I Y EN ) D R
DI=PX=Ed (g V=P 2 L"\(J);

KEK(Tyd ) =PREesDR+DPLERC7 s S0 CHDy YD SuB 4
SUCRS:PRUC (A4R ‘.,KI\,LC(Z,LS,RS 2GpD0CEDy LLy T IMEX

FI.FAY S
DCLUIB, CHIRyZ Y, (LS yREGDDGIDD)I(A) yGU2%A, 1) JKKI2%AGR)
LOCER)Y) FLOAT DBl, CAYRY  FIXED BIN (31},
(],J:T] KX FIXED DIy
(XX ZZY (A f2) FLOAT PINy, H FIXED BIN, .
(L1, TER) FIXZD BIN (31 ), IPIV(ZaA) FIXED BIM (31),
AUXTS%RA,1) FLCAT DIN, (X, AMG, INCyFI¢FA} FLOAY BINs LL
LAGTL, DO 1=L1 70 K3 NO J=1 TO 4A; 1F DD{JIK2Z2.,5) THEN DO,
X=0.55(COD(N)~DLII) ) BB )I=245; {‘l'af)(d“DD(J""X’
IF ARSCLOC(I) 1S (J) ) <0a3 | ABSILGCIIN=-RS{I)})I<De1 THEN
LOCCL)Y=LOC )+ Ly inMD; UND; 2NDs
EHG=90; INC=05
CaLL SURRG (XX yLCC4CL,CELs Ay Ry ANG, INCy FLe FALLLS9RS )
INC=4G7;
CALL 5UD (11'(// I‘JCQDD7CD{\1A\7R’A”L) rl‘i(, oF 1 ,F.*':\,L.‘;yRS);
DN I=1 TC Ay DO J=i1 TO R,
Kit (T ¢J) =2XX T 4 4) 3 KIKOLEN Y =22(T,0);3 EMB; END; H=Z%aAs
C=B; 11=1; Al=0C. CCOL; .
Call, LLSQIKKTUL,y )01, DYy Ry He TT Gl L) IPT V(L) AT +IER,
AUXL: 43) )5
IF JLR-=0 Thzal B0y PUT EDIT(YPRCC UNSUCESSFUL! 4 ITER)
(A FO3)) SKIPCLZYs GO TG LLy ZHDs C4D SURR 55
S MACGTTes
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PRCGRAM NiMa: MAGGIT 3

FUNCTION: This program cetermines the space form of a
two dimensional body with inward sloping body contacts
producing a. given total field magnetic anomaly. The
calculation are carried for a specified series of values.
of.dip and azimuth of the body magnetisation vector.

The top surface of the body and its magnetisation

contrast must be specified..

INFUT FORMAT.:.

CYCLY
MODELNAME?!
ITER
> as in MAGGIT 1
N

M

FI as in MAGGIT 1

A0 7 as in MAGGIT 1

DATA NOTES:

PP is the number of. sets of body magnetisation dip

and azimuth to be tried..

ANG is an array of PP value of body magnetisation

vector azimuth. That is the angle measured in an
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anticlockwise sense from the strike of the body to the

vertical plane containing the body magnetisation vector..

INC is the dip of the body magnetisation vector in the

plane of the vector.

For other notes see MAGGIT 1 specification..



oL LG TS (RRTNY

PAGKITS:PROC URTIONS
UCL(] TVwATIC,C
HODFLYALL CTHAR
1LAGP. . DO caunr

GET LIST (nOhHELeAME,
BEGIN: DIL ”/\(l(
REIDE U (XKL

BEX ez ) s KK (03, M) a'(L-(

(F1,0Aa) tLoaT
WIN, (Kedy 1 AA,Q
TT 4 POSy A Pi

|

)

1=PO5F10005 TT=2TT=i000: LGET LIST{XX1):
}=

S5 OGLESS LAV 19T wy

(A INY: /% GESS LAVING LuTy =/
WS Teed g My P BP) FIXN-D BIN (31),
{6d) VARYT Gy ST LESTioYZLk)
=1 "0 CYCL D
TTERATICH, ity P33, PP Y
Fan) o LAQ AL ] 3’(:‘),.1’] D¢, CTT L TT LS IDE,
| J-'-“.l))('.!"'-)y(y/\y A2 TYINR2) JJL‘t (el )y
-’_")r (\ )1 -\” (Pr ‘1 Iu‘ f"f‘)) "LUI n]'.\lf

-
WGy

) FIXED 2fin; G27 LYSTIRO,FT yFAVANG

AXp=¥Xewl 230 DG IT=2 T0 i4i; 1F [~=} THEN RSIDe(I-]

ALY IF T =N
2 TO My Li1)=X

+1 THEW LSIDE(li=XX3(1): END;S
ALLT+L)=XXL{ 1) END;

0G Q=1 TJ P2y DO RR=Z 70 PP: Di=TT; CTT,:DZ2=YT+103;

DI T=L T Wy i
CALL SURR {Hy M,
AN GAHNGIRRY (INCH
PDA(I)CTTOLY=TT
IF CTTHI)LTTLI)
CALL SURRE (i, DI
niy IT=2 T ijeis
ERDy DXALL) =X
CALL SUBRL(IT,
FTHCIRR)Y Y, Bo 1
LisDO Ab=Y% T I
CALL SUDRL(Iis M,
'-\f\yl\ !\J( )\h) ;I IC(
CTTUI )2 De(1)=CTT
1F ("IT(.T)"TT(I)
CI\LI S‘-Un = (1 1[1»
ChiL SU".r?’(7T B
IMCERKY)Y; 0D TI=

[F AA=TTZRAY 100

PUT EDIT MDD
L)) SKIPG2)

ROCQ)y "BIODY-ATG
PRETELD-ANIGLE=Y,

FOay5)Y X0 2) A 4F
SKIPC2); VUT ED
(A7v.‘.?)y‘\y\'~(—-11
DG 1=3 T N+2;
('LOCAT IO oBns
SKIPUG); DO TI=1
DPUT EDIT (PNSH(T
FO.O33 0 POy 3 )
FLINIGH:T PUT 201

(A F03) A, L),
PUT LIST ('uND
SUBRL:PRDC LAy iy
T SFAY S
DELCIB,T)IP,L)
LUuc(ry)Y rFL lu'\'f r
(I,-J,"I'L() FIAZD BTN
(JT,1I7R) l"'.d

:'-‘-.l_JH,l);-‘f'\UH)i ACTT ) =0: ENDY AA=L;

FAT e KKy POS, LSTDEZRSIDE g SDENS DL 4202 ,F 1T HL S+

l‘lx),FI ra), DA I=3i T4 N3

(I)+ (SDENSIT y1)/RO(Q) PESINDCINC{RR)Y )

41 I"H: D20, LTI )=TT(I)+1; END;

11‘_1/111[:1'\)(15)\)('-)'

!z)\(l)="/\(l).

i)y DXX(N+2) =

B,*'f-‘.,f— Syl\Ce:’j(

I -I(- l., [H—l (Ig:
1L=CT

|""‘.‘) VK,)"”:S, ST

NeMy FI4FA ANG(RR) 4D XY,y
ADCTI-AC(TI); END
D2=CTT+L00;
DS].U fu”t:c'valeny'l.'I‘15:
RRYSFILFAY; 0O I=) TO N3 DRICL)=TTLI)
) ¥

XX(H+721) 3
)y

J
)=
T3
c

’1“

fa

'
(114 (SDENS(TS1LY/RCUCH S IND(INCIRR
THEH CTTET) .22 ) =TTLi+ ) ENDS
s D24 2T, 7":,A/.l.‘-'(X Z)s3
ByA¥X, ..-n’U(“) Nl s FToFA; ANGIRR ) ¢ BXX-
1 7O M5 ’\f\.'(. VI=A0(L)~-AC(T ) END:
Tr% DO Pl" ilcl( MAICEFLNMAME ) PATE S
LY yCCUNT g "t Qe V _ "y RRI(A, F(2) R F(L YAy
PUT ERTT(YESTINMATEY ¢ AA " MAGHNETISATIUN=Y
LE="yAMG (KR ), 'DJDYmI‘--!:! IMATION=* s I NC (RR
FAgVFIELD-TOCLIMAT TUMN= s FIY(A, F{2 ), X( 4
(.'5)7)((:')1!9\1}(:'))!\(( ),'\,F("i)yy(?),l\,!""(
ITU'SIDEY, " XTOP ', *XROTY,'DTOPY ' DBOT?
Ay G hsasRIT A SKIP{Z) s
PUT EDITOLI W XX{T) 4BAXXTI) LT (T) ZB(1))
(Fr{Z2)ed FU9,3)) SKIP(:L)5; END; PUY LIST
ERVED CALCULATED RESIDM)
70V
) . .ﬂ(l);I\C(])s-i‘*:’-\[?(fyl)) (F(T0)pF{LD 1)
V SETPCL) END LL
T(F-....ll GF nEL Yy COUMNTy ¢_ 50y *_*4,R)
AgF{E)) SKIP(z)s END LOLPL;
O DATA Y)Y SKRISA{3); STUPS
|;’)K,IL)C l l,h)[JU!rU)!II--IIVlr )-"\'h, .,y

) 1’)

(LSyRS,DD,CUNY (A 3GLAT ) 3 (HH KK )Y LA ),
., (Aa%)  FIXKED BIN (310,

-

H] 4OoLEL ) ITPTVLAY FINGD BIN (31 ),




HISE

PROC GPTIENS (HATEY s /% GLSO LAVYIL L8ST70 X/

AUAL = G,i) 1 LOAT B
l. .A\“EL ; l)’.) J'_ i T

¢ (/1’\'7,! !Lyl'l,F/-) rLl:ATl’:]\:* HE
=1 “h D J=L T A 1F DDUD) <250 THEN DU
x=UaH% (CLE ()~ ~.)): EOGII=Zans CRDOI)=DDLY )X,
ik /!?-'x(llJC(T)-' Ji) <91 ] ARS(LGCUIN-RS (J) 1<) THEM
LAacty=Lant1)+ 5, LJU; SHDS BN
CALL SUBRAIYEZLOC, Ll CODy Ay Ry ANG, INCeFLaFA LS RS)
BA=KK; C=0y 11=15 Al=0,0000;
CALL LLSCUHHOL, L) 2001 d) sRyAZTT oG (2 vi ) s IPIVIL Y AT 3TER,:
AU (L))
IV TER-=D ThEN DL PUT ECIVAYPROC UNSUCESSFUL ', TER)
(AsTC3) ) SKIP(E); 60 TO LU CND; GHD SUBRL;
‘.“.!l '.) "‘k—“:(|7r,C]y/T,.{ﬂ,LS,X:‘:,V);
GEL M FIZED DIN(AL);
DOL LS (D ) (T, CTY (81 o (XX 2T 2 28) (N2 ) ) FLDAY BIN,
VN FLUAT BTV,
DO 1= T0 M+
XXEIY =508 =3 ,*V(1~L lZ;
ST(I)=TII~-1); ZBUIY=CT(I-1); END;
YXAD =L 5 ()=l L)/ 2 XXUN+2)=LSed+ 1)+ V()Y /25
VYL ) =Ty 2T (2 ) =T (N)
A ‘)=Z1W: )+ i RO P =AT N2 Y+ END SUBRE;
SURKIZIPRICIZT 2Ny XSsLOL ¢ 42 SyROgNgM o FI oF Ay ANG y XByINC Y
DCL iy ™) FIXzD ')Il (31 )
UEL((ZI’,/L‘ *A)( "’?),.i ,-__l‘,'lJ(;;CS)('4)1(f1/1L? )(R*N""b)
(ANC IMT FTFALROY) FLUAT BIN; &C S=0;
CCL XB(N+2) TFLOAY BIN;
PX=CUSHIINCY=STNDCARNGY ) PZ=SIHU(INCY; PXE=COSDI{FI);
PLE=5THBCFLY S S=51HD{FAY;
IL) [=1 TO N+25 LZCD)=é0L)y K(Ti=xXG1L1
DN =i+ BY =1 TO 15 7Z(2:N+5-1)=4T1(1
K250 5=-1) =XS(1); EMD; Z(2%"45)=2(1); X (245 )=X{1);
DU Jd=1 TJ %, EALNI=C; E444)Y=0; D0 I=1 TO 2%N+s;
I)
{1
Zil

)

15 ENDj
)
’

HEl QR (KT ) =X (121 ) ) 2402 (1+1 )2 ¢ JHE2)

STy =(Z2(I+1)=2(1))/744; C(I)=(X(I)"X +1 13/ H;
TX(I)"Ljﬁ(J), XZ=A{T+1)=-L0C (N5 21= )y L2=2{1+)};
ﬁ—"/Z'; X /225 H=3~[, L= 14B205 A=ATAN(H.3);

H=0, 5% L(J(J‘( -“";-'4'/"":' XId2 423552 ) )3
Lf(l)—lh(')4”’ PERINS VT YR (ARSLT Y =H=C (1) );
ER(U)=ER(d J4RT%Z200000% 3 )‘(H (1)4A‘ (I))‘
DH=A{PAR AT I L LH(JI}‘ DE=PX2uB(J)-PLFEA
ACSUd) =pXExTMH+PLERNT; 'r":?‘-.'if-' SUHRJ.
SU?H@:PRUE(KK,XS,DH,LPU,I,H,AHS;INC,FI,FAyLSoRS);
DCL (il ) FIXED PR (325
”CL((C y‘HKy/) 5 ’)(l ’R )““p(ANLJ:’INCfF],FA)’
(/4204 X )("),([U;Ll PY O RV MY Y FLOAT BIN;
R(=CD'L(1'C) ST CANG ) s PZ=SINDCINC ) PXE=COSD(FI}
E=STHDIFT) s E=STRD(FA) ;S
N} I'—l TH N
X )e A02 ), K05 Y=LS{1)s
X{H) X (&) =S (T);
Z0U) 2 Z20a) /(51 =00(1);
Z02),203)=000T);
of Jd= T oMy ALY )= Bed =05 DI k=1 T b
XL=X{K)=X50d); X2 14(\1')~Y"(J), LI =LK 22=2(K+1);

~ .
(4 >
(F




Prolori skl GETIGHRYS (ML) ; FE N FTRLAI N VRS BV IO I X

A= SCRTL AL =X (K3 ) )= (’H . e
St Yy=i2¢ H.)—:(l))/n, (l\ .
: i DX/ i b= L, e Vel L=nyok
¢ i ARSI I A
. Jz«)*(/\ SUKY =300 Y=y, 0y,
)' U'Ji)'.'l"-‘ (1) 7"(“|'11('<’+Qﬂ\,l|{)'J”""l}\: gl
MEANCDYRPIREB ) ) RE;
"/_P\“ l l A\ J)"' Z"‘n r'-l‘ \,“ ;
MK CTp Y XS 2DHeP 20 3 EHD G ZNd S END SUB R4S
el FAGGIT S,
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PRCGRAM NAMw: MAGGIT 4

FUNCTICN :. This program determines the space form of a
two dimensional body with outward sloping contacts
producing a given total field anomaly. The calculations
are carried out for a specified series of values of dip
and azimuth of the body magnetisation vector. The
magnetisation contrast of the body and one point on

its top surface must be specified. A horizontal bottom

surface is assunmcd.

INSUT ORMAT:

CYCLE
'MODELNAME"!
ITER
N

4 as in MAGGIT 2
8

A as in MAGGIT 3

MAQ as in MAGGIT 3

RX1
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DATA NCTiES:

5SS 1is the number of sets of body magnetisation dip

and azimuth to be tried.

US 1is an array of RR depths to the specified block

rnid point.

For other notes see MAGGIT 1 specification.




LAV LG

HAGUITS 0200 JPTHeS (MALL) /RGeS

COLM, B FINED DLD (35 )s (2T

XD i,y S0ULLRAMS: CHAR O (AD) VARY

ST LIST (CylLh)g

bl s o FUUh'—,.'ﬂJ CYCLE

GET LIST (MODEL AN D ITERAY iy My g PO

iy )11\ DC[( rl( 17'),‘;U_.\:S(f!,:',)yu.l(( e

(‘Tflf]l .‘)1'\.‘[")(1),(‘(;<‘7‘L%11

!.y\‘((r‘t‘/)y \-‘(13’,”1("\":)y( |-\,IH)(SJ
F1XaEh 01w

JOAT B AN
e FLOAT BT
=

Z
LICT (R, FIy FAy AiGy THC, U5y PO 54MA
lJ[} I= Tu M
AD{LDY=HAN(T 4 1) FJU,
POL=PNS =005 US=dLxL050;
GET LIST (K ) X'L=XXJ*,U?H;

DI I=4 TO Ny
LLT)=XX (141 )=-X%X
B1¥} -=l TC H.Ls

IF 1=l THEW RSIDE(T~L
i Tasi+ 1 THEN

0Dy END;S

y=XXE (1)

LSTDE(I)=4Xi{]};

R E

DO TTT=: TO RR;

D3 G=1 T P3;

TU L=L T 353

LIIDE(RLCCK ) =RSIO2 (RLOCK=~L }3

ROTOE{LBLOCOK) =L SIDZ(RLAOCK+L ) ;

DU I=1 TO N,

T7(1),D% (’)=l5(1?

CTi{I) e (l)=US{

N

AC=035 AA=1;

CALL SUBRI (NgMyFAQ KKy PLSyLSICE(RS T

AMGL) piHTULY ZFIFA)

CTT(DLOCK ), BZIRLOCKI=USITTT )+ ¢

REINDCINMNC(L) )

Gy 1=1 TO ii;

I I-= BLOCK THEH DGO

CoCI},CTT(T)=CTT(BLOCKY;

Cifl)yTTCI)=CTT(BLCCK)=(SDERS (
IF I-=BLOLK & TT01)<inDd TH
IF TTCOIDCTTIDLOCK )~ THEN

oy EMDS

CARLL SURRZ2(M.DL D2 ,4T42B,X

DY I=2 70 4+1;

TERLTY=XAKA{1});

1305

TXX(')-XX(‘) TAXKCHT 2) =04 {4+ 2)

CALL SUBKO (4T 20,

bn 1=} TF 3R

MAO(T y W) =A0T 1Y ~AC{T);

EHC;

S0 AA=T

Iy1)

s L)/
e T
D1t

X' ,/\l(,/)s

L SIDCIPLULLK
|'\ JIl)r(rLU {.
cool=1 TG N,

CUERATEDN s COIrE 7y 0L

SY{ids L) 4 (XX 2

KX PISyAC RG] ¢ Ny M

R O

".(-'7“ {I

TR PR ALRR, w5

S5 LAVING

i

s 2LOCKR, 55)
I‘y('\ry)\ yPCSY (MY, (L.
L LTY (NYE ]

BINWFTL¢FA)

)
‘,l‘ .

)) Fi U«T

a);

D SDENS, DL, 2, FINISH,y AR,

SOEHSIBLOCK, 1) /RO(Q))

hU(L)) <G IND{ INCUL )) s |
T(I) B2 (1)=105;
J),T‘(I)=C1F(ULOCK)«1;

PFLyFALANGULY s TXX THCEL) )3




w0 UPYETES Ay )y /7RSS LAVEIG S vty M/

L == BLuc THS!D DD
BTy =TT (1) -100;
RP201)=TT(1);

U

Clbd Bo;

a2
GRSV RTH R
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SRV

IF TYAII>CTT (BLOCK )2 THEY TT(I), DL I)=CTT(BLOCK)~13
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B2(1)=CTT(3LOCK) 3
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(l’\fl((.?)r’\y (r)il\)n(e)v'\y)(7)s ) SKIP{Z);
DO T=L T ez PUT EDRITCL, TXACL), XACT Y 2TLL ), 2B(1))
(F{5)y& F(9,0)) SKIPIl:); ENCy PUT LIS
{ PLOCATION IBRSCRVED CALSULATED RESIDY)
SKIP(&); D—l 1‘ LTO My
(r
(

y XX 2} 35

H

AI.

PUT D3 T I),»IL(I),’\C(‘I,I‘ OCL, L0 (FCT7,00,FOL04 00,
FOL i)l (3 ,H) SKIP(L) ) LHD I.l. ’
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COUMTy P _® 40y ' yER)
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VIS FLOAT BT

e T M+1

LY=LS{I=-2 )4V (I=31/23
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l.T(_):i'.B'\J.)"iy TN+ I=/B (N +2 )13
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SUPR4 PO IKK S D0DCOL p e Mg ANG 3 T HC FT yFALZLS RS )
DCL (M, M) FIXED B (2303
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Halon 3L OG (UXe 5l La il )/ (AL e%23Li%%2) )

EACT) =LACII+2 22208 SR {A%S (K)=HRC(K) ) %0 ,01
EBCIP=tBlJ)I+2CO00CHSIR) = (HESIKY+8%C(K) )%, 01 ; Eki);
DH=(PFXARA(I )+ LFER(J ) ) =65

PDZ=PX=i () -PIREALI) ;S

KROL, ) =P XESdH+PLE=DZ; Ty END; £E8D SUBRY;

cllC MAGCIT G,

4§@gwmww-

V01 &ADE -

‘ 3 MAI_"l 1972
sk




AT SIIDLN 2
}\\CC“‘ C ey r T‘ M I r' LR TITTY PNy oA » \
k ALl l'n‘ul'n.ibl'a - LL.LLJ /o \—-‘PJ (—.l.o-‘-- nJlnl l'-\t/ o

Notice that is is sufficient to prove the theorem
for a body consisting of a single linear dipcle. This
can then be extended at once to a collection of dipoles
by superposition.

[
z
P 2C

»

»\l
Fy

A unit line charge gsing through the point (a,-b,0)

and exte

rr

nded parallel to the z-axis produces a potentizl

P at the point (x,¥,2) given by:

P(x,y) =;-log ((x=a)® + (y+b)2)

4 linear. dipole
magnetic monent per

O

et

a potential < \/P

J

The resolved part i

unit length J

parallel to s

(4a2-1) -

passing tbrough (a,-b,0) and having

produced by

this dipole at the point (x,y,z) is:

A=~ .YIG
= "(E ° v___) (§_ - Y )
= -1U d%p (1V +mU) - mV ap
— —
due™ axdy dy*”

(mv

o

lxr
54

(Vv + nU) 4&°P

dy

(U,v,t) produces

(L,m.0) of the field




since d g + 4P 0
ax” dy”
if we define
X
F(x) = J{ A (t). dt.. (42=3)
- QD
we have:
~ 2 2 .
A G = AB® = (x-8)) = 2 &b (x=-a) (A2-4)
7

(b2 + (x—a)2 )2

and:
P (x) = \(x-a) + - b ' (A2-5)
b2 + (x—a)2
where A =2 (aV - 1U0), AL = -2 (1V + mU) (A2-6)

ve note from (A2-5) that F(x)—= 0 as x-—w» o proving that.
the area under the magnetic anomaly curve is equal to zero.
That is: -
r"k“: w ’

\ A(x)e dx =0 _ (aA2-7)

\;l" Lo

also from (42-5) we get:

y/[(F(x).+ r(—x)).dx. =*2L Tog % R=-a)” + b &
sre 2 (R+a)“ R

+. . (tan"1 Gi~a +-tan-1'(R+a5
F - )t
K b lj

b (A2-8)

i
where the coordinate origin is situated rouzhly above the
middle. of the body and where A(x) has been measured

experimentally over therange -~oo { x<oo. 4issune b3O0

1
o~ . '
where J4 =1 MIQ x (A(x) - L(-x)) ax (42-9)

and, make R —+~o0 in this.. It gives J, = /d:

x|
AN

©
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If x is large compared with a and b, (:42-4) and (42-5)

give the asymptotic formulae:

Substituting v = J, and A

-V

AG) = A =2 (Ra+ ub) o+ 0 (i
) 77
x“ x x4) , —=——(.2-10)
F(x) = A + (Da + ,,ci‘b) + 0 (1 ,
x N x%) , ———=(a2-11)
5 . . 3
1 x7 ((x) +aCx)) =-A +0 (1 (A2-13)
\ r) I
' x) f

if. Jg5 = —j% ve get

Iy = limit 1 x® (i(x) + A(-x)) (£2~13)

X=sods 2

= -J, in (42-6) we obtain:
) 0
U = = @QJ, +m Jdy) /2 (1" £n) A2-14)
= i - 1. . - Ca 2 -
oy =Ly 2 @?+n | (42-15)




14

VELCSITY KM/S

-
1=

T P~wav

- —— s mrem

B ) e ad

\

b Hufs-Dioke turva | Yahoomn ot of., 1989
— 2 Wogllerd, 1959

3 Wnollaie, 1962

4 Kengumorl gnd Kilzatonl 1065

3  kunyhneal and Woullu.d,1360 { Roweilon L, .ufta}
BT . o A > ey ) o b n oo

o el By D m v e o e e va ]

b=~ =t Gyer R T e TR

»
2

PF-WAVE VELOCITY VS DERSITY FOR CRUSEAL, NGCKS

C I Y T B Ty R L Ry £

e

/ /

Sl RO O“IWO'MI“\HD)J s wf o e 2 n

v

20 - 25
AULK DSKSITY G/Cmd

a0

| Lol S
in




- 138 -

PR BEC iy B Rl
R R RV I |

al="halabi, ., 1970. The anplication of non lincar

optinisction teciiiques in geophysics.

[V ]

Ph,J. thesis, University of Durha.a.
allen, Polie, 1068. The stratigrazhy of a geosynclinal
succession in western Sierra Leone, Giest

sfrica., Geol., liaz, 105, MNo. 1, 62-73.

fnderson, D.L., 1967. Latest information froim seisnic

observations, in ‘The iarth's Lantle,

cdited by T.I". Gaskell, 355-420, Acadenic

Press, New Yorke.
?

Anderspen, il.5., 1969, 0On the solution of certain over-
9 ?

determined systems of linear equations

that erise in geophysics. J. geophyse..
Res. 74, 1045-1051.
Andrew, Z.M., Masson Smith, D. and Jobson, G.R., 1970..

Gravity anomalies in the Lesscr Antilles..

Geophysical Paper MNo. 5. London, ler
Majesty's Stationery Cffice.
Andrew—Jones, D.A., 1968, Petrogenesis and geocheonistry
of the rocks of the lienema district, Sierra

Leone. 12th .nn, Rep. Res. Inst. African

Geol., Univ, Leeds, 20.

hywc, J.l., 1965. <he Senegal salt basin. £3-90, in Salt

Anging around frica., London, Institute

of Pctrolcun.
saker, C.C. anc Dott, H.H.P., 19561, L gravity survey over
the rectown hogic comrlernr of Zierra Leone.

Cversens Geol, bines legeu, fo. &, £50-070.




- 139 -

Baranov, V., 1957. &4 new method for interm»retation of

aeromagnetic waps: pseudo-gravinmetric

anomalies. Geophysics, 22, 35%-383.

Bassinger, 35.G., Harbison, R.M. aad ileeks, L.A., 1971,

Harine geophysical study rortheast of

Trinidad - Tob

0

§0.  Bull. Am, Ass. Petrol.

Ceol., in press.

Ball, k.M., larrison, G.C.4. and Supko, P.R., 1969,

Atlantic opening and the origin of the

Caribbean. Nature, London, 223, 157-168.

Ball, M.M., Harrison, G.C.i., Supko, P.R., Bock, Y. and
Maloney, M.J., 1974. Marine geophysical
nmeasurenents on the southern boundary of

the Caribbean sea, contribution to the Univ,
of Miami Institute of Marine and Atmospheric Sciences.
Bhattacharyya, B.K., 1964, HMagnetic anomalies due to

prism shaped bodies with arbitrary nolar-
g4 A

isation. Geophysics, 29, No. 4, 517-531.

Bhattacharyya, B.K., 1966. A nethod for computing the
total magnetisation vector and the
dimensions of a recctangular block-shaped

body from magnetic @nomalies. Geophysics,

Birch, F., 1569, Density and comnosition cf the unper
mantle: first approximation as an (Qlivine

layer, in the Zarih's Crust and Unper

2
-

tiantle, edited by P.J. Hart, 18-30,

eophysical bonograzh Ho.13, imerican
1



http://anoinald.es

- 140 -
Bott, M.i.7., 1960, The use of rapid digital conputing
methous for direct gravity interpretation

of cd aentary basins. Geophys. d.H. astre.

Bott, M.H.P., 1965. The deep structure of the northern-
Irish Sea. 4 problem of crustal dyramics.
Colstor Papers, 17, 179-204. Butterworth,

London.

Bott, M.H.P., 1967, GSolution of the linear inverse problem

in magnetic interpretation with apnlication

to oceanic magnetic anomalies. Geophys. Z.X.

_astl". SOC. ] 13, 313—3230
Bott, M.d.P., 1969. GRAVN. Durham geophysical computer
program specification [Ho. 1.

pott, M.H.P., 1969, iAGN.. Durham geophysical computer

program specification No. 2..°

Bott, M.ii.F. and Iutton, M.i., 1970. Limitations on the
resolution possible in the direct inter-—
pretation of magnetic anomalies. iarth..

Flanet. Sci. Letters, 8, 317-319

ar 37 T

Bott, K.li.?., Smith, R.4. and Stacey, R.i., 1966,
nstimation of the direction of magnetisation
of a body causing a magnetic anomaly usin

datn

&. pseudo~gravity transformation. Geophysics,

31, 803-811,

Bruckshaw, J.l. and {unaratnan, L., 1963. The intcrpret-
ction of magnetic onomanlies due to dykes.
Geopliys. I'rospect 11, 509-522.

o




- 141 -

Bunce, 4.7T., Phillips, J.D., Chase, R.L. and Bowin, C.C.
1970. The Lesser Antilles arc and ¢
eastern margin of the Caribbean Sea.
Woods Il:ole Cceanographic Inztitution,

Contribution No. 2288..
|

2ush, S.i., and Dush, P.d., 1968, Isostatic gravity map

of the castern Caribbeon region. Gulf Coast

AESO0C.. geol., Soc. Trans., 19, 281-2835..
1%4

Chase, i.L. and Bunce, Z.T., 1969, Underthrusting of the
eastern nargin of the Antilles by the floor
of the western north Atlantic Gecean, and

orizin of the Barbados Ridce. J. geophys.
-~ o 4 X

Res., 74, No. 6, 1413-1420.

Clifford, T.M., 1966.. Tectono metallogenic units and
metallogenic provinces cf Africa, Zarth

Planet. Sci, Lettes1, 421,

Clifford, T.N. 1970,. The structural framework of Africa,

in African Magmatism and Tectonics, edited

by T.M. Clifford and I.G. Gass, 1-23,

h}

Oliver and Boyd, Edinb

Cordell, L.. and Henderson, R.G. 1968, Iterative three

dimens 101a1 solution of gravity ancmal

data using a digital cemputer. Geophysics,

55, 5956-£01.

Deitz, i.35., 1861, Cconiinent and ocean basin evolution
'\|fl'| N

by spreading of the sea floor.. ture,

London, 180, G8G4-357.




b e e e b e st e S Y L Do AR DN R AL




vewey, J.". and Yird, J.@ rountain belts cnd
the new globa

“oyvret
AL A

tectonics. d. geosh
[¢]
Res., 75, 0. 14

, 2525-2547.

n, G., 1970, rtuserical methods

the direct interpretation cf merine

magnetic anomalies,

zZarth Planet, Sci.
Letters, 7, 194-200,

Bwing, k., 1937. Gravity measurements on the U.S.5.

ha) ~

Saracudz, Trans. Am, geophys, Un,
9

18 [ 66"69 °

ce3., Jounson, iH.R. and @dwvards,
Geophysical investigatiocus

Caribbean: Trinidad 3helf, Tobhazo

Trouvgh, JSarbados Ridge, Atlantic Cceen.

Bull. gzo0l. Soc. 4Lmn,” | 68,
\v4

897-012,

Gy Mey 1960. Geophysical

Carinbew:) sea

of Liexico. J. geophys. iles.,
J
65, 4037-4126.

Funnel, B.M. and Smith, L.G. 1968 C

ocean. L.ature, London,

Gay, S.r., 1683, Stondert curves for the internretction
of magnetic anomalies over lo:i; tahular

bodies. Gecoplhysics, 28

, 28, 161-20C,




- 143 -

Graf, #e., and Schulze, H., 1961. Inprovenients on the sea

(=]

gravimeter. Gos 2. J. geophys. lles., 66,
\v4

1815-1321,

liaaz, IL.5., 1953. Relations hetween the potentials of

thie attraction of the mass concentrated
|
in a finite rectangular prisia and its !
|
o

first and second derivatives. Geofiz 1u41

"
Kozlemenyek, II, No. 7..

flarrison, J.C., 1960. The neasurement of gravity ot sea

in Methods and Technigues of lodern Geoph-

ysics edited by 5.C. Runcorn, Interscience
Publishers, MNew York..

Hartnan, R.R., Teskey, D.J. and Friedberg, J.L., 1961,
& system for rapid digital aeromagnetic
interpretation.. Aero Service - unpublished

manuscript.

Haughton, S5.H., 1963. The stratigrephic history of ifrica

south of the 3a hara, 365 pp. (Mew York:

Hafner Pub. Co.).

Henderson, R.G. and Zeitz, I., 1942. The upward coniin-
fﬂ.a.sn,ebu:
vation of anomalies in total , intensity

fields. Geonhysics, 14, 517-33

lless, ii.ll., 1958. Gravity cnomalies and island arc siructurc

with particular reference to the Yest Indies.

Proc. Lmer. phil. Soc., 78, 71-96,

iiess, iH.H., 1960, Thoevoly tion of ocean basins, unpuiblished
manuscript, (report submitted to office of

naval rescorceh



ilesg, HoH., 1962. Ilistory of the ocean basins, in Petro-

Yogical Studies: 4 Volume in zonour of

4o.I'.. Budcdington, edited by A.E2.J. ZEngle

Hiess, li.H. and haxwell, J.C., 1953. Caribbean resezrch

project. 3Bull. qeol. Soc. dler., 64, 1-G,

fisu, H.P., 1967. Cutline of Fourier analysis., published

by Associated Zducational Services Corp.,

!
!
lutchinson, R.D., 1958, HMagnetic analysis by lcgarithmiﬁ

curves. Geophysics, 23, 749-769,

futton, M.A., 1970.. Interpretation of oceanic megnetic

anomalies using a linear inverse technigue.

Ph.D. thesis, Univ. of Durham..

Isacks, B., Clivey,J. and Sykes, L.R., 1958, Seismology

and.the new global tectonics. J. geophys.

Res., 73, 5855-5899

Junner, MN.R., 1930. Geology and mineral resources of

' P 1 NP
Sierra Leone. Mineralog. }ag., 42, No. 2,

73=-82..

Iellogg, C.D., 1929. Foundations of Potential Theory.

New. York, Fredrick Ungar Publishinz Company.
Krause, D.C., 1963. Seaward extension and origin of the
Freetown layered besic complex of Sierra

Leone. MNature, London, 200, 1280-1231




- 145 -

0 b}

Kuno, H., 1965. Lateral variation of basalt magma across
continental margins and island arcs. Can.

(&)

17 .

&

Geol. Survev Paper 66-13,

LaCoste, L.d.3., 1887. leasurement of gravity at sea and

in the &ir. Review of Geophysics., 5, lo.4,

477-526,

Lagaay, Re.di., 1959, Geophysical investigations of the

ey

Metherlands Leewerd Antilles, published
by H.V. North Ilolland Publishing Co.,

Amsterdeani.

LaPorte, ii.,, 1963, Calcul de la forme d'une structure

homogene a partir de son champ gravimet-—

rique, Geoph%a Yrocpect., 11, 276-291.

e
=

Lattimore, R.H., VWeeks, L.A. ard Mordock, L.¥., 1971,
Marine geophysical reconnaissance of the
continental margin north of Paria penin-

sula, VYenezucla. A Pet

Geol.,. in press,

"
Lauchli, P., 1961, Jordan elimination und Ausgleichung

nach l{leinsten Juadraten. Mum. Math, 3 226G,

Lehmang, L.-J /74 conirol of two dimensional magnetic

A

interpretation by three dimensional nodel

body anomalies. Geophys. Prospect29, 133-155.

4

Liddle, R.4., 1946. The geology of Venezuela and Trinidad

Paleontological Xesearch Institution. Ithace,

Hew Yorke.




- 146 -—

asrath, P.ii. 2nd Hood, FoJ., 1970. The dipping dyk
case. A computer curve matching method

P

tation. Georhysics,

of magnetic interpre
35, Ilo. 5, 831-048.
holnar, P. and Sykes, L.x., 1969. Tectonics of the
Caribbean and middle America regions from
focal mechanisms and seismicity. Bull., geol.

Soc. Am., . 80, 1639-1684..

Martin-Kaye, P.i.A., 18569, A summary of the geology of

the Lesser Antilles. QOverseas Geol. and

Finer Resoun,10, NMo. 2, 172-206,

Masson~Gmith, D.J. and Andrew, .M., 1965. Gravity and

magnetic measurements in the Lesser antilles,

preliminary report, Cverseas Geol. durvey,

London..

Mexwell, J.C., 1948 Geology of Tobago, B.W.T. Bull. geol,

Soc, Am., 59, 801-854,

Mchaster, R.L., De Boer, J. and Ashraf, A., 1970. MNagnetic
and seisnic reflection studies on the
tinental shelf off Portuguese Guinea,

suinea and Sierra Leone, West ifrica. Bull,

HeMasver, R.L.,; Lachance, T.P., ishraf, L. and De 3Soer,

iortuguese Guinea, Cuinea and Sierra Leone.

in Geolory of the :dast Atlantic Ceontinental




~ 147 -

hetz, li.lL.. 1964, Geologyv of the El—Pilar Fault Zone, State

of Sucre, Venezuecla. "h.D. thesis. rrincedon

Univ,

Linear, J.W. and Tolisoz, M.M. 1970. ‘dhernal regime of &
downgoiing slab and new global tectonics..

J. geophys. 2Qes., 75, No. 8, 1397-1419,

Nafe, J.#. and Drake, C.L. 1963. Physical properties of
marine sediments, in the Sca, vol.

Interscience, YNew York, 794-815.

Nagle, F. 1870.. Caribhean Geology. Contribution to the

University of lMiemi, Rosenstill School of

Marine and Atmospheric Sciences.

Nagy, D. 1266. The gravitational attraction of a right
rectangular prism. Geophysics, 31, No. 2,

362-371,
Naudy, iH. 1970,. Automatic. interpretation of aeromegnetic
anomalies, presented at Society of Explor-—

ation Geophysicists keeting, MNew COrleans.

Nettleton, L.L. 1940. Geophysical Prospecting for Cil.
MeGraw=-iiill, Mew York.

Cfficer, C.5., Bwing, J.I., Bdvards, R.S., Johnson, H.K.,
1957. Geoplysical investigations in the

Caribbean. 3Jull. geol. Soc,. aner., 58,
U

9]

C'fficer’ C‘E.’ E“‘"iilg, J.I" S-‘?'enriion', JOFGQ E "L-I‘ldcr, -J.G.
and Filler, D.Z. 1952. Geophysical invest-
igations in the eastern Caribbean — Swumary

of the 19

[ @4
611

end 1986 cruises, in Physics and

Chemistry of the Larth, 3, Perganon .1ess,

Londeon, 17-109.




” ~

[

Cliver, J.

R T Y
iie_ve

™ Y Y
Cxburzh,

Peter, G., ice

Peters, L.J. 1

Pirsen, S5.d.

Folleth 1

Roy, 4. 1962.

RANGW00d, nel.

LG

s, Led. and Burns, i.B. 1963,

1940,

- 148 —~

Isocks, 3. 1867. Jccp ecrtaqgualie zones,
anonalous structurcs in the upher nmantle

ang lithostherc.s J. goonhys. -leG., 72,
4:“5\.""‘_?-75 .

and Turcotkte, 1958, Problems of i:igh heat

flow oxzd voleanisn associcted with zones

of descendinz mantle conveetive flow.
nature, London, 218, 1041,

A reconn—
aissence geoshysical survey in the sadaman

Sea and across the Andaman-iiicobar Islan

irc. J. gropiys. les., 71, lilo. 2, 405-509.
949, ‘the direct epproach to negnetic fielad

interpretation a:ud its practical application.

Geophysics, 14, 280-320.

Polar charts for interpreting magnetic

anomalies: ...I.M.&. Trass., 8, 173-192,

S5

1,

o r

The geology and nineral resources of

sierra Leone. Colon. Geol. Miier Ilcsaus,2,
NO. 1, 8—2‘3'.

Strike-slip faults of nortiern Venezucla,

AP

AMere. sn88. ret. Geol. Sull., 40, 457-47C.
Anbiguity in geowhysical interpretation.

Geonhysics, 27, flo. 1,

15689, Corposzition and evolution of the upner

&

1

montle, in the darth's Crust and Upper Hantle,

Lonosr. 13. edited by F.J. fart. 1-17.
Juericon Jeounlysicuel Undon Uashingiet. 2.0



- 149 -

Senn, d. 1940, Foaleogene of Barbhados and its bearing on
’ X £ o
history and structure of the iAntillean -

Caribbean rezion. Iyll. sm. .s3. Petrol, Geol,,
L) =

24, Ho. 9, 1548-1610,

Sheridan, R.d., itoutz, R.Z., Drake, C.L. and Zwing, k. 1969,
Structure of continental mergin off Sierra

Leone, West &frica. J. geophys. les., 74,
U

No. 10, 2512-2530..

Shurbet, G.L. gnd Ewing, M. 1956. Gravity reconnaissance

survey of Puerto Rico. Bull. geol. S0cCe
Amgg .. 67, 511-534,

Shurbet, G.L., VWorzel, J.L. and Zwing, M. 1956. Gravity
measuremnents in the Virgin Islands. Bull.

geol. Soc. Am., . &7, 1529-1536..

Skeels, D.C.. 1947. Ambiguity in gravity interprestation..

Geophysics, 12,43-56.

Sougy, J. 1962. Yest African fold belt. Bull. geol. Soc.

Amer o9 73, 1“!09 7 3 87 j~876.

Sykes, L.R. and Zwing, M. 18G5. The seismicity of the

Caribbean region. Je. geophys. Hes., 70,

No. 20, 5065-5074.

Talwani, M. and Swing, M. 1960.. Rapid computation of
H o 2’ A
gravitational zttraction of three dimen-—

dies ¢f arbitrary sihase. Geoph-

0
s
O
o)
o
[
[
L
o]
[nT]




O

150

T

‘cdwcai, .. i936. Lome veceat

ne"”‘""c e ts

Crovity Snonali

~choard surfocece

developnents i gravity

Unsurve

5
-

cditad

N4
- . PR W) 1. T
Leonogreni

YTolvani, M. and Gweirtcoler, O

m

~ouetie anorniali

-
v,

(]

o

sion

Computers in th

1 structures of arbitrary shope.

. 1964.

1Cs causge

w3

A4
L0—

cd by two-di

¢ FHinercl

by G..i.

Stanford Univ.

Talwani, L., Sutton, G.. andé

section across

1 by |
1‘_‘11"‘0 1\05. [

@S0

T
ile da,

Talkeuchi, and Uye S. 196

day regional ne

2, 59

Tanner, <.G. 1967, . n automat

pretation. Geo

dorzel, J.L. 1959,

The School of Zarth Geiences,

A crustal

the Tuerto Rico “rench. J
s 2

64, 1545-1555.

5. L possibility of present

tamorphisn,.. Tectononhysics,

cd method of pgraviiy inter-—

[

phys. J.2l. astr. Joc., 13,

339-347.

Tenaille, I., Hicod, .4 . and de Spangler, i. 19G0..
Petroleum exploration in Senegal-tMauritanicz
and vary Coast coastal basins (Yest Africn),
Paper presented at the 45th amual neeting
of the fmerican Agscceiztion of Petrolcoun
Geclogists, atlantic City, H.Jd.

Tiousen, s 1867, Cn the digtridbutions of deasity and
teiperature in the low velocity zone. <.

2303_;4. CS e,

Y8, 0. DO, 5840-305



http://rcco.it




Trenchmann, C.7T. 1933.. The uplift of Barbagos., Geol.

‘:’_ag. 9. 70, 19-4‘6u

Vaquier, V., Steenland, H.C., Hlenderson, i.G., and Zeitz, I.

1951. Interpretction of Aeromagnetic maps. Mem.

%eo.l.ASoc° Amer., Femoir 47.

o

Vening leinesz, f.h. 1834. Gravity expeditions at sea
1923-1832, II, Pub. leth. Geod. Conm.,
Waltman, Delft.

Vening Meinesz, f.4. 1948. Gravity expeditions at sea
1925~-1938, 4, Pub. Neth. Geod. Comm.,
Valtmen, Delft..

Weeks, L.&., Farbison, W.FN., Peter, G. 1967. Island arc

system in indaman Sea. Bull, Am, Ass, Petrol, .

Geol., 51, ilo. 9, 1803-1815.

¥

eeks, L.L,, Lattimore, R.K., Har

[ n

3

ison, R.H., BDassinger,
B.G. and iHerrill, G.I'. 1971. Struciural
relationships between Lesser antilles,

Venezuela and Trinidad-Tobazo. Bull., Am, Ass,

Petrol., Geol,, in nress.

Yells, li.k. 1962. OStructure and peirology of the Freetown

1

layered basic comrlex of Sierra Leone. Cver—

seas Geol. iliner lesowtBull. Supnlement Ho. 4

HelleBoe(le = Londo n,

Wells, li.K. and Baker, C.C. 1956, The anorthosites of the
colony complex near fFreetown, Sierra Leone.

Colon. Greol.Minek., Hesoun,3, Ho.2, 137-153.

~ e

Woollard, G.r. and 3Stvange, Yoo 1951, Grovity ancomalies

. 21 . - f A T . I TN > e P
1 the crast of the earth in the Fagdific

P L T Tin 4 N A R 17 n
bopiBe . geophys. Union Lononrach Yo. G,



“deollard, G.2., Dardiang, H.C., Fucken

Heilana, C.AL,

- 15

RS
]

-
I~y
o
[&]
(G}

-
Q
]
33
Q
e}
l—l .
e
[N

~

Ueliey and Slucl, oL, 1882, Uorld-wide

gravity neasurcenents condﬁcted curing the
period June, 1949 — Jamnuary, 1952. (lood's
bole, liass.,

«H.ie: QOceanographic

Institution).

lano. Geophysical Eseploration, Prenric-Hotll,

New York.,

TQQ,\QWD M-’ NOFle-Q, :r. L. anoL LW\d_\smm’ 4! . 1959 .

Ragic am\;u% Covnp vtaome o Koo ~cdlim ensicnal

boclas with applicarion 15 Mendocine
Suowamne €ractuse Zoma « J. QROPVAS. 265.,
64, La-59,

Worzel , T L. anct Ewhé,M., 19,8 . Eoseplosion sewnas «n

shollow roater ’ ar ’Pﬁopogar\m o€ sorar

Me occeang « Geola Soce Aware, Mancr 7. -
3

é{ﬁ‘;mi%; b,
3 MAR 1972

el Ea_muh A



