
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Ray paths, travel times and relative
amplitudes for the Girdler et.al.(1969)
model(1. Eastern rift source at 15km. depth,

E take off angles 27°(0.25°) 33°,
E to > Relative amplitude
E to O Positive travel time residual

E to X Negative travel time residual
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Ray paths, travel time residuals and relative amplitudes for Girdler et. al.
(1969) model (2). Eastern rift source at 15km. depth, take off angles
27°(0.25%)33°.

E to > Relative amplitude, E to © Positive travel time residual,

E to x Negative travel time residual. (When two rays occur at a single

location, the amplitude of the
first arrival is marked » )
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Ray paths, travel tize residuals and relative
amplitudes for Cirdler et, 81.(1969) model(2).
Eastern r%rt sourcy at 15km, depth, take off
angles 27°( 1.0)70". .
E to > relative amplitude

B tox negative travel tize residusl

£ to o positive travel time residusl
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Ray paths, travel time residuals
and relative amplitudes for Girdler
et. al.(1969) model(2). Western rift
source at 15km. depth, take off
angles 33°(0.25°) 38°,

E to > Relative amplitude
E to o Positive travel time residual
E to x Negative travel time residual

A
[8;]
o
o
>~
3 -+
v
T4
o RELATIVE AMPLITUDE
E 10”" 10”3
TRAVEL TIME RESIDU?L (RELATIVE TO HERRIN
(1968)TRAVEL TIMES
Fig(32)

0o 1 2 3 4 5 ¢ é‘ 8 9 10
SECS,



Ray paths, relative amplitudes and travel
time residuals for Girdler et, al(1969)
models (1) and (2) parallel to the ritt,
Source at 15km. depth, take off angles
28%(0.25%)45°,

E to > Relative amplitude

E to X Negative travel time residual

multiplicity of
rays with travel
time residual~3.ha,
and relative
anplitude rang}ng

Irom 1.5 x 107" to
5.5 x 107,
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Ray paths, travel times and relative amplitudes for the Girdler et. al. ‘
(1969) model (2)e Atlantic source at 15km. depth, take off angles 59°(0.25°)63°

E to > Relative amplitude, E to x ' Negative travel time residual
Es
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for this region. In the range 7?<A < 10° the low amplitude Pn rays
are observed intermingled with the high amplitude rays which have been
refracted upwards by the high velocity gradient at the base of the
anomalous mantle. For 7°< A <8° the Pn rays arrive first with
negative travel time residuals of 2.7 sec. to 3 sec. and these are
followed 0.7 sec. later by the 'refracted' rays which tend to focus in
this region (figﬁre (33)). For 8°<A<10° the Pn and 'refracted'

rays arrive at approximately the same time with negative travel time

residuals ~ 4 sec.

)

For A>10° the first arrivals correspond to rays which
have penetrated the high gradient at the base of the anomalous ﬁantle;
the negative frével time residuals for these rays range from 0;7 sec. to
2.2 sec. (figure (33)). In the region 10°< A< 11.7° these first

arrivals are followed 3 sec. to 4 sec. later by lower amplitude Pn rays.

(3.2.5.4)  Mid—Atlantic Ridge Source

The rift structure of the Girdler et. al. model (2) (also
of model (1)) has little effect on the paths, travel times and relative
amplitudes of the rays from the mid-Atlantic Ridge event (figure (34)).
The travel time residuals are either zero or small negative. Within
the rifted region, the minimum travel time delays are observed over the
enclave of normal mantle material with values of 0.1 sec. while in other

regions of the rift, the values range from 0.2 sec. to 0.3 sec.

(3.2.6) Girdler et. al. (1969) Model using the Anderson and Kovach

(1969) Velocity Depth Profile for the Standard Earth

In the modified version of the Anderson and Kovach (1969)
velocity depth profile (table (7)) a velocity discontinuity separates the

the lithosphere (crust and mantle above 100:km) from the low velocity

e
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asthenosphere. For the models referred to here as Girdler et. al.
models (3) and (4), the low velocity material is allowed to extend to
the base of a thinned crust by reducing the velocity in the defined
region by 0.4 km/sec. (figure (35)). The boundaries separating the
low velocity material of the asthenosphere from the high velocity
lithosphere are defined by velocity discontinuities. All other
features of model (3) (e.g. the enclave of normal mantle material and
the crustal intrusive) are similar to model (1) (section (3.2.5)), while
model (4) is the same as model (3) without the crustal intrusive.

All the travel time residuals shown for modeis (3)'and i4)
are with reference to the predicted travel times (ﬁAX traced) of thé
modified Anderson and Kovach velocity depth profilel (tal;le M. These
travel times are shown relative to the Herrin (1968) travel times in |

figure (36) and the ray paths and relative amplitudes are shown in

figure (37).

(3.2.6.1) Girdler et. al. (1969) Model (3) with an Eastern Rift

Source above the Crustal Intrusive — East West Rays

Rays received here follow a similar patfgrn to those observed
in model (1) (section (3.2.5.1)). For A‘<‘5° effects (1) and (ii) are
dominant resulting in small positive travel time residuals (figure (38)),
while for 5°< A < 6.2° the rays are in the low velocity ﬁaterial‘for a
sufficient length of their path for (iii) to become dominant, with the

result that small negative travel time residuals are predicted.

The shadow zone at 6.2°< A < 10.2° is not a significant
feature of the RAY diagram of figure (38). Rays which are most likely

to be received in this region approach within 2 km. of the M discontinuity
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and the western boundary which defines the high velocity crustal intrusi&n
and were therefore terminated (see section (3.2.5.1)). It must be
pointed out that a similar shadow zone is observed for model (4) in

figure (39). In this figure it is shown that the western boundary of
the low velocity mantle material reflects or refracts the rays away from
the surface. A similar effect would be expected for rays 'diffracted'

into the equivalent region of model (3).

10.2°< A < 11.5°

The rays received here have been greatly iﬁfluenced by the
high velocity gradient at the base of the low velocity channel of the
Anderson and Kovach (1969) velocity depth profile (table (7)).  The
focus of very high amplitude arrivals near to A = 10.2° is particularly
noteworthy; compare to a similar focus in figure (37). The 2.8 sec.
to 3.4 sec. negative travel time residuals are the result of comparing
the 'deep' refracted rays of this model with the Pn rays of the Anderson
and Kovach velocity depth profile (see travel time curve éf figure (36)

and compare RAY diagram of figure (37) with that of figure (38)).

s S s o e o
=mmmRSsSSsS

The ray paths and relative amplitudés for‘ A>11.5° (figure
(38)) are similar to those of the Anderson and Kovach velocity depth
pfofile. The jump in the values of the travel time residuals at
A = 11.5° is due to a similar jump in the travel time curve of fiéure
(36). Travel time residuals for A>11.5° range from 0.2 sec. to

0.4 sec.

(3.2.6.2) Girdler et., al. (1969) Model (4) with an Eastern Rift Source =

East West Rays

The RAY diagram of figure (39) shows the effect or removing

the high velocity crustal intrusive from the Girdler et. al., model (3).
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The general features of this diagram may be used as representative of the

'Girdler et. al. (1969) type of model' for the three southern gravity.

profiles (i.e. profiles (1) to (3) in figure (26)).

Rays received here follow a similar patterﬁ to the region
A< 6.2° for model (4) (figure (38)). Only the effects (i) and (iii)
need be considered in the discussion of the travel time residuals. From
the RAY diagram it is seen that the dominance of effect (iii) over effect
(i) takes places somewhere between A = 2.6° and A = 4.4°. For A<;2.6°

there are small positive travel time residuals and for A>4.4° there are

small to large negative travel time residuals.

8° < A< 10.2°

In this region there is a well defined shadow zone caused by
the reflective and refractive effects (rays diverted away from the surface)
of the western boundary of the low velocity material (figure (35) and-

figure (39)).

A >10.2°

N~ X%

The rays received here are a combination of:
(a) Rays reflected or refracted from the western boundary of the
low velocity material.

(b) Rays refracted upwards by the high velocity gradient at the

base of the low velocity channel.

(c) Rays which penetrate the region of highAvelocity gradient

and travel in mostly normal mantle.
Rays of type (a) have the maximum negative travel time residuals of up to

12.6 sec. and are therefore secondary arrivals with moderate to high
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relative amplitudes. Most of the‘high'amplitude type (b) rays are
received in the region 10.2° < A< 11.5° and have a focus near to 10.2°
which is to be compared to a similar focus in figure (38). The
difference between tge travel time residuals in this region (figure (39)),
which range from 7.9 sec. to 8.8 sec., and those of figure (38) is not
necessarily a measure of the travel time anomaly due to the high
velocity crustal intrusive, instead it is mostly a measure of the effect
of the very large dt/dA values of the Anderson and Kovach travel times
(figure (36)).

~ For A> 11.5° the ray paths and relative amplitudes are
similar to those of figure (37) with the travel time residuals'ranging‘.
from 0.3 sec. to 0.9 sec. Again the jump in the values of the travel

. . - o . . . .
time residuals at A = 11.5" is due to the jump in the travel time curve

of figure (36).

(3.2.6.3) Girdler et. al. (1969) Model (3) with a Western Rift Source -

East West Rays

3 33—t 1

This region is devoid of rays due to the reflective effects
of the western boundary of the low velocity material (figure (40)). All
the rays which approach this boundary from the region of the western rift

are at a greater angle of incidence than the critical angle.

10.8°< A< 12.9

===

(o]
=2

In this region there is a mixture of rays which have been
reflected from the western boundary of the low velocity material with the
rays refracted upwards by the high velocity gradient at the base of the

low velocity channel (figure (40)).  The first type of ray has negative
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travel time residuals ~ 1.6 sec. and small relative aqplitudes (nuch
of the energy is transferred to the S wave at the boundary) while the

second type of ray has negative travel time residuals ranging from 0.8
sec. to 3.4 sec with high relative amplitudes. The latter rays have

a focus in the region of 10.8°.

The rays here have travelled in mostly normal mantle and
therefore their ray paths and relative amplitudes are similar to figure
(37) with travel time residuals ranging from 0.35 sec. to 0.8 secs.
There is a single very low amplitude secondary arrival at A4 = 16.2°

(figure (40)) which has been reflected at the western boundary of the

low velocity material.

Easterly Trending Rays

The easterly trending rays follow a similar pattern to that
described for the near epicentre arrivals of previous figures. - The
dominance of effect (iii) over effect (i) takes place somewhere between
A =2.6° and A = 4.7°. For A<2.6° there are small positive travel
time residuals and for A>4.7° there are small to lérge negative travel

time residuals.

SEomEmnEERE=Rs

The rays plotted for this region require reflection at the
100 km. velocity discontinuity. The RAY tracing program was terminated

at this stage as first order ray theory will not allow the ray to penetrate the

lithosphere—-asthenosphere boundary.
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(3.2.6.4) Rays Travelling North South

As with models (1) and (2), the model used for the north :
south rays does not include the crustal intrusive or the enclave of -

normal mantle material.

Rays received‘here follow ; similar pattern to those of
previous figures with effect (iii) overtaking effect (i) somewhere
between A= 3° and A = 4.7° (figure (41)). Small positiQe travel
time residuals are shown forA<3° and small to large negative travel time

residuals are shown for A > 4.7°. The negative travel time residuals

range from 1.1 sec. to 5.3 sec.

9.7° < A< 11,5°

The Pn rays are the first arrivals with travel timeYresiduals
between 5.5 sec. to 6.7 sec. (figure (41)). These are followed 3 sec.
to 4 sec. later by higher amplitude rays which have been refracted upwards

by the high velocity gradient at the base of the low velocity channel.

The first arrivals here are low amplitude rays which have
travelled in mostly normal mantle and have travel time residuals of 1.0
sec, to 1.3 sec. These are followed 1.2 sec. to 7.9 sec. later by
high amplitudé rays which have been refracted upwards by the high velocity
gradient at the base of the low velocity material. The jump in the
travel time residuals at 11.5° (figure (41)) is due to the jump in the

travel time curve in figure (36).
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Ray paths, travel time residuals and relative amplitudes for
Girdler et. al. (1969) model (3). Eastern rift source at 15km.
depth, take off angles 27°(0.25°)37°. '

E to > relative amplitude, E toX negative travel time residual.

Fig(38)
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Ray paths, travel time residuals and
relative amplitudes for the Girdler et.al.
(1969) model(3).Western rift source at
15km, depth, take off angles 27°(0.25)42°,

E to > relative amplitude

E to X negative travel time residual
(When two rays occur at a single location,
the amplitude of the first arrival is
marked »)

multiplicity of rays
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from 3.2 x 10" to

7.8 p 4 10-“

Rays i‘eflected at the 100 km,

°

discontinuity.

Y

\
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Ray paths, travel time residuals and relative amplitudes for Girdler et. 11(1'969)
model(3), rays are parallel to the rift. Source at 15km. depth, take off angles

27°(0.25%)42°.

E to > relative amplitude, E to 0 positive travel time reaidua), .

EE to X negative travel time residual.(When two rays occur at a single location, the
anplitude of the firat arrival is narked »)
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S - - .
E 10 h 10 3 10"2

TRAVEL TIME RESIDUAL (RSLATIVE TO ANDERSON AND
KOVACH(1969) MODEL)

Fig(41) °cr 23 by 6 gzcs? 0




-219-

(3.2.7) Sowerbutt's Model (4) using the Herrin (1968) Velocity

Depth Profile for the Standard Earth

In an attempt to model Sowerbutt's (1972) interpretation
of gravity profile (4), the low demsity, low velocity—material is
concentrated between approximately 80 km. and 150 km. depth (figure
42)). To account for the increased amplitude of the negative
anomaly across the eastern rift and the axial positive anomaly, the low
velocity mantle material is allowed to extend to and intrude the lower
velocity crust of this region (figure (42)). In the mantle the low
velocity material grades linearly into normal mantle material, while

the relatively high velocity crustal intrusive is bounded by velocity

discontinuities.

(3.2.7.1) Eastern Rift Source above the Cfustal Intrusive - East .

West Rays

A < 10°

mmzr=mRE S
Rays received in this region (figure (43)) do not enter the

low velocityémantle material and therefore effect (i1) is dominant.

This results in Pn rays with near normal amplitudes and positive travel

time residuals ~ 0.8 sec.

10°< A< 11.6°

Rays received here (figure (42) and figure (43)).are in the
low velocity material for a sufficient length of their path for effect
(iii) to become dominant, resulting innegative travel time residuals of

1.2 sec. to 1.5 sec.

A > 11.6°

SEENmEmSIEmERESR

There is a well defined shadow zome in the region 11.6°<A<16.5°.

Rays which would ordinarily be received in this region are refracted down-
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wards by the high velocity gradient at the side of the 'plume' of low
velocity material which extends from the crust (figure (42) and figure
(43)). These rays which focus in the region 16.5q<'A‘< 170,'ﬁave :
variable amplitudes and near zero travel time residuals indicating that
_effects (ii) aﬁd (iii) are almost equal (section (3.2.5.1)). For

- A > 18° effect (ii) begins to dominate again, resulting in small

(0.2 sec) positive travel time residuals (figure (44)).

(3.2.7.2) Western Rift Source — East West Rays

- It is clear from figure (45) that rays réééived iﬁ the
regiog A<16° are not affected by the features defined by Sowerbutt's
model (4). For 16°< A< 17° there is a small shadow zone as the
rays enter the low velocity material between 80 km. and 150 km. depth.
For greater values of A the RAY diagram will closely resemble that

obtained for Sowerbutt's model (1) (figure (48) and figure (49)).

(3.2.7.3) Mid—-Atlantic Ridge Source

The paths, travel times and relative amplitudes of the rays
received from a mid-Atlantic event are little affected by the rift
structures of the SowerButt's model—(A) (figure (46)). (The size of the
negative travel time residual (0 to 0.3 sec) is directly related to'the.
thickness of low velocity material which the ray must traverse. An
exception to this is the ray which travels through the high velocitytw

“crustal intrusive, this shows a near zero travel time residual.

(3.2.7.4) Rays travelliﬁg North South

The discussion of the rays travelling north south, parallel
to the strike of the Rift System, applies to Sowerbutt's models (1) to

(3) and is therefore included in section (3.2.8.5).
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Ray paths, travel time reaiduals and relative amplitudes
for Sowerbutt's(1972) model(4). Atlantic source at
15km. depth, take off angles 60°(0.25°)64°.
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(3.2.8) Sowerbutt's Models (1), (2) and (3) using the Herrin

(1968) Velocity Depth Profile for the Standard Earth

Sowerbutt's (1972) interpretation of gravity profiles (1)
to (3) (figure (26)) are very similar to each other (fiéﬁre 47),
figure (51), figure (55)). As with Sowerbutt's model (4) (section
(3.2.7)) the low velocity material is concentrated between approximately
80 km. and 150 km. depth, but in models (1) to (3) there are no 'plumes’
of low velocity material extending upwards. Models (1) to (3) differ
from each other only in the shape of the region of anomalous mantle
material. In all three models the low velocity material grades
linearly into normalkmantle.

Profiles (2) and (3) cross a region of intense seismicity
(Fairhead and Girdler (1971)) in the ;réa around Lake Manyara, therefore
an eastern rift sourée is taken for the east west rays of these two
velocity models, The most intense seismicity in the location of pro~-
file (1) (figure (26)) is situated near to Lake Tanganyika, therefore a
western rift source is taken for this velocity model. Due to the
simiiarity of models (1) to (3) most of the features of the RAY diagrams
for an eastern rift éource in models (2) and (3) will apply to model (1)
and most of the features of the RAY diagrams for the western rift source
in wodel (1) will apply to models (2) and (3). All three profiles are
analysed for a mid-Atlantic Ridge eveﬁt. |

In the following, only effect (iii) need be considered in

the discussion of the travel time residuals.

(3.2.8.1) Sowerbutt's (1972) Model (1) with a Western Rift Source -

East West Rays

S0 e e s e ot v i e s
_—_mmEmmmsas=

Rays received here do not enter the lower velocity mantle

material, therefore normal relative amplitudes and travel times are



-222-

predicted for this region (figure (48)).

A> 12,20

In the region 12.2°< A< 14° there is a small shadow zone
as the rays cross the sloping boundary of the low velocity material.
Theée rays are refracted into the region 14°< A< 15.6° where a multi-
plicity of rays are received with travel time residuals ~ 0.4 sec..
(figure (48) and figure (49)). - For A >15.7° the ray paths and
relative émplitudes are similar to those of the unperturbed Herrin

velocity profile while the travel time residuals range from.0.4 sec. to

0.1 sec. (figure (49)).

(3.2.8.2) Sowerbutt's (1972) Model (2) with an Eastern Rift Source —

East West Rays

Rays received here do not enter the low velocity material,
therefore normal relative amplitudes and travel times are predicted

(figure (52)).

A > 10°

There are no shadow zones for this model. The rays
fefracted upwards by the high velocity gradient at the base of tﬁe model
(figure (51) and figure (52)) £ill the 'gap' in the RAY diagram caused
by the low velocity material (see Dowling and Nuttli (1964) for a dis-
cussion of this effect). In the region 10°< A< 13° there is a
multiplicity of arrivals with negative travel time residuals of between
0.7 sec. and 1.8 sec. For A:>13o the ray paﬁhs and relative

amplitudes are similar to those of the Herrin velocity depth profile
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while the travel time residuals range from 0.6 sec. to 0.1 sec. (figure

(52) and figure (53)).

(3.2.8.3) Sowerbutt'é (1972) Model (3) with an Eastern Rift Source -

East West Rays

Rays received here do not enter the low velocity material,

therefore normal relative amplitudes and travel times are predicted

(figure (56)).

9.3%< A< 16.3°

The paths of the rays received here are to a large extent
governed by the shape of the low velocity material (figure (55) and

figure (56)). For 9.3°<A<10.6° the Pn phase which has not entered

any of the low velocity material is the first arrival. This is-

followed 1.9 sec. later by mostly higher amplitude rays which have been
refracted upwards by ﬁhe high velocity gradient at the base of the low
amplitude\arrivals with negative travel time residuals of between 1.0

sec., and 1.1 sec. and these are follbwed by a shadow zone out to A = 14.3°.
Between A=14.3° and A = 16.3° there is a multiplicity of variable amplitude

arrivals with negative travel time residuals ranging from 0.3 sec. to 1.3

sec.

In this region (figure (57) the ray paths and relative
amplitudes are similar to those of the Herrin velocity depth profile while

the travel time residuals range from 0.35 sec. to 0.1 sec.
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(3.2.8.4) Sowerbutt's Models (1), (2) and (3) with a mid-Atlantic

Ridge Source

The paths, travel times and relative amplitudes of the rays
received from a mid-Atlantic Ridge event are little affected by the rift
structures of the Sowerbutt's models (1) to (3) (figure (50), figure (54),
figure (58)). All the travel time residuals are negative with |

magnitude ~ 0.2 sec.

(3.2.8.5) Sowerbutt's Models - Rays Travelling North South

‘In the RAY -diagram of figure (59) both the source and
receivers are situated above low velocity material whicﬁ.is piaced be~-
tween 80 km. and 150 km. depth. No thin 'plume' of low velocity material
extends to the crust (section (3.2.7)) and no crustal intrusives are
Accounted for. This corresponds to a ray travelling from:any event

in the East African Rift except those in the axial trough of the northern

part of the eastern rift.

Rays received here do not enter the low velocity material,
therefore normal relative amplitudes and travel times are predicted

(figure (59)).

9.7°< A<18,6°

There is a small shadow zone between A= 9.7° and A= 11°
which is followed by a region of duplication to A= 18.6°. The first
arrivals correspond to rays which bottom beneath the low velocity material
and have negative travel time residuals of 0.5 sec. to 2.0 sec. The
higher travel time residuals are for the shortest epicentral distances.

These are followed by rays which are refracted upwards by the high velocity



G.U

3000¢
2CKJC)P R ) .Jf’~/~—’—‘
1000}
C)\\“"—~""’—"~""‘v-\\;_.—-——P\~.r\~_,r—Jf——”r‘—~j,
- 20001 ‘
«—  EAST AFRICAN RIFT —
K ﬁ
/
50p

e v Sowerbutt's model(l) in
Herrin(1968) Earth Model

100r oo v2
anomalous mantle
o .
150t Y4

A

o 560 7000 1500 2000 KM.

F16(47) Gravity profile (1) and Sowerbutt's(1972) computed model.

Marks the extent of the region of anomalous velocity and density.
In the region between the inner and outer lines the data values
change linearly to normal mantle values.

+ Mark the corresponding + shown in fi1gt8) to fig(50)

s.g- difforonce = - ez = 3.3 - 3,25 = 0.05

corresponding velocity difference = 0.12 km/sec.

vertical exaggeration 10 : 1



Ray paths, travel time residuals and relative aasplitudes for
Sowerbutt's(1972) model (1), Western rift source at 15km, depth
take off angles 33°(0.25)37%

E to > Relative amplitude
E to X Negative travel time residual

A

>
>

RELATIVE AMPLITUDE

E 107" 107>
TRAVEL TIME RESIDUAL ( RELATIVE TO EZRRIN(1968) TRAVEL TIMES)

O 1 2 3 4 5 SECS.

FIG(48)



—— sty

Ray paths, travel tiwes and relative amplitudes for Sowerbuti'e
-ogol(l)- Wgstarn rift source st l5km. depth, taue off sagles
33°(108)10°,

B to > relative amplitude

€ to X negative travel time residusl

RELATIVE AMPLITUDE"

Fig(49)

3 154 163
TRAVEL TIME RESIDUAL (REL ATIVE

TO HERRIN(I9S8) TRAVEL TIMES)

0O 1 2 3 4
SECS.



Ray paths, travel time residuals and relative amplitudes
for the Sowerbutts(1972) model(1). Atlantic source at
~ 15km. depth, take off angles 60°(0.25°)64°,

N E to > Relative amplitude
E to X Negative travel time residual

TRAVEL TIME RESIDUAL (RELATIVE TO HERRIN
(1968) TRAVEL TIMES)

0 1 2 3 4 5 SECS.

Fig(50)



GU.
3000
2000
1000

O f
-1000
-2000

KM <—  RIFT —> :

50 €r v Sowerbutt's model(2) in

g 1 1 Herrin(1968)- Earth Model

100

anomalous mantle

150

L4

500 7000 1500 2000 KM

F16(51) Cravity profile (2) and Sowerbutt!s(1972) computed model

Marks the extent of the region of anomalous velocity and density.
In the region between the inner and outer lines the data values
change linearly to normal mantle values.

+ Mark the corresponding 4+ shown in fig(52) to fig(5h)
8.g. difference -e - e 2 3.3 « 3.25 = 0,05
1 2

corresponding velocity difference = 0.12km/sec.
vertical exaggeration 10 : 1



i

Fig(52) Ray path, travel time residual and relative amplitude for
Sowerbutts model (2). Eastern rift source at 15km. depth, take off
angles 330(0.250) 380.

E to > Relative amplitude

E to X Negative travel time residual

RELATIVE AMPLITUDE

E 4 107 10™2

TRAVEL TIME RESIDUAL (RELATIVE TO HERRIN(1958)
TRAVEL TIMES)

o 1 2 3 b 7 8
. 5 6 (SEc353 10

10”




Fig{53) Ray paths, travel times and relative aaplitudes for the Sowerbutt’'s

) o o
model (2). Eastern rift source at 15km. depth, take off angles 34 (1.0°) 70" .
E to > Relative amplitude
E to X Negative travel time residual

+ RELATIVE AMPLITUDE

107" 107>
TRAVEL TIHE RESIDUAL (RELATIVE
TO HERRIN(1968) TRAVEL TIMzZS)

O v 2 3 4 5 6 9
SECS.




Ray paths, travel times and relative amplitudes for the Sowerbutt's model (2).
Atlantic source at 15km. depth, take off angles 60°(0.25%) 63°

E to > Relative amplitude

E to x Negative travel time residual
ES

1000 KM,

d¥———————3>  RELATIVE ANPLITUDE
E 20~ 10~2
TRAVEL TIME RESIDUAL (RILATIVE TO HEZRRIN
(1968) TRAVEL TIMES

L TIMES) . secs,

Fig(5h) 0tz s e




50L ’ e v Sowerbutt's model(3) in
Herrin Earth Model

100

Q v
2 2
anomalous mantle

50

1000 3000 KM
FIG(55) Gravity profile (3) and Sowerbutt's(1972) computed model.

Harks the extent of the region of anomalous velocit
- In the region between the inner and outer lines the
change linearly to normal mantle values.

Yy and density.
data values

+  Mark the corresponding 4 shown in fig(56) to fig(s8)
B.g. difference -e Q= 3¢l = 3.25 = 0,05

1 2
corresponding velocity difference = 0.12km/sec.

vertical exaggeration 10 : 1



Fig(56)
Ray paths, travel time residuals and

relative amplitudes for Sowsrbutts(1972)
model (3). Eastern rift source at 15km,
depth, take off angles 33°(0.25°)38°,

E to > Relative amplitude

E to X Negative travel time residual

++.l: >

RELATIVE AMPLITUD

A ad 3

o 10~ 1072
TRAVEL TIME RESIDUAL (RELATIVE TO RERRIN(1968)
TRAVEL TIMES)

0 1 2 3 4 5 6 7 8



Ray paths, travel time residuals and relative amplitudes
for Sowerbutts (1972) model(3). Eastern pift source at
(3 15km, depth, take off angles }3°(1,0)70 .

E to> relative amplitude

E tox negative travel time residual

w RELATIVE AMPLITUDE
E 164 163
. : TRAVEL TIME RESIDUALS (RELATIVE

70 HERRIN{1968) TRAVEL TIMES)

O 1 2 3 4 5 6 7 8 910
SECS.

F1G (57) EE



Ray paths, travel time residuals and relative
amplitudes for Sowerbutt's model(3), Atlantic )
source at 15ka, depth, take off angles 60°(0.25°)63°
E to > Relative amplitude

E to X Negative travel time residual

B

TRAVEL TIME RESIDUAL (RELATIVE TO
HERRIN(1968) TRAVEL TIMES)

°© 1 2 3 & 5
SECS

1000 km.

>
+ My RELATIVE
M s, AMPLYTUDE

A s

4 -3
10 10

Fig(58)



Ray paths, travel time residuals and
relative amplitudes for Sowerbutt's model
parallel to the rift. Source at 15km. depth,

take off angles 32°(0.25)41°.

E to > Relative amplitude
X% . E to X Negative travel tinme residual
)

RELATIVE AMPLITUDE
3 ~ :
10~4 10~

TRAVEL TIME RESIDUAL (RELATIVE TO HERRIN
(1963) TRAVEL TIMES)

o 1 2 3 4 5 SECS.

Fig (59)



-225-

gradient at the base of the low velocity material and have negative travel
time residuals of between 2.0 sec. and 5.1 sec. In this case the higher

travel time residuals are for the longer epicentral distances (figure (59)).

The RAY diagram for A>18.6° will correspond very closely
to that obtained for the east west rays of models (2) and (3) (sections

(3.2.8.2) and (3.2.8.3)) except the travel time residuals will be

approximately doubled.

(3.2.9) Darracott et. al. (1972) Model using the Anderson and Kovach

Velocity Depth Profile for the Standard Earth - Easterm

Rift Source

The interpretation of gravity profile DFG (figure (26) and
figure (60)) by Darracott et. al. (1972) is based on similar ideas to the
model of Girdler et. al. (1969) and Searle (1969, 1970). This profile,
which lies between profiles (3) and (4) crosses 450 km. of the eastern
rift. Due to the relative shortness of this profile the very broad
regional negative anomaly (figure (27) and figure (55)) is not accounted
for in this analysis, only the axial positive anomaly and that part of
the negative anomaly concentrated across the eastern rift is interpreted
(figure (60)).

In this velocity model (figure (60)) the low velocity
asthenolith approaches the base of a normal (unthinned) crﬁst to within
15 km., except in the region of the axial trough where a 'plume' of low
velocity material extends to and intrudes the crust. The velocity of
this 'plume' decreases as it approaches the surface such that there is no

velocity contrast between the mantle material which intrudes the crust

and the lower crustal layer (figure (60)). All the boundaries shown in
figure (60) are defined by velocity discontinuities. The Anderson and

N
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Kovach velocity depth profile is used for the standard Earth and there-
fore the travel time residuals of figure (61) are relative to the travel
times of figure (36).

There is no crustal thinning or positive velocity contrast
in the lower crustal layer, in which the source is placed, so only effect

(1ii) need be considered in the following analysis.

Rays received here do not enter the low velocity material,

therefore normal relative amplitudes and travel times are predicted

(figure (61)).

5.70<_4%12.3°

5

This region is devoid of rays due to the refractive effects
(rays refracted ﬁpwards) of the western boundary of the low velocity

material (figure (61)).

3

Arrivals in the region 12.3°< A < 12.6° correspond to a
mixture of r;ys wvhose paths are either:
(a)\ ' crust —» refraction at radial discontinuity into normal
mantle —>refraction at radial discontinuity into low velocity mantle —»
refraction downwards at the sloping western boundary of the low velocity
material into nommal mantle —> refraction at radial discontinuity into
the crust. |
or
(b) crust —refraction at radial discontinuity into low velocity
mantle = refraction downwards at the vertical western boundary of the low
velocity material into normal mantle —refraction at radial discontinuity

into low velocity mantle which grades into normal mantle —srefraction at

radial discontinuity into the crust.
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Type (a) rays arrive first with negative travel time
residuals ~0.8 sec. and these are followed 0.3 sec. to 0.4 sec. later
by type (b) rays (figure (61)). Type (a) rays show a progressive
increase in amplitude with distance in this region.

For A>12.6° all the rays Are of type (b) with travel

time residuals from 0.5 sec. to 0.9 sec.

(3;2.10) Comparison of the Observed and RAY Traced Travel Time

'Corrections' for Events in the North Western Rift and

Central Tanzania

(3.2.10.1) Observed Travel Time Corrections

In a study of the seismicity of Africa, Fairhead and Girdler
(1971) obtained average travel time 'corrections' for a number of ray
paths. These 'corrections' are the difference between the recorded
time of arrival and the estimated time of arrival using the JED (see
section (3.1)) located epicentres and the Herrin (1961) travel times.
Each average 'correction’ is the mean for a number of near neighbouring
events. The four 'average' events which are of interest here are
those of the north western rift and central Tanzania for pre-1963
(locations 1 and 3 in figure (62)) and post-1963 (locations 2 and 4 in
figure (62)).
| The travel time 'corrections' (TCl) are shown in table (8)
(personal communication from Girdler (1972)) together with the station
correcéions (TCO) of Lilwall and Douglas (1970). The station
corrections of Lilwall and Douglas (1970) are preferred in this study
as an estimate for each of the African stations is available., Herrin
and Taggart (1968) only give corrections for seven out of the sixteen

stations of figure (62) but the pattern of their correctioms is similar
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to that of Lilwall and Douglas (1970). Ip general the station
corrections are azimuthally dependent and may be represented in the
form A + B sin (¢ + §) where e is the azimuth and A, B and ¢ are
constants. The azimuthal term is included in the corrections for
the stations for which it is available, otherwise only the constant
term A is used (table (8)).

If the travel time 'corrections' are split into three
components:

(a) near source component (effect of the crust and uppermost

mantle near to the source),

(b) ray path component (effect of the mantle away from the

source and receiver),
(c) near receiver component (effect of the crust and uppermost
mantle near to the receiver), |
it is clear that for events and stations in the rift the velocity models
" should account for all three components, while for events in the rift
and stations away from the rift the velocity models will only acéouﬁt
for (a) and part of (b). | By subtracting the station correction from
the travel time 'correction' it is hoped that most of (c) will be
eliminated. In most cases the TCl values to/stations outside of the
rift are large negative (table (8)) while most of the modified
travel time 'corrections', TC2 (table (8)), are much smaller in
magnitude, For comparison with the RAY traced estimates, TCl will be
used for paths to stations in the rift while TC2 will be used for paths
to stations away from the rift,

It must be emphasized that relative travel time 'corrections'
are important in this study. If different tables (e.g. Herrin (1968))

are used for the reference travel times then some of the smaller magnitude



WESTERN RIFT 1 WESTERN RIFT 2 TANZANIA 1 TANZANIA 2
N| TCO| TC1| TC2 N| TCO| TC1| TC2 N | TCO| TC1 | TC2 N | TCO | TC1 [TC2
AAE 3| 2.3] 0.2 211 2.3| 2.2 41 2,5| 0.6 8| 2.6 | 2.5
*  BHA 10/-0.1 | ~0.2| -0.1 16| -0.1| 0.2] 0.3 7| -0.1}]-2.0 |-1.9 13]-0.1|-1.2 |-1.1
~ BNG 100-0.5 | 1.7 2.2 17} -0.4 | 0.7 1.1 41-0.4]-3.9 |-3.5 11]-0.4 | -1.3|-0.9
© BUL 16/-1.1 {-1.8| -0.7 | 30{-1.1]| -1.6] -0.5 7]=-1.11-3,2 |-2.1 11 |-1.1 | -3.7 |-2.6
* CLK 9 0.4 |-2.5}-2.9 9| 0.4] -2.3|-2.7 12| 0.4 | -0.4 | -0.8
© CcNG 3-0.5 | -1.1 |-0.6 61-0.5 | -1.0 [-0.5
*  HLW - 2[~0.7 | =0.5 3{-0.7 | -0.4 -0.7]|=1.0 '
JER 3 1.2 [ -0.2 3| 1.2 -0.1 1.2] -0.3 2| 1.2 ]-0.1
*  KIM 21-0.8 [ -1.4 |-0.6 10{ -0.8] -1.9 [-1.1
* KRR 6/ -1.0 | =2.2 |-1.2 |- 2{-1.0{ ~1.8] -0.8 ‘ 6|-1.0 | -1.4 | -0.4
LWI 15| 0.3] 1.0 32 0.3] 1.0 12| 1.4]-1.1 10/ 1.2{ 0.8
NAI 17] 1.9 | =1.1 30{ 2.0 -0.2 191 2.7{ 0.3
PRE 11} 0.4] 0.1/-0.3 1| 0.4] -1.8]-2.2 0.4 0.6 0.2
SDB 19} 0.1] -0.4/-0.5 0.4] 0.6] 0.2
WIN 2| 0.6 0.8] 0.2 9] 0.7 0.4]-0.3 0.6 0.5 {~0.5

Table ( 8) Travel time ' corrections ' of paths from four East African average events to African seismic stations (TC1). Station 'corrections’

(TCO) after Lilwall and Douglas (1970). N is the number of events , TC2 = TC1 - TCO represents the travel time ' correction '
associated with the ray path away from the receiver station.
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-'corrections' would change sign, but the relative values within a given
set of 'corrections' would not be expected to change very much (see

Jacob (1972)).

In their discussion of the/travel time 'corrections', with
magnitudes greater than 1 sec., Fairhead and Girdler (1971) conclude
that rays travelling along paths beneath the shield regions are speeded
up, whilst rays travelling beneath the Fast African Rift System are
slowed dowm. When all the travel time 'corrections' are studied,
regardless of magnitude, the same general pattern is observed. Possible
inconsistencies and in;eresting features of these data, which have not
been mentioned before are:
(1) The rays to AAE from the pre-1963 events 1 and 3 are
approximately 1.8 sec. faster than the near neighbouring post-1963 events
2 and 4 (table (8)). ‘Only three and four events respectively were

used in the averaging for the pre-1963 events so these estimates must be
viewed with caution.

(ii) ' Three of the four paths which sample the uppermost part of
the mantle beneath the Tanganyika Shield (see Part 1, chapter (1)) have
small to moderate negative 'corrections' (table (8)) but the fourth

path (4 to LWI) has a 9.8 sec. positive 'correction'.

(iii) The travel time 'corrections' for rays to BNG from the
western rift are large positive while the rays from the eastern rift have
large negative 'corrections' (table (8)). This indicates that the
mantle at approximately 300 km. beneath the Tanganyika Shield and the
Congo Basin is speeding up the rays. How much of the speeding up takes

place beneath the Tanganyika Shield is difficult to estimate as the rays

from the western rift travel 50 km. to 100 km. higher in the mantle than
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the rays from the eastern rift. It is therefore possible that the
speeding up is due to a large radial increase in velocity between 200 km.
and 300 km. depth.

Neither the inconsistencies in the data nor the variation in
travel time 'corrections' to BNG are explained by the velocity models but

these features should be kept in mind in the following discussion.

(3.2.10.2) RAY Traced Travel Time 'Corrections'

The RAY traced travel timé ' corrections', which are the
travel time residuals of sections (3.2.5) to (3.2.9) with the sign
reversed, are estimated from the RAY diagrams using the following criteria:
(i) The stations AAE, HLW, JER, LWI and NAI are situated above
low velocity mantle material, all other stations are above normal mantle.
(ii) For events 1 and 2 to (a) AAE, HLW, JER and LWI the RAY
diagrams for north south rays are used,

(b) BHA, BNG, BUL, CLK, CNG, GRM, KIM,
KRR, NAL, PRE, SDB and WIN the RAY diagrams for east west rays are used.
(iii) For events‘3 and 4 to (a) AAE, HLW, JER and NAI the RAY
diagrams for north south rays are used,

(b) BHA, BNG, BUL, CLK, CNG, GRM, KIM,
KRR, LWI, PRE, SDB and WIN the RAY diagrams for east west rays are used.
éiv) There is no well defined axial positive anomaly in the
region of the central Tanzania events. Therefore between 0.1 sec. and
0.4 sec has been removed from each RAY traced estimate of the Girdler et.
al, models (1) and (2) to compensate for this. Girdler et. al. model
(4) and Sowerbutts models (2) and (3) are used for the other RAY traced

estimates of these events.

) Due to the restriction that rays must bottom above 350 km.
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in the standard Earth defined by the Anderson and Kovach velocity depth
profile (section (3.2.2)), only data forA< 21° are available from the
Girdler et. al. models (3) and (4).

| Tﬁe use of the east west RAY diagrams for the estimation
of the travel time'corrections' for the southern stations is fully
justified by the fact that rays which reach these stations are only
affected by the vertical extent of the low velocity material. That is,
for A>16° (in most cases A>’12°) the travel times obtained from the

given two dimensional velocity models are independent of azimuth.

(3.2.10.3) Comparison of the RAY Traced Estimates with the Observed

Travel Time 'Corrections'

In figure (63) to figure (66) the ray paths across the sur-
face of the Earth are plotted for the observed data and the Qarious

velocity models according to the sign and magnitude of the travel time

'corrections'.

Western Rift Events (1 and 2) to NAI

Girdler et. al. models show moderate positive 'corrections'
(~0.8 sec.) while the Sowerbutts models show moderate negative
'corrections' (~ =-0.8 sec). The latter are consisﬁent with the event
1 path ( ~ =-1.1 sec.) (table (8) and figure (63)). The event 2 path

has a small negative ‘correction' (~ -0.2 sec.) (figure (64)).

Western Rift Events (1 and 2) to AAE

All models show large positive 'corrections' consistent with
the event 2 path (figure (64)). The magnitudes of the 'corrections'
from the Girdler et. al. models ( ~ 2.0 sec.) are nearer to the observed

( ~2.1 sec,) than the estimates from the Sowerbutts models (~ 1.1 sec.)
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Event 1 path has a small positive 'correction' (~ 0.2 sec.) (table (8)

and figure (63)) but is based on only 3 observations.

Western Rift Events (1 and 2) to BNG

The predicted travel times from all the models, are too

small by at least 0.6 sec. for this path.

Western Rift Events (1 and 2) to LWI

Girdler et. al. models correctly predict travel time

'corrections' ~ 1.0 sec. for both events (figure (63) and figure (64)),

while the Sowerbutts models have a zero 'correction'.

Western Rifts Events (1 and 2) to JER and HLW

From the Girdler et. al. models (1) and (2) small negative
travel time 'corrections' are correctly predicted for both events

(figure (63) and figure (64)). The Sowerbutts models show small

positive 'correctiomns'.

Western Rift Events (1 and 2) to Stations in the South

The rays through all the models are too slow for most of the
paths to stations in the south (figure (63) and figure (64)). Thé very
small negative 'corrections' of the Girdler et. al. models are nearest to

the observed data, but even these are mostly 0.5 sec. too slow.

Tanzania Event (4) to NAT

The Girdler et. al. models show large positive 'corrections'
(1.1 sec. to 1.5 sec.) while the Sowerbutts models have a zero
correction. These must be compared to the observed 0.3 sec. positive

'correction' (table (8) and figure (66)).
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Tanzania Events (3 and 4) to AAE

The Girdler et. al. models show large positive corrections
(1.1 sec. to 1.5 sec.) consistent with the event &4 path (figure (66)),
whereas the Sowerbutts models have moderate positive corrections
(~ 0.6 sec.) consistent with the event 3 path (figure (65)). It is
erphasized that the event 3 ‘'correction' is based on only four

cbservations.:

Tanzania Events (3 and 4) to HLW and JER

The predicted travel times from all the models are too

large for these paths (rays are 0.3 sec. to 1.0 sec. too slow)..

Tanzania Events (3 and 4) to BNG

The predicted travel times from all the models are too large

for these paths (rays are 1.3 sec. to 4.2 sec. too slow) (figure (65) and

figure (66)).

Tanzania Events (3 and 4) to LWI

The Girdler et. al. models show moderate (0.8 sec. to 1.0 sec.)
positive 'corrections' which are consistent with the event 4 path (0.8 sec.)
while the Sowerbutts models show a zero correction. The event 3 path

has a =-1.1 sec. travel time 'correction'.

Tanzania Events (3 and 4) to Stations in the South

Most of the observed 'corrections' are small to large
negative (figure (65) and figure (66)), whereas all the predicted
'corrections' are small to moderate positive. Exceptions in the
observed data are the paths from event 4 to SDB and PRE which show smail

positive 'corrections'.
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(3.2.10.4) Conclusions and the Future Use of RAY Tracing to Africa

From the above analysis the following may be concluded:.
(1) The predicted 'corrections' for stations in the rifﬁ are
in broad agreement with the observed data.
(ii) The predicted travel times from the Girdler et. al. models
(1) and (2) and the Girdler eﬁ. al. models (3) and (4) are very similar
to each other for the ray paths discussed above. The travel times
from these‘modelé to sﬁations in the rift are mafginally better

correlated with the observed data than those obtained from the Sowerbutts

rodels.

(iii) The predicted travel times from all models of rays to
stations in the south are generally too large. A constant 0.7 sec.

baseline shift of the observed data in this region (i.e. 0.7 sec. added

to the observed travel times) will produce a much improved correlation

with the RAY traced estimates,

iv) | The pattern of travel time 'corrections' for paths to BNG

are not explained by any of the model#. It is relevant at this stage

to point out that BNG is situated directly. above the very large

amplitude broad negative magnetic anomaly discussed in section (4.4.8)

of Part I. It is conceivable that the peculiar travel time 'corrections'
observed at this station are a local effect.

It must be emphasized that RAY tracing has not been used to
its fullest capacity in this study. With an improved data set, RAY
tracing could be used to systematically 'scan' for plausible velocity
models rather than just test existing ones. The data obtained from
the Kaptagat array in Kenya (Long et. al. (1972)) would be.particularly
good material to use with the RAY tracing program. Apart fron the
travel time data, the independent dT/dA and amplitude estimates would

offer strong constraints on the possible models. .
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APPENDIX A

A Fortran computer program to trace seismic rays through two dimensional
structures. The flow diagram of the program is given in fig(9). This program calls
the IBM science subroutine DHPCG and a user supplied subroutine CHANGE.

The velocity data which is defined at discrete knots is contained in the
array ZAR (1, J). The | coordinate refers to variations in the radial direction (r)

and the J coordinate refers to variations in the transverse direction (e ).

Input - Device 5

1 KM, N, TN, 1Q, ITT, IFF, SSIG, AAAA, SSS with format 12, 14, F8.3, 13
214, F5.1, 2F7.1
where ' KM=1

N=the number of knots in the transverse direction.
IQ = twice the number of lateral discontinuities.
ITT and IFF = the first and last velocity knots in the transverse direction which
- contain lateral variations of velocity.
SSIG =1 for e increasing rays .
= =~1for e decreasing rays.
AAAA = ave rage standard deviation of all the velocity values or some
other estimate of the confidence of the data.
SSS = smoothing parameter. If amplitude estimates are required then
set to the number of data points (see Reinch (1967)). For travel

time information only, set to 0.

2 A(1), T(1), P(1), A(2), T(2), P(2) with format F7.1, 2F5.1, F7.1, 2F5.1 -
where A( 1), T(1)and P( 1) are the radial coordinate, the latitude and the

longitude of the seismic source. A(2), T(2) and P( 2 ) are the same for the réceiver.

3 RAD, RRRS, R6, RRR, R, NNN, ZKM, DRAD with format F7.1, 12, 16, 12,
214, F4.1, F7.1 ' '
where RAD =‘rcdiUS of the Earth

/



RRR6 = number of radial discontinuities beneath DRAD .
R& = number of knots in the radial direction below DRAD .
RRR= number of radial discontinuities above DRAD .
R= number of knots in the radial direction above DRAD .
NNN = number of integration steps between each set of output .
ZKM = the change in velocity between adjacent knots which defines
a discontinuity.
DRAD = defines the line between a spherically symmetric Earth and the
laterally varying Earth. In the region above DRAD + 30km.

the velocity is allowed to vary laterally.

4 ( PRMT(J), J=1, 5),(DER(J), J=1, 3) with format F4.1, F?.1, F5.2, F14.9,
 4F4,1 |
where PRMT( 1) = initial time (set =0) .

PRMT( 2 ) = maximum time the ray is allowed to travel.in sec.

PRMT( 3 ) = integration step size in sec. |

PRMT(4)= d in expression (74).

PRMT( 5 ) = an error code. Used in the program as a control parameter (
set = 0),

( DER( J), J=1,3) = weighting applied to the ray path equations for estimation of

the truncation error. In present version of the program zero
weight is given to the amplitude equations. Set the values of -

DER to 0.3, 0.3, 0.4 respectively.

5to4 +1Q (DISI(1, J), J=1, 3) with format 2F5.1, F16.9

where DIS1 contains all the information defining the lateral discontinuities.

I goes from 1to IQ. 1=n, n+1 (for n even) defines a single discontinuity.
DIST( 1, 1) = radial coordinate of the knot of discontinuity.
DIS1( 1, 2)= transverse coordinate of the knot of discontinuity.
DISI( I, 3)= for | even set to ratio of the density across the discontinuity
( 1.0)



S+1Q

6 +1Q

7 +IQ°
and

8 +1Q

? +1Q

(DIS2(K, 1), K =1, IRRR) with format 10F7.1 =~ defines the knot positions
of the radial discontinuities (IRRR = RRR + RRR4).

(DIS2(K,2), K =1, IRRR) with format 10F12,10 =~ defines the ratio of

the density across the discontinuity( = 1.0).

(DIS2(K, 3), K =1, IRRR) and (DIS2(K,4), K=1,IRRR) = for DIS2(K, 3)
DIS2(K,4) allows the Kth radial discontinuity to be confined within the
knots DIS2(K, 3) and DIS2(K, 4).

- for DIS2(K, 3)
DIS2(K,4) allows the Kth radial discontinuity to be absent from the region
between the knots DIS2(K, 3) and DIS2(K, 4).

= for the discontinuity

to be global then DIS2(K, 3) = DIS2(K,4) = 0.

YNIT, FIN, ANG, STEP with format 3F5.1, F8.4 q
where YNIT and FIN are the initial and final angles of take off of the ray.

ANG is the value of e which the ray starts at ( the latitudes and
longitudes will only be correct if ANG = 0). STEP is the step size of the
take off angles.

Input = Device 7

1to 1l

12 to

end of file

(ZAR(1, 1), 1=1, R) with format 10F8.4 =~ contains the standard velocity depth
profile above DRAD. All ZAR(l, J) (for J=2, N) are set to ZAR(l, 1). The

subroutine CHANGE is a user supplied subroutine which may alter the values

of ZAR(l, J) to that of a laterally heterogeneous model.
(zZARQ, J), 1 =1, 100), J=N+1, N + 12) with format 10F8.4 - contains
the velocity depth profile beneath DRAD.

Output = Device 6

The original data and a few other ' diagnostic' parameters are returned from the

main program before ray tracing . This is followed by the information from subroutines



OUTP and VELOC :
RADIUS
THETA
PHI
TIME
DISTANCE
T
P .

EMERG
ANG

AMPLITUDE
IHLF

AMPLITUDE2
R1

Tl
VE
DVR
DVT
DVRR
DVRT
DVTT
JJA

radial coordinate of the ray.

|cﬁtude of the ray.

longitude of the ray.

time of travel of the ray in sec.

distance along the ray path in km.

distance travelled along the surface of the Earth in degrees.
classical ray parameter (d (TIME) / d T in the notation used
here).

angle between the ray and the radial vector in radians.

amplitude of the ray considering geometrical spreading only.

number of times the integration step size has been halved.
(max value IHLF = 10),

amplitude of the ray considering geometrical spreading and
energy partitioning at velocity discontinuities.

radial coordinate of the knot that defines the velocity unit
in which the ray is travelling.

transverse coordinate of this knot.

velocity of the ray.

d( VE) /dr.

d( VE) /dt .

2(VE) / di?,

d2(VE) / dr dt,

d2(VE)/ dt”

shows if the ray is near to a lateral discontinuity.

(o

When reflection or refraction takes place at a velocity discontihuity then the following

additional information is given ¢

INCID
ANG

REF
ANG
VELOCITY 1
VELOCITY 2
DISTANCE 1

DISTANCE 2

incident angle between the ray and the normal to the
discontinuity.

refraction or reflection angle,

velocity of t»hg_é medium for the incident ray.
velocity of the medium for the reflected or refracted ray.
distance between the ray and the discontinuity at the time

of refraction or reflection.

distance the ray travelled at the last integration 'step. v



YRi b CORPELRULNYS TU VIO RNAL RUSITENN OF gemtTa ey
N ’, ' } £ 3“'5, ;4;
c PROGRAM 2 {TO ~ READ 7 THE: # - DATA ~“/{INTO THE COMPUTER AND ADJUST
C THE ~ PARAMETERS .- ETC.": AND- THEN ; CCMPUTE THE SPLINE COEF
.o IMPLICIT- REAL*B(A-H,0-Y)
COMMON ZAR(102,106),21D(102,106),21C(102,106),21B(102,106)
1,D01S51(32,3),DIS2(10,4),DIS53(4,32)
DIMENSION YX{(4,4)4RID(102),R0OD(102),L0D(102), - ’ oM
lD(lQOO):A(lOZ),P(5),T(S),DERIV(7):Y(7):DER(7),AUX(16,7)
DIMENSION 'VV(1400),C(1400),B{1400),PRMT(5)
DIMENSION :X(1400)
COMMON/AS/RADDDRADyDRAD yRRR63R63RyRRRy IQ/AE/PRMTS5,PI s XXYRESOZKM
COMMON/AG/KMIRRRITT»1IFF,1AA,IAB
COMMON/AP/TNDDS y XK JALyNNN»JJAZN/AK/PL(5,5) ,YXZ(10,10)+SSIG,
lJCDU
CCMMCN/HG/ IHLF
INTEGER RsRRR6O63RE,RRR, =0 v ord o 7000
PI=4 ,0*%DATAN(O.1D+01)/0.18D 03-v: [ ‘o, iiwanls ", 1}
READ(5.51)- KMsN; TNy IQy ITT, IFF,SS1G,AAAA,SSS
WRITE(63y1IKMyN,TNyIQ,ITT,IFF,SSIG,AAAA,SSS
.. SSSIG=S5SIGHi I sadSAll
l:« FCRMAT(I243149F8.391332143F5.192FT4)i0 01,7

3

e
o

e REAU(S52T)ACL) 3T(1) 3P(1) sA(2),T(2),P(2)
¢ WRITE(692T)A(1),T(1)4P{1),A(2),T(2),P(2)
S TN=PIXTM/DFLOAT(N=1) 7" « 3TATEL. FA73004 BOn (L0 TiANLE, o0 3t i

C: TN DEFINES:FIRST:® THE:NO OF.: DEGREES .. EQUIVALENT ¥T0O: N
C. AND IS: THEN. CONVERTED:* ‘TO,'A. CONVERSION. ¥ FACTOR' -~ CHANGING THE INTEGER
C. INTO : AN : ANGLE *:IN., RADIANS & T3t : 72y
‘C ITT AND.:IFF, *DERINE THE. FIRST: AND: LAST  VALUES NOT
C INCLUDED - IN HERRIN:TABLES!I=L;“i
C:7THE..: FIRST:+.VALUE ~CORRESPONDES TO THETA=0

DO 29 J=1,2.%
2 TIY=T(I)XPIA~ni e §}
P(J)=P(J)*PI
29 CONTINUE
27 FORMAT(FT.132F5.14FT7.1,2F5.1)

c



c vt CGRRESPDNDES TO,CRIGINAL.PGSITION OF SOURCE+RECIEVER

DO:2619=1,2
YX{Js1)=A(J)=DSIN(T(J))%*DCOS(P(J))
oYX (J,2)=A(I)DSINIT(J))I*DSIN(P(J))
26 YX(J:B)—A(J)*DCDS(T(J))

C I SN . g Qf?;'-‘ X ) L
C;“'s : ‘:"”'ff?",»si"w Fa L v . T}
Cc YXZ()« CORRESPUNDS TO NEH PUSITION UF SOURCE AND RECIEVER
YXl(lal) A(l)~ A B ce sk
g YXZ{132)=0.0D" OQ b *?f-ﬂu«ﬁf>ﬁas

YXZ(143)=0.0D..00/ 0w i A7 g1}
YXZ€(251)=0,0D0 00
D0.25:4=13

25 YXZ(2:1)%YXZ(2,1)+YX(2:J)*YX(le)/A(l)

o Co 2o feleIw
C maeag,;;s{ 30 B B IS EI LA B
c L THIS IS .THE { SAME ,SIG.AS,USED IN DIRECTIONS

YX2(2;2)=SS1G6*D§ QRI(A(Z)*A(2)—YXZ(2,1)*YXZ(2,1))
YXZ(233)=0.0D100, ¥ jvnl 2Lt OlaL =00 Hal Y

¢ DC224cJd=L o3 51y~ 3127

Sy PL(J,l) :¥YX({1,J)/7A(1) :

241 PLUJ$2)=(YX(2,J)~ PL(J,I)*YXZ(Zol))/YXZ(Z;Z)

‘ aaaﬁsﬁe’s'“*“*g 213yl TRRED

'h”“Z?h Fup (53 ‘1'40; ?hgi,re—n“g:gﬁ{!‘}

c
C ‘
c . oe»pL i), CURRESPDNDES TO::ROTATION FACTCRS FCOR COORD TRANSFORMATION
c aSEE%iNOTEf?FUR?CUORD!TRANSFDRMATION-FOR DIRECTION
c THE- POSITION:OF: THE;SOURCE:HAS EFFECTIVELY BEEN TRANS
c TO THETA=0!THERERFORE=+NEED" ITHETA>O
REAC (54 28)RADsRRR6EyR69RRR §R 9y NNNy ZKMy DRAD
4 READ(T7322)(ZAR(I51) 3 I=1;3R) hbis
2738 DO:107:J=2¢N2, 1 ¢
N DO.:107vI=13R, i
107 —ZAR(I3J)=ZAR(I,1)
NM=N+1




212
22

28

922

204
241

MN=N+11..00)Y o6 19 1l
REAB(7922)‘(ZAR(I!J),I=1:100)9J=NM1MN)
MN=N+124a=1 48044
READ(7,22)(ZAR(I4MN),1=1,90)
”'FORMAT(ZI4)F8 4)

FCRMAT(10F8.4) * .~ C a0
WRITE(6’28)RA09RRR6 RbyRRR ReyNNNy ZKM,DRAD

FORMAT(F7.1,12,16412,214,F4.14F7.1)
READ(51922)(PRMT(J)1J=115)1(DER(J):J=113)

WRITE(6:922) (PRMT(J) 3J=1,5)+ (DER(J)3J=1,3). !

FORMAT(F4.1,F9.13F5.2,F14,9,4F4:1)
CDRAD={RAD-DRAD)/DFLCAT (R-1). : S
BAC=PRMT(&) vt it - Lo lapsF s v
ABC=PRMT{3) " ¢« ", i->" R

IF{IQCL.EQ.0):CGO TO; 241607, ¢tk

DO .204 .I=1,1Q
READ(5£3)(DISI(I)J)1J=ly3)
HRITE(643)(DIS1(I,J)sd=143)3. .

" FORMAT(2F5.13F16.9)

DIS1(1,1)=DIS1(1,1)*DDRAD+(DRAD- DDRAD)
DIS1(1,2)= (DISl(I,Z) 1)*TN Aok e
CONTIMNUE - SRS S L
IRRR= RRR+RRR6‘:*\*“’*” RS R AT A SRS T
READ(5:4)(DISZ(K:1);K 1,IRRR)
WRITE(6:4)(DIS2(K;1),K=1,IRRR)

READ(5,366)(DISZ(K,Z),K=1,IRRR)V% BLATERET R

L WRITE(6,366) (DIS2(K,2) 3K=1,IRRR)

READ(5,4)({DIS2(K,3)4K=1,1RRR)

. READ(5,4)(DIS2(Ky4)4K=1, IRRR)

366

WRITE(694) (DIS2(Ky3) 3K=14IRRR)
HRITE(634)(DIS2(K,4),K=1,IRRR)

- FORMAT (10F12.10)

{FORMAT (10F7.1)

IDISZ DIS”(RRR:I) GRS T s
J=0 -




R SPR A EEE NS I B SELFS IS

IF({IQ4EQ:0)2GO{TO} 1101

IQQ=IQ=-1i}~FIu il yild

D0.-244°J3=151QQ32 -,
e Sy s 00.239.:1I=1,2
1I1=JJ+1-1
oo YX({1,1)=DIS1(I1,1)*DCOS(DISL(II,2))
239 YX{(2,1)= DISI(IIrl)*DSIN(DISI(IlyZ’)

FE 2 SRS W B S

JJfl} ikl,‘l.,,,-‘
DI53(17J)~(YX(211)-YX(292))/(YX(lyl)'YX(laZ))
DIS3(2;J)=YX(2,1)=DIS3(1,J)%¥YX{1,1): . - U P
sIF(DABS(DIS3(2,5J)):lT<0.1D-07)D153(2,4)=0. OD 00
BB=DSQRT{(YX(2:1)-YX(2,2))#%24+(YX{1,1)-YX(1,2))%%2)

-
" DIS3(3:J)=(YX(2,1)-YX(2,2))/8BB
¥ ioDIS3{4yd)==(YX(131)-YX(1,2))/8BB.0 + & o 0 Y
244 COHTINUE£§L¢1‘13M*2.E
e IPQEIQ/2: 0 T by HAKY LEME G Tar LeM st o vtk

i z*’iHRITE(633343)((DIS3(I:J)1I 194)4J=1, IPQ)
3343 FORNAT(4EL15:06) % o ¥ Ty

PR LA T S “{.V” Y- AL e D A
11 CORRES TO A 2 CORRES 1O B IN Y= AX+B
3 CORRES TO A AND 4 CORRES TO B8 IN VECTOR EQU  OF THE PERPENDICULAR

Cg‘ ***’?**«-************#**************ﬁr**********************************
C%?W R ‘ﬁ“ﬁ"fg%‘fﬂﬁj
C Ty "‘;:' RN B S Ei-1 P10t FE ST
C SUBRUUTINE iCHANGE:. 1S, A%USER 'SUPPLIED:{SUBROUTINE TO ALTER THE VALUES IN
C ZAR(I3d) .+
1101 .:CALL: CHANGE .
1100 NIPI 1. AL S AT
NIP2=R" ALt b P T YRR Ty
797 I=H+1+7 ?*ﬂaé“ 0 oRATLYY )
' DO~ 798 IDI l't‘lui”*?‘;‘-",”;i§¢ﬂ.,3’f,§§",3% A8 KU SV SRS I TP AN IR IN.
[=1-1: T RO LTSRS IR E TS N
IF((I GE ITT.AND I LE IFF).0R. I.EQ N) GO TO 222
DO 444 IPP=1,4R

&yc;nf/x

-y 1 e

e
o




§ouATL TR D
TS ZAR(IPPS 1)=ZAR(1PP,N)
LIB(UIPP,I)=ZIB(IPP,N)
ZICLIPP,1)=2IC(IPP,N)
ZID(IPP,1)=21D(IPP,4N)
i444 CONTINUE
Tiv, GOITOVTOBL, “.ufo wit . Tl
222 ANGl=(I-1)*TN
Li=18~. &0y 2% L1t
IF(IQ.EQ.0) GO.TO0 7070
DO 707.JL=1,1Q42" B P S N P
JOE=0 . . L Lv A ' Y L
IF{ANGl.LT. DMINI(DIQI(JL)Z)00151(JL+112)) OR.ANGl.GT.DMAX1(
. 10151(JL12)101$1(JL+1,2’)) GU T0 707
C & ORI N & SL LR FRQORCE BRSNS ILE ST
C . R

.
¢k

. C FINDSUIF. THE VALUE:1S AT THE START OF A DISCONTINUITY

, 1PQ= DISI(JL,2)/TN+0.1
© C THE 0W1< IN- ABDVE IS TO.MAKE.SURE IS.THE SAME AS THE VALUE OF DIS
..C READ IH =180,k
S IF(IPQ.NE. (1 -1)) GO TO 752
£ RIDIL1)=(DIS1{(JLs1)-DRAD+DDRAD)/DDRAD
CUaE o L1sLIR1TAT G, Lo L
fan JOE=YiE .
752 - +1PQ=DISL(JL+132)/TN+0.1
934 FORMAT(2I73F12.4)+:
- CIF(IPQ.NE.(I-1)) GO TO. 753
- RID(L1)=(DIS1{JL+1,1)-DRAD+DDRAD)/DDRAD
’?ﬁﬁ L1=L1+41 -
JOE=110 » 00 b G Yet o nhel 3
: 753‘IF(JCE EQ.1) GO TO 707
IF(DABSI(DIS3(2,(JL+1)/2))LT.0.1D-07)IHRITE(6,313)
313 ¢ FORMAT('BOOB IMN MAIN')
3 RID(L1)= DISB(Z,(JL+1)/2)/(DCOS(ANGI)*DISB(1,(JL+1)/2)—DSIN(ANGI))
RID(L1)=(-RID{L1)~- DRAD+DDRAD)/DDRAD+1.
Ll= L1+1(




707
7070

722

CONT INUE

CONTINUE

Bl=13 .20, 0.00600 Y Fha
L‘f,,o».,; ;,,':*i..é'm‘

Ll=L1-=1 313,

Lg=L4+]l 11w -,

7952 IF(DIS2(Kl,3). LT 0.1) GO TO 7954
i IPR=EKY 1 oy
L5= DISZ(K1,3)+O 1D-04
A L6=DIS2(K1l;4)+0.1D-04
IF(({L5.LT.LO) AND (L ToL5.0%.1.6GT. L6))K1=K1l+1
IF(({L5:GT.L6)AND.(1.GToLbe AND . I.LT.L5))K1=K1+1
IF(IPQ.EQ.KL1).GO:TO 7954
CO:TOSTI52: 41 de ~4her s S
7954 ROD(L4)= DISZ(K1,1)+O 10-09
LS 0§g tggl K
2IF(L1.EQ.O): GD TU 708
DG 703 k2= 11L1;
i IF(RID(LZ) GT.ROD(L4)) GO TO 703
A RCD(L4)=RID(L2)
ny L5=L2 s
703 CUNTINUE R A T AT R
122 FDRMAT(IS,IOFIZ 4)
+708 CUNTINUE
Figo IF{LS<NE.O)RID(L5)=0.8D 05
w7 IF(L5.EQ.0) Kl=K1l+1
‘ IE(Kl.GT.RRR) GO TQ 711
car GDTO 722 - ”31}«1 .
711 iL5= L4
D HRITE(61122)I:(ROD(L?):LZ =1,L4%)
L3=1c IR
Ll,l,,‘, e
L2=2 % w0 100
333 L1L=R0OD(L3)

IF(L1L.EQ.LY) ;G0-.TO:700 ;

.y ¥
z ‘vr R
RS TSI SR

“
Y oee ¥
P !\.,«*@




L2=L1L~-1
IF(L1I.NE.LZ2)G0’'TO . 754
e ZIB(LYYII=0L Y
. ZICHLY I)=0" T e i}
ZIDtLYyY)=06 2o, eyl =
GO -TOWT00 €0 4 -1 )

754 ©.D0 799 iL4a=LY,L2 v /g e s
X{L4)=LG4 ' . )

799 - YV(L4)Y=ZAR(L4,1)
X(L2+1)=L2+]
VV(L241)=2.,0%VYV(L2)-VV(L2-1)
.5SS=DFLOAT(L2-L1+1)

CALLUSPLINE(LL,L2+1,X,VVyB,C+DySSS,AAAA)

DOL702 .L4a=L1,L2
JLAR (L4 s 1) =VVIL4)
Sy ZIBIUAT)=B(L4):{;
‘ SLIC(L4451)=C{L4) ¥
- 702 .;’ZID(L‘H“I),:D(L‘HZ!
©700 L1=L241 7, eyl
- w783 1L3=L3+1
a JIF(L1I.EQJIDIS2):GO TQ 798 40
“ ‘GO iT0 333
798 CONTINUE .
«796 'CONTINUE
1T 1=l %“““’\

. cL]. MR D E S INICR O EAR ”7",3’{33
P 400 % L2= DISZ(RRR+I,1) 1 Ly L
“‘""i I=1+10%1 80 ’«s-ah“" n"‘f C
G20 DOTA0L K=LLpL2 50 S50, 0h, 0

TAA=DFLDAT(K) ¥V} } ,}}?“:'.‘ s4ud
J=AAZ100° TRy
JELLY—K*J*IOO ;-

=g+ N+ =l L0 o
IF(JELLY.“E-O) GO :TO <300}
JEULY=100}

] e e -
ey sJ-—J-l"{"snf,» In Vel RAY o pPaTu




300 «VVA(K)=ZAR(JELLY,J)

- 401 " X{(K)=DFLOAT(K)

' X(L2+1)=DFLCAT(L2+1)
VVIL2+1)=yV(L2)%2.0-VV(L2-1)
SSS=DFLOAT(L2+1-L1)

CALL ,SPLINE(L1,L2+41,X,VV,BsCsDySSS,AAAA)
D0 .402 K=L1l,L2
AA=DFLOAT(K)
J=AA/100
JELLY= K—J*IOO’
J=J4+N+1 -
IF({JELLY. NE 0) GO TD 301
JELLY= 100
J=J=-1 .
301 “‘ZIB(JELLY,J) B (K)
S LZIC(JELLY;J)=C(K)
ZID(JELLYyJ)=DI(K).
S ZAR(JELLYsJ)=VV(K)
© 402 LCONTINUE
T IF(RRR#ITI-EQ.IRRR) GO TO 403
- L1=L2+1 -
- !GO TO 4001,
403 - CONTINUE » 2
83 FORMAT(15)
-~ READ{5,91)YNIT,FIN,ANG,STEP
. WRITE(6,92)YNIT,FIN,STEP,ANG
91 FORMAT(3FS5.1,F844).. lys UiFeifn 0ot T, 00t nd0)
92 ;FORMAT('ANGLES :GO: FROH"FS 1,,sTog,F5 1,' IN STEPS OF*',F8. 41F5.1)
‘ ‘;:xﬁe : PDP ((EIN"‘YNIT)/STEP“"I ) HRE S S ¥ LI TARL S S T 1 FTU ol
ISTEP=PDP+Q.1D-04 1: i %‘
“WRITE(3,83)ISTEP
DGO 123 IK lylsTFP LT LR
PDP=DFLOAT.(IK-1)*STEP+YNIT
HRITE(6499)PDP
99 FORMAT('THIS IS5 THE RAY . PATH FCR ANGLE 'yF6.2)




LT\vv

‘f 9\? 13 L
H W' s

~ e s

G tJALEYLGesn)

et DT=0.,0D700.0 AnnLEtd
- <NDIM=T7 "0
"% +SSIG=SSSIG

47 IDDS=0.0D 100w Ayt

“XXY=0.0D. 00

w1 XK=0.'CD 00

v JIAA=& T - AT

e Y(1)=AL1)
11AB=4
Y(2)=(ANG-1)*TN
Y{(3)=PI*x(90.0+PDP)
X(4)=0.0D 00
Y{5)=0.0D 00
Y{6)=0.0D G0
Y{(7)=1.0

2 DO 7T J=1,3

DERIV{J+4)=0.0D 00

. 7 DERIV(J)= DER(J)

, 'Jcou NNN-1
CIF(JAL.NE.1) JAL=T
" PRMT(1)=XXY
. PRMT(3)=ABC
. 'PRMT(4)=BAC
- PRMT(5)=0.0 . .
- PRMT5=0.0D Q0 .
 EXTERNAL FCT,OUTP
CALL.DHPCG(PRMT,Y,DERIVNDIM, IHLF,FCT,0UTP,AUX)
*NRITE(6,1964)IHLF,PRMT(S)vY(l)yY(Z)

1964  FORMAT('IHLF='y15,' PRHT(5)=',F5.1,' RAD=';F6.1,' ANG=',F6.4)

- - IF(PRMT(5).EQ. 0) GU T0 123

- IPRMT=PRMTI(S5)
: GO TU(44:33:2)46146749)1IPRMT
33 NRITE(6:34) -




. 34

44

L 45.

FILE

46
47

49"

FORMAT (*'DIFF REQD?')
GO T0O 123

"WRITE(6445)

ey

48"

123

FORMAT( *NEXT ANGLE")

. GO0 TO 123
"WRITE(6347) ;. EASE

FORMAT('TUO NEAK )‘i
G0.70:123;: o
HRITE(6y48) T
FORMAT('HEAD WAVE')"
CONTINUE .

I O Voo, e
NRITE(3,83)I

STOP .

END"~

F
.
PR " N
o : L]
¥ H.
N i ¥ :
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«
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! * ¢
s )
.
e
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£
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. ;
I Do :
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i ™
i Py
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"SUBROUTINE VELOC(VE+DVR,DVT,DVRR,DVRT,DVTT,A,THET)
- IMPLICIT REAL*8(A-H,0-Y)
C THIS SUBROUTINE COMPUTES THE VELOCITY INSIDE THE EARTH MODEL
C THE CORIGINAL SPLINE COEF COMPUTED IN THE MAIN ARE USED FOR THE

C RADIAL DIRECTION SPLINE IS CALLED AGAIN FOR INTERPOLATION IN THE
C. THETA'DIRECTION
LOGICAL :L2,LY. " .. . . ‘

INTEGER.R4sRRRsRRRE,R6, Rl,Tl

COMMON/AG/KM, IRRRyITT IFF,1AA,IAB
tirr COMMON/SOS/DRR(102),V{102),0V(102),%X(102),8(102),C(102),D(102)
COMMON .ZAR(102,106),21ID(102,106),2Z1C(102,106),21IB8(102,106)
14DIS1(32,3),DIS2(10,4),01S5S3(4,32)
COMMOMN/AS/RADsDDRAD,DRAD,RRR6yR64RyRRR, IQ/AE/PRMTS Pl ¢ XXYsRESO,yZKM
COMMON/AP/TN,DDSy XKy JAL s NNNyJJA,N
COMMON/AK/PL(535)3YXZ2(10;10),4SS1G,yJCOU
COMNGN/HG/IHLF
IF(ALTL(DRAD+3040)). GO TO 299

CALL ‘BERT{A; THETyPP+FF,R1,T1) ., AR R G
IF THE. RAY .IS‘NOT:NEAR-TO A LATERAL DISCONTINUITY THEN BETWEEN

. C'
:C HERE.AND LABEL 135 ANY OTHER INTERPOLATIGN SCHEME MAY BE
c

INCORPORATED ,INTO "-THE PROGRAM -
EG.fIF:THE?VELOCITYZIN.THE=CRUST:ISnA:CONSTANT:VALUE THEN

3 ey T
L3

C
' C THE: FOLLONING WOULD "APPLY " P R R I SR DR R N
Cc *IF(A.LT.6331. 0) GO T0: 135 Tl 13 et Al LT, R Dl
- C . :ilvs ZAR(R111) SRR I NP FA o {
- C {DVR=0.0D:00" ;. w;>fx;%¢a{,a*§ﬁwz;? (g T
C o ETCW. .00tk N A AN N £ 1
C .- RETURN:. .20 1 it Lo b i toelifary/
135 :RR1=DFLOAT(R1):
TT1=DFLOAT(T1): =7.3 '**s**a ,
IF(JCOU.LT{NNN-1)J0Y=1" "ﬁ‘g‘ii?{z,lge;?gji;:xi

IF(R1.LE.R) GO TG 100
to37  WRITE(6513)R1sT13VESDVRyDVRRyDVRT;OVTIT;DVT A, THET

i413 FORMAT(' OUT.OF BOUNDS',2I5510E12.4)
STOP. - 1 yi

-
3 AT B

-a
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100 4IF(T1 'GEL1) IGO/TC.102
WRITE(6313)R1sT1yVE,DVR,DVRRyDVRT.,DVTIT4DVT 4A, THET -

PRMTS5=1. -
RETURN: 3«
5102 IIF(R1GNESR)AGOCTO-I03 (=0 b v 0 i
IPRMT5=1 1z
ais GOETO{L104 <2 juin Ly di e FiuinLedln: shbe iw
103 1JJA=0kLy uLd
HH=PP-RLiGe M v sl g3 v a2 Do 7 vl m s v o Cedsd
IF(IQsEQ.0.ORSTISEQ:(N=-1)).6GD¢T0O:78, :L;
1QQ=IQ-1_
H1=RR1*DDRAD+DRAD-DDRAD
, IDIST4=DSQRT(((H1+2, *DDRAD)*DCOS(Z *TN) “H1)*xx2+((H1+2.%
‘lDDRAD)*DSIN(Z JXTH) ) %%2) . A S
SDDD=DIST4

DDI77.451,1QQ52 i .-
TR ( (711 #TNALT-OMINL(DISL(Js2) iDIST(I+1321)s0R 5. 1414 a1 0 -

1({T1-3)*TN.GT.DMAX1(DIS1(J42)4DIS1(J+1,2))) GO TO 77
IF(A.GT.DNAX1(DIS1(Js1)sDIS1{J+1,1)) . CR.AJLTSOMINLL ;o
1DIS1(J,1),DIS1(J+1,1))) GO TO 77
‘ IF(DABS(DIS3(1,(J+1)/2)).LT.0.1D-13) GO TO 1912
C ABOVE-LINE IS TO.STOP.DIVISION BY ZERO
- X11=(H1%DSIN((T1-1)*TN)-DIS3(2,(J+1)/2))/
¢y LDIS3(14(J+1)72)
DIST3=X11-H1*DCAS((T1=1)%TN) . v} i 10 420D
DIST3=DABS(DIST3*DSIN(DABS(DATAN(DIS3(1;(J+11/2)1)))
G0..TO 1911 |
1912 DIST3=DABS(DIS3(2,(J+1)/2)~HI*DSIN((TTL-1)%TN))
1911 IF(DIST3.GT.DIST4) GO TO 77
DIST4=DIST3
JJA=(J+1)/2
77  CONTINUE
C THE +GE. FOR THE NEXT LINE SHOWS WHICH VALUES ARE TAKEN ALONG THE LINE OF
C THE DISCCONTINUITY
78 IF({JJA.EQ.0) GO TO 660

p
S5 {e

ey
S
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’ ® . v »
w0 4 ki DT &
Cod b barTs o

ClJ(A¥bs}dk¥HET) DIS3(LyJJA)*AXDCOS(THET) ) (GELDIS3(2,JJA)
IPQEQ L g~ h bt Tt )

753 DO 6321 1,51"'§w”,,3,2y

IX(I) =Tt ey b IR L R
e fJ1=T1+1-3
(ANG=(J1-1)*TN
“. s D2=DSIN(ANG)-DIS3(1,JJA)*DCOS(ANG)
L2=A¥D2.GELDIS3(25JJA)
IF((L1.AND.L2).0R. (e NUT L1.AND..NCT.L2)) GO TO 642
V{I1)=0.0D 00,
GO O 632:¢ [+ +-
642 IF((ABS(ZAR(Rl:Jl) ZAR(R1+1vJ1)) GT.ZKM))
1G0 J0 - 63Y sty 2 T E

Z 634 VI(IL)= ((HH*ZID(RI,J1)+ZIC(R1,J1))*HH+ZIB(R1,J1))*HH

1+ZAR(R1,J1)

e, DVUI)=(HH*3.0%ZID(R1,J1)+2.0%ZIC(R1,J1))*HH+ZIB(R1,J1)

DRR(11=6.0%HH*ZID(R1,J1)+2.0%ZIC(R1,J1)
G0 T0:632 74}

. 631 RADI=DIS3(2,JJA)/D2

TF(DABS(DIS3(2,JJA)).LT.1.0D-10)5 GO TO 634
. IE(A.LT:RADI.OR.HIZGTZRADI), 60 T06341 51t 1y prt
CUV(1)=0.0D 00 o
JIF(IPQ.EQ.0), GO (70, 6327 « 73 it LEAR Lo F11101 e LEQ40 s, 100
 (IF(ABS(ZAR(R1+2,J1)=ZAR(RL#19U1)) . LTWZKMIVII)=ZAR(R1+1,J1)~
1ZAR (R142,J41)

”;ﬁiv"V(I)—((ZID(Rl+1 J1)*HH+ZIC(R1+41,J1))*FH+ZIB(R1+1,J1))*H

1+ZAR(R1+1,J1)+V(I)
DV(1)=ZIB(R1+1,J1)
C DRR(TI=2.0%ZIC(RI4L, UL T I EE 06 ), ~ad TTuhi nl 0] %
632 CONTINUE. ' o-1ti i Iit oy
639 *CONTINUE 1} &% ¥ 549
©.1 IF(V(1)4GT. o.o AND..V(2).GT.0.0) GO TO 622}
IF(V(4)+GT.0.0.AND.V(5).GT.0.0) GO TO 623
1PQ=1 |
GO TO 753



.. 3
L -

622 DO 614 I 315
IF(VII) o6Te0.0): GO TO 61413 ) s ¢ 5037 10
VII1)=2.0*V{I-1)=-V(I=-2)". <., ., . . * . ., o
DVYAI)=240%DV(I=1)=DV(I=2): ;s ie: irvn i
DRRUI)=2.0%¥DRR{I-1)-DRR(I-2)
614 CONTINUE.: ', -iLy v, . Ce e s
GO ' TL: 641 3 .4 & 8w v 4 1 v oy
623 I=4 t~i 5, v oo el o g :

DO:s€l511= 1,3 SRR TTORER
[S1=1meiptb ot #=.00
. IF(IVII).GT. 0 0) GO TO 615
T EVIII=200%VITHL)=VITA2) 0y 0 b L !

A DVLTL)Y=2.0%DVII+1)=-DV(I+2)
+ - DRR(I)=2.0%*DRR(I+1)-DRR{I+2)

615 CONTINUE:: &

o GOETO 641 iAo u T L L

660  WKL=0: i} pisn

- DO 661-1=1,5
- X(1)=DFLDAT(I)
S Il=14T1-3

IF(I1.LT.1.CR.I1.GT.N) GO TO 7000
VII)=((HH*ZID(RYL9I1)+2IC(R1,I1))*HH+ZIB(R1,11))*HH
L+ZAR(RYy 1) fiv vy b1
DV(I)=(3"0*HH*ZID(R1,11)42.0%ZIC(R1,11))*HH+2ZIB(R1,I1)
DRR(1)=6. O*ZID(RI,Il)*HH+2.0*ZIC(R1,Il)
GO TO 661" i?"i?

7000 v(I1)=0.0D 00

x JKL=1*- *“:Hz?fff e

661 CONTINUE::
ITF(T1 LTl ITT=4).0R.T1.GT.(IFF+4) . 0R.ITT.EQ.0)GO TO 800
IF(T1.EQ.(N-1)) GO TO 800
IF(JKL.EQ.1l) GO TG 639

641 CALL; SPLmE(I,s,x.v,B,c,D,o oD oo o w 01,

HH=FF=T1 7l oy 03 e 000 g5ty bwsion o r,

vy
¥ o




VE=( (HH*¥D(3)+C(3))*HH+B(3) ) *HH+V(3)
DVT=(3.0%HH*D(3)+2.0%*C(3) )*HH+B(3)

. DVT=DVT/TH

DVTT=(6.0%HH:D(3)+2. 0*C(3))/(TN*TN)

" CALL"SPLINE(1,45,X,DV,B,C,D,0.0D0 00,0.1D 01)
;DVR—((HH*D(3)+C(3))*HH+B(3))*HH+DV(3) R IIRE L. 1)

.DVR=DVR/DDRAD {7 « b gt i e, ik
-CALL *SPLINE{1,54yX4sDRR4B,C+D+0.:0D.00,0.1D O1)

 DVRR=( (D (3)*HH+C (3) )*HH+B (3) ) *HH+DRR (3)
iDVRT=(3.0*%D(3)*HH+2.0*C(3) )*HH+B(3)
DVRR=DVRR/(CDRAD*LCDRAD)
DVRT=DVRT/(DDRAD*TN)

GO .TO 300

C- FINDS THE.,VELGCITY FOR PEGIUN IN WHICH V=F (RADIUS)

800

.DVT=0.0D 00,

. DVTT=0.0D 00

\4’299\\

DVRT=0.0D 00 ’ L s
DVRR=DRR {3) / ( DDRAD*DDRAD)

DVR=DV(3)/DDRAD

“VE=V(3)

GO T70-300

DVT=0.0D 00

DVRT=0.0D QO

DVTT=0.0D Q0
IF(JCOU.LT.NNN-1)JOY=1

pPp= DFLOAT(Rb)*(A 1. O)I(DRAD+9 0)

S T1=PP .
. HH=PP-DFLOAT{TL)
T1=PP/0.1D 03

193

R1=PP-DFLOAT(T1)*0.1D 03
T1l=T1+}+1
IF(R1.NE.O) GO TO 193

R1=100 "

S T1=T1l-1

CONTINUE
VE=((HH*ZID(R1,T1)+ZIC(R1,T1))*HH+ZIB(R1,T1))



300
355

301
12

.y 2313

Ty

1*HH+ZAR(R1:T1) ’

- DVR=1(3. O*HH*ZID(RI'T1)+2 0*LIC(R1yT1))*HH+ZlB(R1 T1)
DVR :DVR*DFLOAT (R6)/ (DRAD+9.0)

DVBR~6 O*HH*ZID(Rl Tl)+2 0%ZIC(R1,T1)

DVRR= DVRR*DFLOAT(Rb*Rb)/((DRAD+9.O)**2L?Xf '
IF(JCGU LT NNN~1)JOY 1 Lty e

CUNTINUE RS MENCE R }:'1% i

IR(JCOU LT. NNN 1.0R.JOY.NE.1) GO TO 104
JOY=0 rpmr v+,

HRITE(&yth
FORMAT(&X,’Rl',4X,'T1“44X,'VELDCITY',BX.'DVR',BX.'DVT',

18X, 'DVRR* 3 7Xy *DVRT ', TX, 'DVTT'y6X*JJA")

‘WRITE(6,2313)R1,T1,VE,DVR,DVTyDVRRyDVRT,DVTT,JJA
FORMAT(216,6E12.3,16)

;04 ‘RETURN

ILE

END -

* 3 H +§ , POIPR S
«),ﬂ,ﬁ}#}'rﬂ’g, M .



SUBROUTINE BERT{AsTHET,AA,TTHET,AI,THETAI)
IMPLICITREAL*8(A-Hy0-Y)}
INTEGER 'RyR63;RRR6 3RRRyTHETAI, Al
*+:1 {COMMON/AS/RAD;DDRAD,DRAD,RRR64R6, R,RRR:IQ/AE/PRMT57PIoXXY.RESO.ZKM
i*1COMMON/AP/TNsDDS 3 XK JALsNNNyJJASN , . .
AA=(A- DRAD+DDRAD)/DDRAD - S
AI=AA . . 17
TTHET—THET/TN+1 0
THETAI=TTHET .

o

"IF(THETAI .GE.N)THETAI=N-1" "« -~ .=
~ RETURN -,
END:’; e 4!.\ el \ i
FILE . N
» - B S PN i S 4 P
.y
N N AN i HEN



'SUBROUTINE FCT(X; YaDERIVI Y. {1sr . L Rt
IMPLICIT REAL*8(A-H,0-Y)
‘C.THIS; SUBROUTIMNE COMPUTES THE *VALUES® CF:THE:R
C DIFFERENTIAL EQUATIONS FOR:RAY PATH AND- ceomé?ggcgﬁﬂgpiéﬁEloF i
COMNON/AK/PL(5,5)3YXZ 110510045516, 0L DING EFFECT
DIMENSION. Y.(71sDERIV(T)
COMMON/AE/PRMT5,PI9XXY,RESG.1KM;13'a{im
. CGMMON/DUO/VEerti.Ei"ii:“l%x«yt Ll . » & . . C
3 “?cALLfvsLoc(VE,DVR.DVT.DVRR.DVRT,DVTT.Y(1).9(33)“‘ R
© 5 CONTINUEI M/ At
© T AIFIY(3)36T4 04 10-04) GO 10 1

.yé"f“;

o Lo NRITC(b’Z)v t &a?w;&z£§&&§ o
12 . FORMAT(!x RAY,solnG 'RCUND,IN: CIRCLES )iy ¢v . P T
CLSPRMTS=1.. o ‘ TR T
. RETURTJ ’L?:f f'y”"oqif‘ - ‘)‘ ~*<"f:\;_"/’;‘%g:{"‘,v:«.fﬁ;,,fff)i:5i?§’.;\“-\Qg{{?f“;_‘ v . o
“x1 ! AB= DVR*Y(5)+DVT*Y(6) : T T
AS DSINAYA3) It b 4 mories o 309 ¢,

AC=DCOSLY (3D, fot L lads i Javp pny by, o oy :
DERIVIL)=VEAC oo, 21%.c LD g L e sy
DERIV(2)=VERAS/YALVESSIG ¢ » 510 oy "hidiosmniey

DERIV(3)=AS*(DVR- VE/Y(l)) *
" DERIV(4)=VE*DERIV(1) : f?f?,échyTif‘l’
DERIV(5)= AB*AC-VE*AS*Y(7)~ T e A
- DERIV6)=(AB¥AS=VEX (ASEY(5) /Y (1)-ACKY (7) )1 /v (14551
(DERIVIT)=(YL5)€DVRRY L6) *DVRT-(AB-VE*Y(5) /Y(1)) /¥ (1)) %AS
1+(DVR-VE/Y(1))*AC*Y(7)+((AC*Y(S)/Y(1)+AS*Y(7))*D T-
CIDVRT+Y(613DVTTI) /Y (11%5S1G. VI-AC=(Y(5)*
“ RETURN | i
S UEMD L Lty £ v ey
FILE Vﬁ#;v?fw:‘$;f¢f¥%¢?: RIS

“ F

P
I
®



g e
v *"A"§f§

"~ C THIS*SUBROUTINE-OUTPUTS ALL:THE-NECESSARY DATA' AND REFLECTS OR:

SUBROUTINE OUTP(XX:?Y:DERIV,IHLF:NDIM,PRMT)
IMPLICIT REAL*8(A~H,0-Y)

'C  REFRACTS:THE: RAY AT/THE, RADIAL: AND LATERAL DISCONTINUITIES

= 3

INTEGER ; R:RRR) RRRH4RE =~ v 5, vy i Y
LOGICAL L1,L2
DIMENSION- YY(?),DERIV(7)1PRMT(5):IZA(32):IZB(32) T s

1 COMMON. ZAR(lOZ:lOb)1ZID(1020106)1ZIC(1021106):213(102’106)
1:0131(32:3):0152(10:4)70153(4,32) S

COMMGN/DOO/VE vy {1 3

DIMENSION XOUT(IO) !w* Vet o L

CDMMON/AG/KM,IRRR,ITT,IFF IAA,IAB
CUMMON/AP/TN'DDS!XXY1JAL1NNN'JA N/AK/PL{5,55)3YXZ2(10,10),SS1G,

LUCOUS 5t g e sy v
: COMMDN/AS/RAD DDRAD,DRAD:RRRb R6 1Ry RRR 1Q/ AE/PRMT5, PT,XXYY

f: C FI

2000

1DSyZKM \

NDS IF- RAY IS NEAR . TO THE BOTTOM OF ITS PATH
IF(YY(1).GT<AcAND.JJJLEQ 0+ AND.JALNELLIWRITE (6,2000)A
IF{YY{1).GT.AAND«JJJL.EQ. 0+ ANDoJAL.NE.1)JCOU=NNN-1
FORMAT( *THE RAY BOTTOMS AT '9F12 4)

CIF(YY (1) .GTL.A)JJJ=1
TF(YY(1).LT.RAD. AND PRMT5. LT 1. 0) G0 TO 10

JCOU=NNN-1 -

- PRMT5=1,

710z S ST A S
;Wﬂ\T=YY(2)ﬁ«”/.a;%~ e S Joo Ry

?A=Yv(1);;‘"'

SA= YY(3)

JJA=JA - -

IF(JAL. NE.I) GO TO 4261
- VEP1l= DCOS(YY(B) 0. 9D OZ*PI)

I=0- |

NRITE(3’89)I

AMPLO=Y.:- ‘oo . v ..t
TZ-"YY(Z) SR ‘ LAy . r.:t{ =
JII=0, = o e

DU SRS SO S A A T B T PR
Z- EA S 2 AR S i % 4 Y e



4261 CONTINUE::17 !

c COMPUTES :THE AMPLITUDE (SQRT OF THE INTENSITY) - INCLUDES GEOMETRICAL
C SPREADING AND ENERGY PARTITIONING

f AMPL= DSQRT(YY(S)*YY(5)*YY(1)*YY(1)*YY(6)*YY(6))

LpTTRT=T2 i s e DK
IF(DABS (AMPL). GT.0.001) AMPL=DSQRT (DABS (VEP1)/ (DS IN(DABS(TT))

1xA%AMPL) ) . 3
c AMPL2=AHPL*DSQRT(AMPLU)*DSQRT(0.20+01/0.557D+01)/(360.*PI)
‘. AMPL2=AMPL*DSQRT (AMPLO):.
IF(JAL.EQ 7 AND.ICOUNT LT 4) GO TO 1999
DA=A-BA '~ RO S PR I
DT= T“BTx“m wwf R
- DS= DSQRT(DA*DA+(A*DT)**2) h
IF(JAL.EQ. I)DS 0 OD 00 -
DDS=DDS+DS - )
DS=DS*(2. 0**IHLF)*1 01.
DA=DA*(2,0%*]HLF)*1.01
; DT=DT*(2. 0**IHLF)*1 01
1999 AM=A+DA
T U TM=THDT :
L XXYY=XX+XXY
dile JCOU=JCOQU+L

IF(JCOU.LT.NNN) GO TO 11
C OUTPUT: OF ALL DATA - DEVISE 3 TAKES THE X AND Y COORDS FOR PLOTTING (

C NUMBER OF VALUES READ OUT DEPENDS ON NNN) DEVISE 5 TAKES ALL OTHER DATA

9:~ X=DCOS(T)*A
Y=A*DSIN(T)
-+ JC0OU=0
- IF(JAL.EQ. I)JOCK-
JOCK=JUCK+1 >
I1ZA(JOCK)=(X*0.1D" 02)
- 1Z8(JOCK)=(Y*0.1D 02)
IF(JOCK.NE.16. AlID.JAL.NE.S5) GO TO 88
" HRITE(3,89)(1ZA(K),K=1,J0CK}
HRITE(3,89)(1ZB(K)4K=1,J0CK)

¢

p



TELOLALL SERTIAY, TV AN TN e R
89 FORMAT(16I5) T, A%, 1T+IA1V}

JOCK=0
88 TT Tlpxu;kg‘ (11) r; ?‘ :"'
. C IF(JAL.NE<1oANDJJALCNESS) IGO0 TO: 1113( .

C ABOVE .LINE:MAY BE INSERTEDYTO FEED OUT JUST THE INITIAL AND FINAL VALUE
ROUT=0. 1V ? Y sl i0ti=D
DO .12 J=1,3
XOUT (J)=PL(Js1)=X+PL(Jy2)2Y
12 ROUT=ROUT+XOUT(JI*XOUT(J) i, ui 2et-0 0 0 1L Ly
ROUT=DSQRT(ROUT) -
TOUT=DARCOS(XQUT(3)/R0OUT)/PI
PP=ROUT*DSIN(SA)/VE~- it egdr.ito i IR S
[ FOR: 'LAT BELOHW; THE. EQUATOR 'MUST:PUT" COLAT LAT+9O Tl GIVE -2
.POUT=DABS{DATAN(XOUT(2)/X0UT(1)))/PI
IF(X«GE.0s0.AND.Y.GE.0.0)GO TO 1101
IF(X.GE.0.0)PCUT=0.36D.03-POUT." % L
IF(Y.GE.0.0)POUT=0.18D.03-POUT. .: ;. sl ivTu]
o lF(X;LT.OZO.AND.Y.LT.0.0)PDUT=0.180 03+P0OUT
C HAVE- "HAD TO:/PUT CONDITIONS TO ACCOUNT FOR ALL POSSIBLE PDSITIONS OF
C SOURCE!AND:RECIEVER™ ONfGLOBE
1101 NRITE‘6’3366) u"ff“ﬂa :r"'a }¢{§ ‘a44 !c».‘. V.%;,.Ez,i}i‘f,?; .
3366 FORHAT(4X,'RADIUS'.BX,'THETA',BX.'PHI'.6X,
_ IUTIFE!,6X.'DISTAhCEF.7X.'T'ollX.!P'.8X.'EHERG ANG',2X, "AMPL"
71 29'1ITUDE®* 43X *IHLF " 43X, *AMPLITUDE2?)
LT FIWRITE(6314)ROUT, TOUT ;POUT s XXYY,DDSy TTyPP»SA AMPLIHLF,AMPL2
14 FORMAT(8F12.43F12.8,15,F12.8)
) IF(ROUT.GT.6370.0) HRITE(6,44)1AM,ITM
44 TFORMAT(21I7)=x vl
11 IFGJALCEQLL): GOITO 500
IF(JALLEQLS). GO TO: 12127, 7!
IF(A LT RAD, AHD.PRHTS LT.1.0) GO TO 707
LPRMTIS)=0:2 000
GO TO 501:\‘} 'j;’r Lnfol‘\'i*:gi.f',.f\‘g‘?‘).t{,< ﬁgl*v" Yo 2 » !
707 IF(A.LT.(DRAD#30.0))7GO.,T0.400: . {vy .t 7 e .
10=1



H

311

SRS DORSER TNEY VS I S

SCALL {BERT(AM;TM, AAH:TTH IAM, ITM)
CALL BERTIAsTsAA TTHIALIT) &5 o 1o
IDXS R:oi 1”‘2 ﬂ\ i ,.v*
IF(IDXS:EQJ!AM)EGOLTU 127
IF(IAMCEQ.IA.AND.ITM.EQ.IT) GO TO 300

" C DO {{NOT.;:WANT :TO:REFRACT YET
12 IF(JAL.NE.7) ICOUNT=0

IAB=4 ;o 0y w0y T A0
1AA=4

IF(ABS(ZAR(IA,IT)=-ZAR(IAM,ITM)).GT.ZKM) GO TO 242
1= IAM*I RS I 34 Q! ‘V»A'.W\b’;&ﬁ} oA s A
CUSITMEL ™ 0o (AVLUHLSABEY o e

!F(ABS(ZAR(IAH.ITM) ZAR(1IAM9J))eGT.ZKM.OR.ABS (ZAR(IAM,

IITH) ZAR(IsITM)).GT.ZKM.OR.ABS(ZAR(I,J)

ZAR(I:ITH,) ,GT.ZKM)GO TO 242
GO:T0.500 (ficp Lt BiEsA N DARLIUSL T 0 20 1

300 ;IF(IAAL.EQ. 4 AND.JJA.EQ 0) GO 1O 500
IF(IAA.EQ.4<AND. (IAB.EQe3.0R.IAB.EQ.5)) ICOUNT=3
242 Y=A*DSIN(T)
X=A*DCOS(T)
. IF{ICOUNT.EQ.3) GO TO 50
IF(IAM.EQe IAANDJTAAL.EQ.4AND. (ICOUNT.EQ+2.0R. ICOUNT.EQ.5
1))60 TO 81
. » IE(ICOUNTL.EQ<1.0R. ICOUNT EQ 4) ;GO:T0:81. = . . v
71 DREO T L el N IV T T e ey L Y

C TO FIND{HOK tHEAR "THE :RAY . Is .70 A 'SPHERICAL .01SCONTINUITY

IF(AMJLTA)K= RRR*l*f*“, AL S
DO (T2 :I=1,RRR =, Jh, 0 o0 i 75 %
IF(DIS2(K,3).LT.0.1) GD TD 7954

L5=D1S2(K,3)+0.1D-04: B NS B T B PO ST I S R R
L6=D1S2(K,4)+40.,1D-04 R IR OANE ISR T I S A
IF((LS5.LT.L6).AND.(ITH.LT. L5 OR.ITM. GT L6)) GU T0 72
IF((LS5.GT<L6)eAND {ITH.GT.L6.AND.ITM.LT.L5)) GO TO T2



_— P I I
frig (m\ Y A '4{ ol wmi

7954 1DIS= DISZ(K,1)+0.ID 04 .0 do=tal o, e
ZRAT=DIS2(K,2)
IF(IAMCLTIIALANDJIDISSEQ.IA): GO*TO 35
JF(IDIS.EQ.IAM) GO TO 35
IF(AM.LT.A) GO TO 72

EY o O TIAMETAM+YI? s JUnt+nd®d v luiadstlanair o}
QIF(IDISiEQilth)RGO TO 354is}

72 CONTINUEYV{ Y2/ 00
IF(IAAVEQ.3)GO. TO 500* HEECA S AT
TJAA=4 LTS M*i*ix’»*= AL (.- .

’- GU ‘10 Bllw,wﬁ? \k {»‘ YRy
35 ! *“RR=DFLOAT(IDIS)*DDRAD+DRAD~-DDRAD

' TF(RR.GT.DABS{A®DSIN(SA))) GO TO 73

vs  TAA=5
‘ GO .TO 8l: . .. e frhalt 334 04

73  SSA=3.14159-SA
CBl= DABS(DABS(A*DCOS(SSA)) DABS (DSQRT (RR*RR-(A*DSIN(SSA) ) %

12)) )7 a i, s da g Gl vl
IF(CBI LT.DS) GO TU 40
‘TAA=3
. i% 60.70-81
N 40 IAA=6;r’~{ PR R y 2 :li; a;;" /ﬁ“:@";: ) g, [
1007 60 TO.BL A 1w e
80 ‘IAA= 4 T R UL B U

C TO FIND: HOW NEAR THE RAY.IS'TO A LATERAL DISCONTINUITY
-81 IF(ICOUNT.EQ.2.0R.ICOUNT.EQ.5) GO TO 95
" § CALL" VELOC (VEE DVR, DVT y DVRR, DVRT,DVTT, AM, TM)
IF(DABS(VE-VEE).LT4+ZKM). GO TO 500 -~ "
. IF(JUA.NE:0.UR.JA.NE.O) GO TO 50
©  IF{IAA.EQ.4) GO TO 2060
€. G0 TO 95

”2060 StUTAB=4ATS G g TUAC TG AT Aper ), o !
# HRITE(6)90’ICUUNT:IAM'IA,IT,ITH,JJA’ZAR(IA'IT)’ZAR(IAH'ITH’

i90 {*FORMAT.(*NON-DEFINED DISCONTIUITY',615,2F12.6)
STOP



faso,
50 GR=DTAN(T+SA%SSIG):: -

IF(DABS(DIS3(1:JJA) GR)<GT.0. 10’04) GU TO 82
SORSURTAB=D L LnIuUnL s TMAY it LAY - SRRt
/ IF(JACEQIOJORJIACEQSIJA) * GO :TO 95

JIA=JA L un

GO{T,O:,SO@EJ»fs"?ilhi“ﬁ} Sf‘;;*«-g% .,»i:‘

- 82 X2==(DIS3(2,JJA)+GR*X-Y)/({DIS3(1,JJA)-GR)
Y2=DIS3(1,JJA)*X24DIS3(2,JJA)
 DDTT=DATAM(Y2/X2) JA, 173, 78R (ina. ., 5T g7, i
o IF((DDTT=T)/DT.LT.0.0D:00) GO TO 99
1 CB2=DSQRTL(Y2=Y)*(Y2-Y)+(X2-X)*{X2-X]))
IF{CB2.GT.DS) GO TO 99
IAB=6i iy 2572
C GO:iTQi95:34% 44t s SRR LA AT T r a7 at i, Iy et g0y
99 1AB=3V=:
£ IF(JA EQ 0. OR JAEQeJJAYCGOTOAIS & 24l: o .ttt u
GO TO 501
;95 IF(IAA+IAB.NEJ12) GO TO 64
PRMT(5)=2 {2y}
. GO i TO ;<501 ﬁ:,* £ éﬂ 3 f‘;,{wli'iﬁ ;}1; Z&.mﬁ' :5’ :\?“‘ ;)ng
64 CONTINUE
K IF(IAB.NE<.4.AND. IQ.EQ.O)HRITE(641008)
. 1008 FORMAT('IAB+NOT:{EQ 4 WHEN 1IQ EQ 0')
5 L1=(IAA.EQ.4.0R.JAA.EQ.5)
L2={IAB.EQ.4<0OR.1AB.EQ. 5)
IF(LI "AND. LZ) 60 :.TO 500 AT E IO By FOE TN O
IIF((IAA EQ.3.0R. Ll)oAND.IAB EQ.6) GU T0O 124
IF((IAB.EQ:3.0R.L2)<ANDJIAACEQL6) :GOHTO 127

i

:!»‘}tg’f.«\y GO T0§5002’.{,, Ty Pl TN AT AD D a LR TSI E R i
c {1 ‘i -xa,..ﬁ,
C T’; N¥* ;' 1‘;* 'z:fs\n‘» S!t\ .JH\?.{ #ﬂi n%

C BELOW-RELFECTS OR RLFRACTS AT A SPHERICAL DISC - CALLS SUBROUTINE 20
C FOR SOLUTION OF ENERGY PARTITIONING EQUATIONS

127 ICOUNT=1



AN R D S 1
.Y R T R A N P B
IF(IDIS:EQ.R) GO TO 8
IF(IDISVEQ.695) GO TO 126

C ABOVE-LINE ENSURES THAT THE RAY 1S REFLECTED AT THE CORE MANTLE BOUNDARY
SYNR=DSIN(SA)*ZAR{IAM, ITM)/ZAR(IA,IT)

SSA=0.0D 00
£ NCLUIF(SALGTIL.S5TOB0)RSSAZ1I0 A . « /1 il Lo
124 ZH=SAGG{TeS5I0RSAY

IF(SSALLT:0:1) ZRAT=1./ZRAT

(CALLFZO(17ZHyZAR(IAVIT) ZAR(TAM;1TM) y ZRAT 422, 222)

IF(SYNR=1.0)125415445126"{" 1530k, 4}

126 3SA=30141595SA%H
AMPLO=AMPLO*22Z .
WRITE(6,3972)
WRITE(672345)ZHs SAyZAR(IA,IT) yZAR(IAM,ITM),CB1,DS
o ICOUNT=417%0%
2345 FORMAT(6F12.6,° REFLECTION AT A RADIAL DISCONTINUITY?)

154 PRMT(5)=6i{1,"]
o GOLTOTSOL. ML I0A T 1. 2RAT
125 {AMPLO=AMPLO*1Z
SA=DARSIN(SYNR)
IF(SSA<GT.0.1)SA=P1*0.18D 03-SA
A=AMIE 5y 35720
T=TM X001 dtna 2V o 290
XXY=XXY+1.1¥PRMT(3) +
23 DDS=DSX1:1+DDS%» i

LI

2y 3 N
%t'«*iwyfu&-";i{a A

Gy ddne L NRY

- HRITE(6;3972)53“QLU 5 };aﬁgdydffyw% "
3972 FORMAT(* *INCIDYANG:: "y REF4ANG:,. VELOCITY 1 VELOCITY 2°
1; *CUDISTANCE 1 DISTANCE 2°)
YRS HRITE(693456)ZH;SA,ZAR(IAZIT)ZAR(IAM,ITM),CB1,DS: §*

;3456 FORMAT(6F12.64" REFRACTION AT A RADIAL DISCONTINUITY')ﬂ

... GO 70 121
18” UOT=SA-DARSIN(A*DSIN(SA)/6371.0):

AUPRALTION AT - i Regp L d

Eanh A= 6371 Q 12aies® X



T=T+0T" Lo
IF(SSIG LT l. )T-T-Z *QT
ODT=6371.0%DSIN(OT)/DSIN{(SA)
DDS=DDS+0T, jwppir{a
XXYY=XXYY+0OT/VE
JAL=51.0
PRMTAS5)=1.G.06}1 Li0=1,
N GO 70 9
C BELOW REFLECTS CR REFRACTS AT A LATERAL DISC - CALLS SUBRDUTINE 20

"£124 AA=DCOS(T+SSIG*SA)

BB= DSIN(T"‘SSIG*SA)f e dunieniiow i SO o
1 DAT= AA*DISB(3,JJA)+BB*DISB(49JJA)
CROSS=BB*DIS3(3:JJA)-AAXDIS3{4,JJA) . . 522 o«

122 SYNI=DABS(CROSS)=nSIniT:
0 RN=VEE/VEH{Ti~H1el8 i1
CIAB=4 T A e e T
ICOUNT—Zr”w*‘¢?
SYNR=SYNI¥*RN" (.o o8,y 0wt
I=JJA%2~-1.
ZRAT=DIS1(I,3)
IF(VEE.LT.VE)ZRAT=1./1IRAT" HEKOR
Pl ZH= SYNI R
o s CIVESVES . v U s sy
ty. LIVEE= VEE
e, HRITE(643972)
\ CALL: ZD(1,ZH,ZVE,ZVEE,ZRAT:ZZ.ZZZ)
I IF(SYNR-1.0)129,154,123
-123 Al1=~(DIS3(3,JJA)*DOT+DIS3(4,JJA)*CROSS)
‘ B1=(DIS3(3;JJA)*CROSS-DIS3(4,JJA)*D0T)
WRITE(63345T)SYNI3SYNRy ZVEy ZVEE,CB2,4DS

ICOUNT=5

' 3457 FORMAT(6F12.6," REFLECTION AT A LATERAL mscommunv')
G ESLAMPLO=AMPLO®ZZZ ¢ (o =l ¢ “;5 U S
T Y60 T03122 oF oelmiLtne Y IOEVLIIN ¢4

o129 HRITE(6r3458)SYNIgSYNérZVE:ZVEE:CBZ;DS
- 3458 FORMAT(6F12.6," REFRACTION AT A LATERAL DISCONTINUITY®*)



AMPLO=AMPLO*ZZ

A=AM

T=TM

XXY=XXY+1l.1%PRMT(3)

DDS=DDS+1.1*DS

SIG=-130.01Y Gi1 ¥4 404

IF(DOT.GEZ0:0):1SIG=1.0
c - FEARATSUIODADA9, O R0 L0 0, 0 -k el v 0 S
C Ty 20T 401
C CI0eg

SA1=RN*{AA-DOT*DIS3(3,JJA)+SIG*DIS3(3,JJA)*DSQRT(DOT

1#%24 (RN%x%(=2)=150))) )} /Ll AD ey o ix )
*Bl=((DIS3(35yJJA)*BB-AA*DIS3(4,JJA))*RN+AL1%DIS3(4,JJA))I/DIS3(3,JJA)
122 - SA=A1*DCOS(T)+B1*DSINI(T)
~ ST=B1%DCOS(T)-A1*DSIN(T)
CROSS2=B1%X-Al1%*Y. 304
CROSS=BB*xX-AAXY
- IF{CROSS/CR0OSS2.GE.0.0)GO0 TO 1060
302 SSIG==SSIG it «IM i AT IRLY /4 URAiy 4,
WRITE(6,1061)7
" 1061 FORMAT('RAY HAS. CHANGED!DIRECTION®')
1060 SA=DARCOS(SA)..Z} 11y 2asd
- C BELOW:RESETS THE PARAMETERS
© 121  PRMT(5)=3
1212 YY(1l)=A!." i+
" YY(2)=T2?
H31 YY{(3)=SA:¢
500 BA=A7T L’}
S &3 IBT=T
K BIA=SA#:} -
TG JAL=240
S G0YT0 {501
. C BELOW !ALLOWS REFLECTION OR REFRACTION AT A SPHERICAL DISCONTINUITY
FLEC TN THE REGION OF SPHERICALLY SYMMETRIC EARTH

400 1=RRR+1

Bl |



TIF(I0JEQ«0);:GO T0O:402.) - =, .~ . ..,
iDO1401 K=IyIRRR A v ~.
{IF(DABS( (DRAD+9.0)%DIS2{(Ky1)/DFLOAT(R6)+2.0-A).GT.DABS(DA)
ELY GO CTO 4010 i v el raninl T ot ‘ ,
EI0=0 51008 vyrs . o
. JIDIS=DIS2(Kys1)+0.1
2122 1A1=(A-1.0)*%DFLOAT(R6)/(DRAD+9.0)
o z1T=A1/0.1D 03
:JA=A1-0.1D O3*DFLOAT(IT)
FIT=IT+N+1
"IF(IALNE.O) GO TO 302
+IA=100 .
‘ IT=1T7-1 .
. 302 Al=(A-1.0+DA)*DFLOAT(R6)/(DRAD+9.0)
© -ITM=A1/0.1D 03
" . IAM=A1-0.1D O3*DFLOAT(ITM)
IF{(IAM.NE.OQ) GO TO 301
+ TAM=100
R ITM=ITM~-1
"301° - ITM=ITM+N+1
f ‘G0 70 .127
401 '+ CONTINUE
. - 160 .70 500 - .
. 402 10=1
- 60 .T0 500 -,
501 +XXYY=XX
~ tRETURN:- .7~

- #«END
LE T itey b=y :

' Ail il

LI T L0 e .
Trditatiia,
AR I E SR 8 I
SRS S £
A U AR ST

3 WS S S 5L 3



W fal

% o
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SUBROUTINE SPLINE(N1yN24XsYsBsCyD,SyAAAA)
IMPLICIT REAL*8(A-H,0-2) :
DIMENSION*X(1), Y(l)pB(l),C(l)oD(l)yR(ZOOO)le(ZOOO):
1R2(2000)aT(ZOOO)1T1(2000)aU(ZOOO),V(ZOOO) A(2000)
DIMENSION DY (2000)

- D0721230TII=N1,N2

DY(II)=AAAA

mIC')O

R1(N2)=0.

‘Ml= N2+2""1s“'

M2=N2 +1 - “frwf

*RlM1)=O.

RIN1)=02 .. i 87

“R2(N2)=0e 1y

R2(M2)=0e0 vt Pty aie damp ™ g 0 70

UIML)=0S bl b o Yl D J =00 v 2 it )

U(NL1)=0e- "' 4.2 0 fa~t

- UIN2)=0.

U(M2)=07

P=0a Fhil

Ml=N1l+1

M2=N2-1

H=X(MI)=X(N1)

F= (Y(Ml) Y(Nl))/H '
HEPEEE 30 R Y T A oo < )
0>l I= MI,MZ
=H.
=X(I+l)*X(I)
=F

F=(Y(I+1)-Y(I))/H
A(L)Y=F=EL}Y~ ;%AMJ .
T(I)=2. *(G+H)l3.

T1(I)=H/3.

R2(1)=DY(1+1)/6
R(I)=DY(I+1)/H
RL(I)=-DY{1)/G-DY(I)/H
CONT INUE



gy S

Cgwl ety
DOL2  I=MLiM25 .t el & = 17 ©
B(I)=R{I)**24R1(I)**24R2( ) *%2
C(I)=R{I)*RL(I+1)+RL(I)*R2(1+1)
D(I)=R(I)*R2(1+2)

;, CONT INUE

CF2E=S tal bt 2SN I e i

P Far e fem

D03 I=ML M2 e ve
CRLI(I=1)=RUI=1)XF fp der o0 Iy VA L
' KK=I~2%T€?‘b
CIF(KK.LTN1)KK=N2+2

R2(KK)=G*R (KK)
R(I)=l.0/(P*B(I)+T(I)-F*R1(I—l)-G*RZ(KK))

',U(I)=A(I)—Rl(l—l)*U(I-l)-RZ(KK)*U(KK)

F=P*C(I)+Tl(l)-H*Rl(I—1)

G=H" ¥« % s . o

HeD(I)*P, /iy ‘- it zudrioedd

CONTINUE
LS A RN
I1J=M24),;~o 0800

DOi4:1=M1,M2

14=1J4-1"
iU(IJ)=R(IJ)*U(IJ)-Rl(IJ)*U(IJ+1)-R2(IJ)*U(IJ+2)

E=0dfwrit=n bl
CHSO =Gy

y . ooy

s

,00;5f1=N11M2“ﬁ{; PO L o § et
GEHET T

CH=(U(I41)=U(D) )7 (X (1+1)=X 1))

. VAI)=(H=G)*DY(1)**2

E=E+V(I)*(H-G):
FLOavATEYTNGT w Leutd
G=-H%*DY(N2)**2
VIN2)=6

E=E-G*H



‘“ﬁhmﬁbﬁmg

6 COMTINUEY, pI2/ 57 e G700 L300 e6 20, 15207

16

6=F2

E2=E*P$P,.»'i? t?.{\“ {3».532&%;%2 ;‘.ez:}vieﬁ ER e‘«f;, % 3
PRIIR(F2L.GEVS.ORS sztE:G)SGO.T0%55;az AL,
TREF=0GRCUTIHNE SET, U 0o reaiis ey s i0h

H=(V{ML)=V.(N1))I/AIXIM1); X(Nl))’f,w
FIED0O 6 T=ML M2l 13y L T
33 G £ omsre *’Qtl?&} Hui¥il.00 e

nazH-AV(1+1)—V(1))/(X(1+1)-X(1x)~ga;»i'u& .
Bl P KK=]-2: T LB T i"{),i L i 5 R APEN BN UL S N

BILIF(KK G LTONLIKK=N2+215 FLM LI S AT
Rii1 G=H-G=R1 (I=1)*R( [=1)=RZ(KK)*R (KK) »it X

EERAGRRULI®G S, 1 0 :amt" s P L5 .5])
SRy =G F!{Pfﬂxwf% §i33 e Oi.

LR R R Sl
FORMATASTTTT ) % 1.}
CH=E=P*F ¥ ixe 2y 25w
¢ IF(HJLEL0.)GO-TO 55
©P=p4+(5=F2)/.((DSQRT(S/E)+P)*H)
GO.TQ' 56

'f55 DO 7 1=N1,N2

Ltn(l) SY(I)=PA*V(I) "6 wrinliTy 8K Ci0E]
CIIAULD); Y

7 CONTINUE,:.
. D0O.:8.I=N1,M2
CoHEXCIHL) =X)L s e AL Al
S DI E(C(I+1)~C(I) )/ (3.0%H)
BT E(A(I AL ) AT ) ) /H-(HXD(I)+C (1) )*H
8 - CONTIMUEL4ivas 1}

DO %567 I=N1yN2

© 456 YUIN=A(I017)
" 44 FORMAT (10El4.6)

111

“ILE -

1- FORMAT('OUT:OF SMO')
CRETURN! . f6 420N d3del. ) G0 T2 75
END i. h(i}m

Luvyi=loed)

LY

P
*

#

-



" SUBROUTINE. ZO(JJJsAIsC11,C31,DRAT,ALL,AL2)
* PRODUCES: THE. SAME RESULTS AS SINGH ET AL. CLAIM ARE CORRECT
THIS SUBROUTINE, SETS UP ZOEPPRITZ'S EQUATIONS AND SOLVES

’ SUBROUTINE: ZO(JJJ4B4CyAIPyRH24RH1)
JJJ=170R- 3-==C(131)=PHV1,C(2,1)=SWV]1,C(3,1)=PWV2,C(4,1)=SHV2

'JJI=2:0R: 4===C(131)=SHV1,C(2,1)=PWV1,C(3,1)=PWV2,C(4,1)=SuWV2
AIP =INCIDENT, ANGLE OF P WAVE FOR JJJ=1 OR 3 OF S HAVE FOR JJJ=2 OR 4
B(IyJ)~=J=1=~AMPLITUDEJ=2===PHASEyJ=3-—-ENERGY,J=4~--ANGLE
‘B(I,J)=—1;-COORDINATE AS FOR 1 COORDINATE OF C ARRAY
-RH1 AND; RH2: ARE:ZTHE DENSITIES OF THE MEDIA
DIMENSION'A(5:12)3B{5310)3C(5,5)
'”ﬁCDMPLEx AyENCRS;CZERDZSINCF,Z
o DATARTD,P12/57.29577951308,+6.283185307/
s COSRF(X)=SQRT{Y =XM1, 589t}
A COSIF(X)=SQRT(X-1.)
j” SINZ2F(X,Y)=2%X*Y
C ot v SINCEAXyZ)Y=X%Z0 s A8 COrinTaNT P dpr 0 v Ty
COSZ2F(X)=1e=2.%*X
ABC= 2 ety iy
C [ [)u{ﬁ iv.;*“-‘ ;: gliét

COONOn0An

cr CUMPUTES 'SINE COSINES VELOCITY AND DENSITY RATIOS
C(l,1)=C1l1
C(3,1)= C31é“ﬁs
AIP=AL:~21 8. 1

~ IF(AIP. GT P12/4 0)AIP=P12/2.0-Al1P
C{2,1)=C(1,1)/SQRT(3.)
Cl4,1)=C(3,1)/SQRT(3.)

. CLERO=CMPLX(0.10.)!

' SAI=SIN(AIP)

- CAI=COS(AIP):)

©L0 . S2AI=SAl®%2, 4 ;

C DRAT=RH2/RHL1.;
IFLJJJ.EQ.2.0R.IJIEQ.4) GO TO 76
PWV1=C(1,1)

SWY1=C(2,1)



GOsTOYTT iy Lm0y ﬂ%'FTRa?q,;i

76 APWV1=C(2;1)00 f"u L ‘“ﬁ}f' p b ymalows o0 TLlE i,

SWVI=C(1ls1); #% TO 3
17 SRAT=(C(4)1’/SWV1)**2115Q{ﬁvlf?*f?hiﬁi‘f@;‘f
C RAT=SAI/C(1,1)
ok S1P1=C(2,1)/C(1,1)
44  P2P1=C(331)/C(1,1)
S SZPl=C(4;l)/C(151)33§
© pOLT9) I=25470 2P 1wl :b"fff{ﬁgﬂﬁ‘
T ClIe2)= =RAT*C(I31)HCH (& VS I L RSO
 C(I43)= C(Is2)%%253222951N0 Flota, 0 paia, 1
IF(C({143):LE:1e) GO TO 10
A(Itll)—CMPLX(OoQCUSIF(C(!73)’)
CCCCCC IF({I.GE. 3)A(1;11)==-A(I,11)
- 60 TO YA MRV
10  A(lsll)= CMPLX‘COSRF(C(I:3)) 0.0)
79 CUNTINUEa&?:x?i
~ C EX TR T AN NN S
- C CDMPUTES CUEFFICIENTJ}AND CONSTANT:F FOR: THE A MATRIX
‘ DO:100-I=1,5y «4!1L

-

D0*100:J= 1,10”“;;13“‘? ST AEATLAE 1V RN VI

‘ - All4d)= CZERO}# A5G
100 A CONTINUEL A TR pisinidF(Cien2y)
‘ ‘ A(lal) SAI: 1t
A(l,2)=A(25;11)A1,E40)
. Al1l,5)==A(1,1)a0F{sinT
‘A(Zyl)--CAIvPEﬁ‘fE«} NEVEREE R
A(ZQZ’ C(Z’Z’i&b'w)% xi”«”?{?fﬁff‘ﬂ? **@'""?!I?Ai H
Al245)=A(2,1)
,GO;TOY‘718)718),JJJ
kA(1;3,=fC(3;2)véugga€€%§i3~“;4iwﬁsila'%W
o "A(154)=Al4,11)
1.0 A(2'3)=‘;A(3'11)}§\$4Q}.gEfz« Tt
) Al234)=-C(452) Cu T 11°
A(331)=SIN2F(SAI,CAI)

fe

e

Al Y, )8



A(332)=(PHV1/SHV1)*COS2F(C(2,3))
11: A(333)=DRAT*SRAT*(PHWV1/C(3,1) *ABC*SINCF(C(3,2),A(3,11))
IF(JJJ.EQ.3)£G0.T0.33. 2V - 170 dnd
, A(334,=+DRAT*SRAT*(PWV1/C(4'1))*CUSZF(C(493)’
P GOITOL34 AR5 n{ll, =0t
3 A(3§4)=06¥3$i?5:*ﬁ7&&:5&iﬁﬁﬁfﬁ5’Qfﬁ§‘$wfa;' N
34 Al(335)=A(3,41)
1 Al431)=-C0S2F(C(2,3))
"A(ﬁ§3)=DRAT*P2P1*CUSZF(C(4:3))
. ,A‘432)=51P1*ABC*SINCF(C(ZvZ)9A(2!11))
-3 A‘4§4)=DRAT*ABC*52P1*SINCF(C(4?2)9A(4'11))
‘,vA(4}5)=-A(4il)iyﬁiﬁiﬁﬁﬁfﬁiXIfﬁi?z@iﬁx o
.60 TO 11

4

fv )

181 7A(1,3)=-A(3,11)

A(134)=-C(4,2)
A(233)=C(3,2)

-

1hy Al2374)==A(4,11)
© " A{3,41)=COS2F(S2Al)
A(3:2)=§(SHVl/PHVl)*SINCF(C(ZyZ)rA(Zall’)
A(392)=A(322)*ABC
A(313)=DRAT*((C(4:1)#*2)/(SHV1*C(3:1)))*SINCF(C(B;Z):A(3v11))
Al(3,3)=A(3,3)*ABC
A(334)=-DRAT*S2P1*COS2F(C(4+3))
A(335)=-A(3,1) :
Al4,1)=SIN2F(SAI,CAI)
A(432)=S1P1%COS2F(S2Al)
Al4,3)=DRAT*P2PL*COS2F(C(4,3))
- A(4?4)=DRAT*ABC*SZP1*SINCF(C(4:2)1A(4r11))
B0 Al4e5)=A(431)L 50T
11 #4CONTINUE,S3a s 80, 2 /03t
200 GOITO: 3705 {FLlh%
110 CALLTMAT(-1,4,5:A,4,1,1DET)
"~ d4 - IFUIDET<NE.O) GO TO 111
- HRITE(6415)

CR RS



111

120

[ S ¥

St e B By
EYA
130 .

“140

sTopP

DO 150 1I=1l,4

IF(JJJ.EQe4.AND. I1.GE.2) GO TO 141
IF(AIMAG(A({11,5)))120,130,140
B(II31)=CABS(A(II,5))

B(II;2)?RTD*(P12+ATAN2(AIMAG(A(II:5))yREAL(A(1195))))

GOTO=150=1,4
B(II31)=REAL(A(II,+5)])
B(II'2)=0:*‘\J{!{{‘EF‘%ngﬁ‘i!1.1’3 s Y
G0O.T0:150
rB(IIy1)=CABS(A{II5)){Dnil

iB(II}Z)=RTD*ATAN2(AIMAG(A(II95))yREAL(A(II:S)))

141
ERE

150

- G0:T0O{150;
B(IIs1)=0.ATalw §1 Lintusuant:

" B(II,2)=0.

B(II;3)=OQ}‘1:¥
CONTINUE: A £ 1150}
ENCRS=A(1,5)*%*2
B(1,y3)=CABS{ENCRS)
B(ls4)=AIP
IF(JJJ.EQi4):G0:TO 284
D0 281 I=244

CIF(C(142).LT18)i60:T02290 10 9734
"ENCRS=CZEROQ!{C{[,21)

LA W}

i~

“3i§1}

Bl 4)=999999 =2 ymiy (L, 01/ 00i-8 10
BUIs1)=0s30{1 2= 2380dnY
B(I3;2)=0.. .

GOITO:300 -

- B(I34)=ARSIN(C(I+2))

ENCRS?(A(I,S)**Z)*(C(Ial)IC(l'l))*A(1911)/CAI
IF(1.GE«3)ENCRS=ENCRS*DRAT
B(I,3)=CABS(ENCRS)

#CONTINUE}

“L.CONTINUE.

- AL1=B(3,3)
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AL2=B(1,3)
RETURN :F L i, bu?

C © SOLVES:REAL EQUATIONS

370

380

390

371

71D0:380. I=ls4: .}
D0 380:J=1)5
A(I,J)=CMPLX(REAL(A(I+J)),0.)

‘JCUNTINUE
CCALL ‘MAT(=13%353A3441,1DET)
+ IF(IDET.NE. 0) GU T0 390

2 HRITE(6315),.+
15

FURMAT('*MATRIX IS SINGULAR')
STOP Vel

D0 371 I 1:4
B(I,1)=REAL(A(I,5))

B(l 12)=00

 CONTINUE

% B(ly4)=AlP

Z {:

RN
"
it

ey
S

< 991

e Io{j

994

B(133)=B(1;1)%%2

'D0O:991:1=2:4

IF(JJJ.GE.3.AND.1.GE.3) GO TO 994

B(I34)=ARSIN(C(I,2))
B(I%3)= (B(Iyl)**Z)*(C(Isl)/C(lpl))*REAL(A(I;II))ICAI

TF(I.GE+3)8(1,3)=B(1,3)*DRAT
GOITD 991,040, i
B(I34)=0.71,%

B(lI,3)= Ooz;{} TP I
B(I’l) 00‘1“&; g e e ;{)‘w
CONTINUE=1,

ALL=B(353): ;1

. ) AL2=B(1)3)1 LA y(éii..' f;'; B

RETURNY 1wy o4
END~f+1%
SUBROUTINE MAT(IJCB,:II:JJsAsN +M, IDET)

COMPLEX.A3B3DET,CZEROCONST»S

DIMENSION A(5,12)

CUDE 120 JeeRleh



EP=1.0E=15:% G fu '
CZERO;CMPLX(O&:O;)

¢ IDET=1:
DET=CMPLX(0¢90s) 772y

.
DD’:’,BO‘J=1,3E P B ) }»\lit. i
C=CABS(A(JsJ) )T aninan:

- JP1l=J+1

10

- 20
30
40
50

60
70
80

90
100 .

- 110

DO 30 1I=JP1,N
D=CABS(A(I,J))
1F(C-D)10,30,30
DET=-DET
DO 20 K=J,5
B=A(1,:K)
AlI,K)=A(JsK)
A(JyK)=B
c=D
CONTINUE

IDET=0

IF(1J08)50,50,60

WRITE(6,140)
RETURN ~
DO 80 I=JP1l,N

 CONST=A(I,J)/A(J3J)
DO 80 K=JP1,5

SFOYRE Y OT

IF(CABS(A{J,J))-EP)40,70,70

A(I4K)=A(1,K)=CONST*A(J,sK)

DO 100 I=1sN
DET=DET*A(I,I)

. IF(13J08)110,110,60
-DO 130 I=1,N

K=N-I+1
‘KPL=K+1

DO 130 L=5,5

S=0.

- DO 120 J=KP1l,N

IF(CABS(A(N,N))-EP)40,90,90



120 .
130

140

ILE

IF(KP1.GT.N) GO 70 130
S=S+A(KyJ)*A(J,L)

CONTINUE
A(KysL)=(A(KyL)=S)/A(KyK)

IF(CABS(DET).GT.0.)IDET=1
FORMAT(*THE DETERMINANT OF THE SYSTEM EQUALS. 0.°')

RETURN

- END -
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(Reprinted from Nature Physical Science, Vol. 236, No. 63, pp. 19-21,"March 13, 1972)

Seafloor Spreading in the Mozambique Channel

A. G. GREEN

School of Physics, University of Newcastle upon Tyne

Magnetic profiles across the Mozam-
bique Channel limit any interpretation
of the movement of Madagascar rela-
tive to the African mainland. Recent
reconstructions of Gondwanaland are
not compatible with this evidence.

RECENT attempts!—? to reconstruct the southern continents
have emphasized the importance of the fit of Madagascar, and
in the reconstruction Madagascar has been placed in three
positions relative to the African mainland, namely, adjacent
to Kenya-Tanzania'+?, adjacent to Mozambique?®, and in its
present position®, Magnetic profiles presented in this article
are difficult to reconcile with any of the above positions, but,
rather, suggest that Madagascar has moved since the Permian
from a position adjacent to southern Africa (Fig. 1).

Profiles and Seafloor Spreading

. Profiles were digitized every 3 km and reduced by removing
- the International Geomagnetic Reference Field IGRF). “ The

profiles cross - various parts of, the Mozambique Channel
(Fig. 2) from the northern end adjacent to the Somalia basin
to the Mozambique Ridge in the south. Two east-west profiles
(not shown) north of 8° S and west of 48° E show an extremely

flat magnetic character consistent with that found by others®-7, .

Proﬁleg between 8° S and 14° S are observed to be quite outside
the regions defined by the volcanic islands of the Comores and
Aldal?ra groups (Fig. 3). The large anomalies of profile 513
are directly related to the Comores. Most of the magnetic
relief outside the islands is below 100 vy with wavelengths
between 15 and 60 km. On the records of flight -T220, at
?pgroximately 47° E, there is a large negative anomaly which
indicates a reversely magnetized body for this latitude, The
size of the anomaly suggests that the Aldabra islands may be
connected by a submarine intrusion or extrusion to the volcanic
north-castern section of Madagascar and/or the Comores.
The cross-over section of flights 513 and T225 (q in Fig. 3)
produces good correlation between the profiles; the difference
in amplitude is due to the different altitudes and flight direc-
tions of the two profiles. Magnetic profile 517 and the low
altitude flight T225 show very little activity between Madagascar
and the mainland, making it improbable that there has been
a post-Cretaceous movement of the island across this part of
the channel in an east-west direction. There is a marked
change of character between lines 517 and 522; the latter,
which crosses the Europa group of islands, contains anomalies
of 120 y (peak to trough) with widths ~30 km. Most of this
magnetic activity can be attributed to the islands, which must
be fundamentally volcanic. The change in magnetic relief
between profile 522 and the three profiles between 25° S and
32° S is even more noticeable, the latter being typically oceanic
in their amplitude and wavelength. Somewhere between the
Europa group of islands and flight 540 there must be a drastic
change in the age, if not the composition, of the underlying
oceanic crust. It is conceivable that this group of islands is
a dividing line, :

The large amplitude anomalies of the three profiles in the

south of the channel extend across the deep sediments (~ 1.5
km) of the basin east of the Mozambique Ridge onto the Mala-
gasy Ridge where the amplitudes become particularly high.
The oceanic nature of this southern region has already been
inferred from seismic refraction experiments®. ' Correlations
of specific features of the profiles are indicated in Fig. 3, and
the correspondence between lines 545 and 523 is particularly
good to the west of 43° E. The high activity east of this meri-
dian is directly related to the Malagasy Ridge and fracture
zone. Comparison with the simulated anomalies using the
time scale of Heirtzler® and Helsley and Stienér!® modified by
Tarling'?, using the preliminary results from the deep sea
drilling project, yields several possible correlations but no
unique match. A more detailed survey in this part of the
channel may produce a unique correlation, otherwise it seems
that the seafloor may be older than 140 m.y.

As there is no distinct central anomaly, or symmetry of
pattern as is usually found on a spreading ridge that is active
at present, it is not possible to define the axis of spreading from
the magnetics alone. The bathymetry suggests that the most
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Fig.2 Map of the Mozambique Channel showing the location of
magnetic profiles. The depth contours are in 1,000 m intervals,

probable axis is the Mozambique Ridge (Natal Ridge- 12 which
has very high and distinct magnetic anomalies (x in Fig. 3)
coincident with its eastern scarp. Additional evidence that fhe
ridge may have been a spreading centre comes from fhe high
free air gravity value!2:14 observed on one side of the ridge and
. the seismic activity!® and magnetic anomalies (A. G. G., in
preparation) of its northern extension into the Mozambique-
Malawi rift system. Apart from the lack of seismicity on the
ridge and of a central positive anomaly, the “normal” heat
flow's on the ridge and the thick sediments on either side of
it®17 are evidence that it is not spreading at present. The sedi-
ments® in the west basin are particularly thick, indicating that
the ridge has acted as a block to the transportation of sediments
from the African mainland. For some time in the past it
would also have acted as a sedimentary source. The magnet-
ization, or metamorphic effects on the underlying basalts, of
these thick sediments may explain why only long wavelengths
are observed to the west of the ridge.

In the section of tracks crossing the east coast of Madagascar
(Fig. 4) a very large positive anomaly (500 to 1,000 v) is coin-
cident with the deeply dipping coastal scarp (Fig. 2) from at

w

Fig.3 Magnetic profiles observed across the
Mozambique Channel. All profiles shown .
were obtained at altimeter heights from 8,000
to 11,000 feet except for profiles T225 and

" 513 which were flown at 4,000 feet and

- 15,000 feet respectively.

S

least 18° S to 24° S. This observation would support the
idea of a continuous “leaky” fault probably stretching from
the South-West Indian Ocean Ridge to as far as the Amirantes
ridge-trench system.

Geological Considerations

The most comprehensive comparisons of the geology of
Madagascar and the African continent have been made_by
Du-Toit'® and Dixey!®. Much new evidence from geological
surveys and radioactive dating on the two land masses, together
with the geophysical work in the channel, throws new light
on the comparison. There is a significant correlation between
the late Precambrian orogeny, which affected three-quarters
of the island, and the massive Mozambique orogeny of the
mainland. As well as the geological and geophysical similari-
ties'%:20, the age determination of the island’s orogeny?! falls
within the 450 to 700 m.y. age for the Mozambique orogeny?2.
There is a particularly striking correspondence between the
rare earths in the pegmatites of the island and those found in
the southern parts of the mainland?3; enrichment of scandium
is found only in Madagascar and Mozambique, and of lithium
and beryllium only in Madagascar, Mozambique and South-
West Africa. The pegmatites in the more northern parts of
the Mozambique orogeny are particularly deficient in the
latter two elements.

More specific correlations for the younger formations
indicate a possible fit of the island to the mainland. The
lower and middle Karroo of Southern Africa (27° S to 32° S)
and South-West Madagascar has been compared by Flores*
in a detailed geological analysis. He demonstrates the very
close resemblance between the Dwyka (tillites), Ecca (lacustrine
and possibly marine deposits), Stormberg (continental deposits)
series and the Sakoa, Sakema, Isalo (continental deposits)
series of the island. Pallister** points to the similarities for
this period of the *local-basins.of_ deposition.witheintr
formational erosion and uncomformities” of Malawi and those
indicated by geophysical work in western Madagascar?s. For
both the island and the mainland to the south of the Limpopo,
it is stressed that the Beaufort series, which would lie above
the Ecca-Sakema series, is absent®. Although Du-Toit!®
favoured a northern fit of Madagascar to the African continent
he mentions the similarities for the pre-Stormberg of the
island and the southern mainland. )

The Upper Karroo is a period of differences rather than
similarities between the two continental masses. In Mada-
gascar there is the marine Jurassic, already compared with the
coast of Tanzania!'!%:19, whereas the southern part of Africa
is involved in the spectacular Stormberg volcanics. It is this
period in time which is usually recognized as the initiation of

t

!

'—'\’\——\/\/\A:/"\—I\{\/\M 1220
i s

|
' 1225

O0km

45
\/\J%’\-ﬂ—-"\/v* §17{west oF ase)

540
545

s23

a~_______.



539

543

540'
100km

517 (easT oF age)

U

522
w E

Fig. 4 Magnetic profiles observed across the east Madagascar
coastal scarp. All profiles shown were obtained at altimeter
heights from 9,000 feet to 11,300 feet.

the principal phase of continental break-up, and it is the most
likely time for the drift of Madagascar from the mainland.

Movement of Madagascar

Before examining the possible movements of Madagascar
relative to the mainland from the evidence presented, it is
worthwhile to emphasize the difficulty that has been found
in explalglng the tectonics of the South-West Indian Ocean.
. The domgnant feature of this region is the South-West Indian

Ocean Ridge with its enormous north to north-east trending
fracture zonest2,* Although the spreading centre seems to be
well dqﬁned seismically26:27, the bathymetry and magnetic
anomalies have defied reasonable interpretation; a recent
survey near 44° S, 38° E shows that the only anomaly that can
be correlated, the central anomaly, is unrelated to the prominent
bathymetric trend?®. It is possible that the confusion asso-
ciated with this section of the Indian Ocean Ridge system is
caused by a change in spreading direction. McKenzie and
Sclater?® deduce that this part of the ridge has evolved since
the Cretaceous from a large transform fault. Any inter-
pretation of the movement of Madagascar must take this
possible change of motion into account,.

Geophysical work in the Mozambique Channel, which offers

constraints on the movement of Madagascar since at least the °

Permian, can be summarized as follows. (1) The area north
of 9° S (Somalia basin) is overlain by consolidated Jurassic
sediments up to 500 km from the African coast, and by
Cretaceous sediments almost as far away as the Seychelles’,
This interpretation of the seismic refraction profiles is sup-
ported by an extremely flat magnetic character3-7. (2) Between
9° S and 21° S there is little magnetic relief outside the volcanic
Comores and Aldabra islands and possible submarine con-
nexions between them. Profile 517 and the low altitude
profile T225 are particularly quiet. (3) There is a marked
increase in the magnetic activity between 21° S and 22° §
(flights 517 and 522), and most of this increase in activity can
be attributed to the Europa group of islands. (4) There is a
drastic change of character in the magnetic relief between
22° S and 25° S (between profiles 522 and 540); the region to
the south has typical oceanic anomalies. (5) The anomalies
correlated all trend in a near north-south direction, parallel
to the Mozambique Ridge. (6) Seismic refraction work in the
two basins on either side of the Mozambique Ridge indicates
an oceanic crust®. (7) The Malagasy Ridge, which is inti-
mately related to the Malagasy fracture zone, has very high

——2and not that they were once adjacent, yes

magnetic anomalies associated with it. (8) _There is a very
large linear magnetic anomaly coincident with the scarp of
the East Madagascar coast, suggesting the extension of the
above fracture zone. (9) Thick sediments, greatly influenced
by turbidity currents!?, are found in most parts of the channel.
The sediments could be as old as Cretaceous?®.

Although these data place strong constraints on the move-
ment of the island with respect to the mainland, it seems futile
to attempt a detailed reconstruction of the two land masses
until more details about the true pre-drift continental edge are
obtained for southern Africa; this edge may be hidden beneath
Jurassic-Cretaceous volcanics and younger sediments. Unfor-
tunately, present palacomagnetic knowledge cannot he!p
because the pole determined from Upper Cretaceous rocks in
Madagascar®! falls between the Lower Cretaceous and Lower
Tertiary poles of the mainland (D. H. Tarling and E. A.
Hailwood, personal communication).

From the geological correspondence and the geophysics of
the channel, it is only possible to say that the south-west part
of the island fitted against South Africa and Mozambique, with
the northern tip of the island south of 21° S. I suggest that
the Mozambique Ridge, with its landward extension into the
Mozambique-Malawi rifts, was the probable spreading centre
from late Triassic until late Cretaceous-early Tertiary. The
carly stage of drifting is inferred, first, from the absence of
volcanic materials on Madagascar, which were abundant on
the mainland from Jurassic to at least Mid-Cretaceous, and
second, from the marine Jurassic sediments on the west coast
of the island and the southern tip of the mainland®?; any
evidence of this marine incursion on the south-east part of the
mainland has been covered by the younger volcanic and
sedimentary sequences. The correlation of the Madagascar
marine Jurassic fauna with that of the Tanzania coast only
implies an intermittent sea connexion between the two areas

"In the Cretaceous—early Tertiary ‘the whole region was
affected by the development of the principal Indian Ocean
Ridge system?®. In the South-West Indian Ocean, massive
faults developed to accommodate the changing stress pattern,
and their evolution was possibly controlled to a large extent
by the thick crust of the surrounding continental masses. But
the differential spreading (faster to the east) due to the changing
spreading direction, which may still be a feature of this region,
may have pushed the Madagascar and Seychelles sub-continents
north relative to the African mainland. East of Madagascar
this difference in spreading was taken up by the right lateral
Prince Edward and Mozambique fracture zones to the south,
and the ridge-like feature discussed by Heirtzler and Bur-
roughs?®? to the north, The present seismicity of the Mozam-
bique channel may indicate a continuous fault', of which
the Zambezi canyon could be part and the Comores and
Aldabra islands compressive features. The differential spread- |
ing, which caused the northward movement of the Seychelles
relative to Madagascar, would be taken up by the Malagasy
fracture zone, and by its extension along the East Madagascar
coastal scarp and possibly farther north along the line of
topographic features discussed by Fisher et al.%. The Amirantes
may have been a temporary subduction zone during the early
phase of the development of the South-West Indian Ocean
Ridge and its fracture zones. The present activity of the
Mozambique Channel and the fracture zones indicates that the
northward movement of Madagascar relative to Africa may
still be in progress. Clearly the chief problem remaining is
the timing of the various events, particularly the formation of
the Amirantes, but the present data are adequate to define the
general evolution of the region.
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and Drs B. W, Darracott, S. A, Hall and B. Rosen for
helpful discussion. Ialso thank Dr H. Stockard of the US Naval
Oceanographic Office for making the magnetic data available
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Magnetic Profile Analysis

A. G. Green

(Received 1972 August 5)*

Summary

" The statistical models approach which Spector & Grant applied so

successfully to contoured data is described for single profile analysis.
The energy spectrum is obtained by simply smoothing the periodogram
of the data. Other advantages of the data in the wavenumber domain are
described.

1. Introduction

In recent years large regions of the world have been covered by single acromagnetic
profiles (Project Magnet). From these profiles single isolated anomalies may be
interpreted by the usual modelling techniques using the geology and the magnetic
field vector of the underlying bodies as constraints. This method is practically useless
for analysing very large amounts of profile data contaminated with ¢ noise® which
may cross regions for which the geology and magnetic field vector are only poorly
known. The approach suggested here is the profile version of the ¢ Statistical Models
Method’ which Spector & Grant (Spector 1968; Spector & Grant 1970) applied to
contoured data. This is a direct method of finding average depths to ensembles
of bodies using the data in the wavenumber domain. Other advantages of using this
representation of the data are also described.

2. Profile spectra

(i) Spectraof a profile crossing a single anomaly

Much of the versatility of the prism model discussed by Spector & Grant (1970)
applies to the ¢ two-dimensional prism® (Fig. 1) and will, therefore, be used here as
the base model for profile analysis. A _rec_tangula.r co-orqinate system is assumed
(Fig- 1), where the x, axis is taken to be con_xc_ldent with the flight line and is at an angle
0 with respect to geographic no_rth (0 is positive whpn mpasurcd clockwise from north)
and the prism extends to + infinity in the x, dquctlon. Using mathematics very
similar to that described by Bhattacharyya: (1966), it can be shown that the energy
spectrum of the magnitude of the magnetic field due to the prism shown in Fig. 1

is given by,
S8 E(v) = 4n%.K*.Ry.Rg.S.C.P @.1)

* Received in original form 1972 May 31.
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FiG. 1. Diagram of * two-dimensional * prism used as the base model.

where
K/2a = magnetic moment/unit volume

Ry = sin? It +cos? (Dy—0).cos? Iy 2.2)
I; is the inclination of the geomagnetic field vector,
Dy is the declination of the geomagnetic field vector,

Rg = sin? Ig+cos? (Dg—0).cos? I (2.3)
I is the inclination of the magnetic moment vector,
Dy is the declination of the magnetic moment vector,

S— ( sin (va) )2

2.9
va

v is the angular wavenumber equivalent of the space variable x; and 2a is the
width of the prism,

C = (1—exp (—tv))? 2.5
t is the thickness of the body,
P = exp (—2hv) (2.6)
h s the depth to the top of the body.

It is clear that the terms S, C, and P contain all the information on the width,
thickness and depth respectively.

(ii) Spectrum of a profile crossing a sequence of bodies

The above equations apply only to a single anomaly; to analyse a length of profile
which may contain many anomalies, a statistical approach is required. The ensemble
approach seems most suitable (Spector 1968; Spector & Grant 1970).

-



Magnetic profile analysis 395

To relate the measurable quantities to those defined by the ensemble theory we
use the fundamental postulate that the expectation (most probable value) and the
ensemble average of the energy spectrum are equal. We next assume that the profile
contains contributions from a single ensemble defined by the parameters K, Dy, Dk,
I, I, a, t, h which are independent of each other and rectangularly distributed in the
ranges: (0 to 2K), (Dy£ADy), (DxtADy), (Ir+ Aly), (Ix+Aly), (0 to 2a), (0 to 21),
(R4 Ah). The case for the presence of more.than one ensemble is discussed later.
The ensemble average of the energy spectrum is then given by

CE()) = {4n’K2){(Rr){(RpI{SH)CH{P) @.7
where ¢ ) denotes ensemble average. To make the whole expression additive we simply
take the logarithm to give
In<E®W)) = In (4n? K2) +In{R1)+1In (Rgd+1n {S)+1In {(C) +In {P), 2.8)

It is clear that only the last three terms affect the gradient of the power spectrum vs.
wavenumber curve. Thus, if an estimate for the average width of the bodies can be
obtained, the final gradient (width factor subtracted) will only depend on the average
depths and thicknesses of the bodies. A similar argument applies to equation (2.1)

+ for single anomaly analysis. All that follows has a counterpart in the interpretation
of single anomalies.

-

3. Evaluation and discussion of terms related to profile spectra
(1) Geomagnetic field vector term {Ry)

I+Alr Dp+ADg

1
®Ro =35, | [ Ralls DodDrd.
I-Alt Dr-=ADy
It follows that
Al < 20°
(RT> =4 RT(IT’ ET) pTOVided (3. 1)
AD; < 20°

The inclination and declination of the geomagnetic field vector will vary according

to the direction and length of profile, but the conditions (3.1) still allow long sections
of profile to be analysed by this method.

(ii) Magnetic moment vector term {Rg)»

l 1x+AIx D +ADg
= —— Ig, Dg)dDgdI
(R) = g5 | Reltx, Do aDgal
,x"AI‘ Dx""ADK
Again it follows
Al < 20°
{Rg)> =~ Ry(I¢, D) provided (3.2
ADy < 20°

For the induced component of magnetization dominant this term may be set equal
to {Ry(I1, D).

If the remanent component is dominant, as is usual, the Ry(Ix, Dg) term may be a
highly fluctuating quantity over certain adjacent lengths of profile; the sections of
profile for which condition (3.2) may be applicable must then be analysed separately.
If (I, D) are not known for the particular sequence of rocks crossed then either
induced magnetization must be assumed or much better an estimate may be obtained
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by using the (I, Dx) values from nearest neighbour rocks of the same geological age,
for which palacomagnetic results are available. It is emphasized that Rg and Ry

are only needed if an estimate of K is required, these factors do not affect the thickness
and depth estimates. ‘

(iii) Width of bodies term {S)

2a 2a
_ 1 sin (va) \2 , sin 2va \2 1 sin 2va
(5> _—256[ (———) da=— (——) + 6[———da 3.3

va 2va a 2va

4vz
. =\ 2 .
- _( sin 2va ) 1 sinZ iz, G.4)

2va 2va P Z
where Z = 2va

The second term in (3.4) may be conveniently evaluated numerically using
Chebyshev polynomials (Burlirsh 1967). Estimates of the average width 2@ may be
obtained by finding the distance between the zeros of the second derivative of the data,
which is again conveniently obtained by use of the wavenumber domain. (See -
Practical Procedure). For induced magnetization only the zeros of the 2nd derivative
curve are often found to coincide with the sides of the bodies (see also Vacquier et al.
1951; Bhattacharyya 1965) and for remanent magnetization dominant, the distance
between the zeros of the second derivative curve was still found to be a fair estimator
of the average widths of bodies (see also theoretical models of Bhattacharyya 1965).

(iv) Thickness of bodies term {C)

2
> = % J- [1— exp(—t)Pdt = 1__[3—exp(—Ziv)][l--exp (—2tv)] 3.5)
0

4ty

This term is identical to the equivalent derived by Spector & Grant (1970). For
sufficient length of profile this term combined with the average depth term (below)
has the effect of producing a broad peak in the energy spectrum ¥ wavenumber curve.

(v) Depth to bodies term { P)

k+AR

1 _ __exp (—2hv)sinh (2vAh)
(Py=—= x'—[M exp (—2hv)dh = oy (3.6)
. Ak <FJ2
~ exp (—2hv) for . 3.
P v<1/h G-D

Again this term is identical to the equivalent expression discussed by Spector &
Grant (1970). It is found to be the dominating quantity in the spectrum.

A similar depth dependance for profile spectra was obtained by Treitel, Clement &
Kaul (1971) who used line sources for their models. It must be emphasized that these
authors erroneously used the gravity potential rather than the magnetic potential in
their analysis; for the energy spectrum equation to be generally applicable to
magnetic data they would need to have multiplied the complex spectrum by the
Fourier transform of the §/0s operator, where 0sis an element of length in the direction

of the magnetic moment vector. This does not, however, alter the depth dependant
term.



Magnetic profile analysis 397

4. Practical procedure
There are two ways to the energy spectrum of real data:

(i) Cosine transform the modified autocorrelation function (Blackman & Tukey
1958).

(i) Smooth the modified periodogram (Jones 1965).

With the rediscovery of the Fast Fourier transform algorithm (Cooley & Tukey
1965, see also special issue of LE.E.E. (A.U.—15) 1967) the latter route is by far the
most efficient and offers several additional advantages for magnetic profile analysis.
First it allows the data, now in wavenumber form (raw Fourier coefficients) to be
conveniently filtered. The application of the conventional filters (continuation,
derivatives and cut-off filters) and the design and application of more specialized filters
(Spector 1968) are faster and more accurate in the wavenumber domain (Black &
Schollar 1969). Secondly the periodogram of separate profiles which cross the same
ensemble of bodies may be averaged to obtain a single, more stable estimate of the
energy spectrum (Welsh 1967; Tukey 1961). The number of degrees of freedom:
(Blackman & Tukey 1958) for the spectral estimate will then increase from 2 for a
single profile spectrum (unsmoothed) to 2x for a spectrum that is the result of averaging
over n separate profile spectra (unsmoothed). Lastly, the problem of smoothing
(stabilizing) a single profile spectrum or an unstable averaged profile spectrum is more
conveniently solved in the wavenumber domain (Black 1970). It is easier to choose
a satisfactory smoothing function to be applied to the periodogram than the equivalent
problem of choosing the lag window to be applied to the autocorrelation function,
(see paper by Treital, Clements & Kaul 1971 who obtained their spectra via the
modified autocorrelation function).

For a maximum use of profile data, the following course of action is suggested:

(i) Digitize the data at an interval smaller than the smallest wavelength present;
this will depend on the height of the flight above the source and the type of geology
crossed. Remove the regional gradient (core effect).

(i) Fast Fourier transform the digitized data. The shortest wavelength (corres-
ponding to the Nyquist wavenumber) will equal twice the digitizing interval and the
longest wavelength will equal the length of data plus the length of one interval. The
Fourier coefficients may then be stored, and any of the following operations performed:
(a) Upward or downward continuation—multiply the mth coefficient by

( 2nml-j
expl— —5:—

where T is the length of profile and H is the change in height (positive H—upwards).
(b) nth vertical derivative—multiply the mth coefficient by (= @mm/T)). (c) Low
pass filter—simply truncate the Fourier coefficients at the desired wavenumber (e.g.
Caner 1969). '

Operations (2) and (b) are easily proved by taking the anomaly field vector as
independent of the x, direction and using equations derived by Bhattacharyya (1965).

The filtered data or second derivative curve may then be raplgily obtained by
passing the filtered coefficients through the Fast Fourier transform with the exponent
reversed (see special issue LE.E.E. (AU~-15) 1967).

(iii) The raw Fourier coefficients may be convolved with a (—1, 3, —3) filter to
cut down leakage in the resultant energy spectrum (leakage from intermediate spectral
estimates—see paper by Bingham, Godfrey & Tukey (1967) in the special issue of
LE.E.E. (AU—15)). This filter has the effect of reducing the energy spectrum by
# so the final spectrum must be compensated for this (Black 1970). The periodogram
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(modified) is then calculated by squaring and adding the real and imaginary modified
coefficients. The periodogram can then be smoothed to give a better estimate of the
energy spectrum by averaging over different profiles and/or convolving with an
appropriate set of filter coefficients. In all the examples studied by the author, a
triangular filter set was found adequate to give the required stability (Cooley, Lewis &
Welsh 1967). Sharp peaks in the spectrum, which may indicate a periodicity in the
underlying structure, must be set equal to the adjacent energy values before smoothing,
and replaced subsequently; this process has been termed post-whitening by Black
(1970).

(iv) Using the average width of the bodies, which may be obtained by use of the
second derivative curve, after any necessary smoothing of the data, the width factor
(3.4) may be calculated and subtracted from the energy spectrum. For reliable
estimates, the second derivative should be used in conjunction with both the original
profile and a series of upward continued versions of the profile; this is especially
important when the profile contains contributions from more than one ensemble of

bodies.
(v) The energy spectrum curve will now be ready for depth estimates. Appreciable

changes in the dominant gradient will indicate the presence of more than a single .

40 y/km/km

20 km
<

FL.

Skm

]

20km

Fia. 2. A set of bodies from a single ensemble shown with (i) computed anomaly

curve (A-A), (ii) 5 km upward continued curve using the wavenumber domain

calculation (B-B), (iii) Analytically upward continued curve (C-C), (iv) Second
derivative curve (D-D). F.L. denotes flight line.
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ensemble of bodies and the linear parts of the curve must be analysed separately
(Spector & Grant 1970). The average depth is given by

gradient = —2xh 4.1

The effect of 7 on the gradient of the spectrum after the first few harmonics past the
peak is negligible, so that the linear parts of the curve will only depend on h.

(vi) The presence of broad peaks may indicate that certain ensembles are depth
limited with respect to the length of profile. These particular peaks are defined by

—g—v (In{C)+In{P)) =0

or
2 4i[1 —exp (—20)]?

B [3—exp (—20)][1 —exp (=28)]

0. 4.2)

By substituting into equation (4.2) a value of h obtained from the gradient of the
curve and the value of v at the peak, it is possible to obtain an estimate of # by iteration.
Unfortunately, very small errors in h will produce a drastically incorrect value of .

* There is also the problem of discriminating between peaks due to the above effect
and ¢ non-significant * peaks that are bound to occur when using a limited amount of

- data. Instead of using equation (4.2) to give thickness estimates it will often be
advisable to just say whether or not the bodies are depth limited with respect to the
length of data used.

5. Examples

To test some of the ideas discussed, data were simulated using a two dimensional
magnetic anomaly computer program (Talwani & Heirtzler 1964). An example of a
distribution of bodies, which are members of a single ensemble, is shown in Fig. 2

o]e] SN

o
20

005 010 015 020 025 030 035 040 045
(2—"1-’) cycles/km

F1a. 3. Logarithm energy spectrums smoothed with a triangle filter set (&, % ¥

&, % % 7%). The curve NMOP is the significant part of the energy spectrum

obtained for the single ensemble of bodies shown in Fig. 2 and the curve NMOQ

is the energy spectrum for the two ensembles of bodies shown in Fig. 4. The

depth estimate for a particular ensemble was obtained using the slope of the

spectrum above the level corresponding to 0:1 per cent of the maximum value
of the energy in that ensemble.
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with the resultant anomaly curve (line A-A). Also shown are curves continued 5km
upwards by,

(i) the method described using data in the wavenumber domain (line B-B),

(i) recalculation of anomaly field at the new height using the two-dimensional
anomaly program (line C-C).

It is clear that the method described here produces a rapid and extremely good
representation of the continued field (the two curves are identical on the scale shown,
except at the last three points). Also shown in the figure, is the second derivative
curve D-D and it is observed that the cross over points with the y = 0 axis (example
marked E-E) give a fair estimate of the width of the body. These excellent results are
to be compared with those which would be obtained by convolving the data with a set
c1>g 4&;1)ter coefficients which approximates the above operation (Henderson & Zietz

The energy spectrum, with the width factor (equation (3.4)) removed is shown in
Fig. 3 by the curve NMOP. The peak at M indicates that the ensemble of bodies is

200y/km/km
20km]
D'

D-

FL.

Skm

20km

FiG. 4. Two sets of bodies from separate and distinct ensembles, The lower
ensemble of bodies corresponds to those shown in Fig. 2. All the curves shown
are as described for Fig. 2,
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depth limited and the gradient of the curve, which is linear in its decay as predicted,
gives a depth by least squares fit of 5-4 km which is to .be compared with the true
average depth of 5-6 km below the flight line. A wide variety of bodies, which extend
to the limits of the conditions set by the ranges of the rectangular distributions of
Section 2(ii) were tested with equal success. .

In Fig. 4 a second distribution of bodies belonging to a different ensemble is
superimposed on the previously defined pattern (compare A’-A’of Fig.4 with
A-A of Fig. 2).

This new curve A'-A’ is also continued upward 5 km to give the curve B'-B’ in
Fig. 4 and this is compared to C'-C’, which is the analytically upward continued
curve. The two curves B'-B’ and C'-C’ are identical to the curve C-C of Fig. 2
(except at the end points), demonstrating that only the effect of the broad deep-
seated anomalies is observed at the greater height, there seems to be no distortion
(on the scale shown at least) for this configuration of bodies from the field of the
shallow bodies when using this method of continuation. Again the second derivative
curve D'-D’ is shown, but now it represents the effect of both sets of bodies. To
separate the effect of the deep bodies from the shallow ones, the original anomaly
curve was smoothed until only the long wavelength anomalies remained (representing
the deeper ensemble of bodies). The second derivative curve calculated for this
smoothed anomaly curve, which was found to be very similar to the second
derivative curve D-D of Fig. 2, was then used to obtain the average half width for
the deeper ensemble of bodies. By comparing the second derivative of this smoothed
anomaly curve with the second derivative curve D’-D’ it was then possible to distinguish
the parts of the curve D’~D’ which were attributable to the shallow ensemble of bodies
and thus, an estimate of the average half width of the shallow ensemble of bodies was
obtained. As the width factor (3.4) is not very sensitive to the value of average half
width g it was only necessary to obtain the average widths to within 30 or 40 per cent
of their true value, and generally this second derivative method produced values well
within these limits. If the widths were obtained to the above accuracy then the
depth estimates were found to be within 15 per cent of the true value. Without taking
the width into account, overestimates in excess of 30 per cent were obtained.

The energy spectrum for this double ensemble case is shown in Fig. 3 by the
curve NM O Q. The smaller width of the second ensemble has been used in the width
factor (3.4) subtracted from this curve, past the point marked O; this seemed reason-
able when considering the domination of the second ensemble past that point. It is
clear that the energy spectrum curve marked NM O is not affected at all by the
introduction of the second ensemble and, therefore, this section may be used to
obtain depth estimates for the first ensemble. The linear section of curve M O yields
an average depth of 6:2 km (true average depth 5-6 km) for the first ensemble and the
linear trend between O-Q yields an average depth of 0-54km (true average depth
0-6 km) for the second ensemble of bodies. An indication of the thickness of the

second ensemble is obscured by the interaction of the two ensembles where the
dominant peak would occur.

Conclusion

With the data in the wavenumber domain, average widths and depths are rapidly
estimated for lengths of profile containing a large number of anomalies caused by
magnetic bodies belonging to one or more ensembles. If a large number of profiles
which cross the same sequence of rocks are available, it may be possible by averaging
over profiles to obtain a spectrum which also yields reliable thickness estimates. The
wavenumber domain is also an efficient route to most of the filter operations that are
commonly applied to magnetic data. A computer program has been written which will
obtain the following information: (i) upward or downward continued curve;
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(ii) nth vertical derivative curve; (iii) energy spectrum with three different sets of
filter coefficients applied; (iv) a least squares fit of a straight line to the linear parts of
the curve, all in under 25 s.

The most serious source of error, for real data, is the assumption of two dimen-
sionality, but even the usual modelling techniques use this assumption.
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