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Girdler et. ale models ) and (2) 
in the Herrin(19b8) Earth Model. 

200 

500 1000 1500 KM 

Gravity profUe(4) and representive model of Girdler 
and Searle(1970). 

II 

Marks the extent of the low density asthenolith. In the region of 
the dashed lines the data values change to normal mantle values 
linearly. Normal mantle material is for the region marked A. 
In the model named here as Girdler at.al. model(l) the region A is 
sepera ted from the lo'w densi ty by discontinui ties (defined 
by the thick lines) while in the model(2) the low density material 
grades into the normal material( defined by the dashed lines). 

Marks the extent of the region of anomalous velocity and density in 
the crust. This boundary is treated as a discontinuity. 

+ Mark the corresponding + shown in fig(28)to fig(34). 

a.g. difference - - - }.22 -3.34--0.12 
1 I 

corresponding velocity 
B.g. difference in the crust - 2.9 - - 0.13 
corresponding velocity difference - O.58km/e80. 
vertical exaggeration 5 I 1 
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Ray paths, travel times and relative 
amplitudes for the Girdler et.al.(1969) 
modell1l.Eastern rift source at 151<m. depth, 
take off angles 27°(0.25°) 33°. 

E to > Relati va amplitude 

E to 0 Positive travel time residual 

E to X Negative travel time residual 
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Fig(28) 
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Ray paths, travel time residuals and relative aoplitudes tor Girdler et. ale 

(1969) model (2). Eastern rift source at 15km. depth, take of! angles 

27°(0.25°)33°. 

E to > Relative amplitude, E to 0 Positive travel time residual, 

E to x Negative travel time residual. (When two rays occur at a single 
location, the amplitude ot the 
first arrival is marked ~ ) 

~ ! \. 
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Fig(30) 
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Fig(32) 

Ray paths, travel time residuals 

and relative amplitudes for Girdler 

et. al.(1969) model(2). Western rift 
source at 15km. depth, take otf 

angles 33°(0.25°) 38°. 

E to > Relative amplitude 

.. , 

Positive travel time reaidual 

Negative travel time residual 
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Ray paths, relative amplitude. and travel 

time residuals tor Girdler et. al(1969) 

models (1) and (Z) parallel to the rift. 

Source at 15km. depth, take ott angle. 

28°(0.25°)45°. 
E to > Relative amplitude 

E to X Negative travel time residual 

RELATIVE AMPLITUDE 

JIIultipliclt;r ot 
ra;rs with travel 
tim. residual ... }.4s. 
and relative 
ampUtude ran~DS 
trom 1.5 x 10- to 
5.5 x 1cJ". 

TRAVEL TIME RESIDUU. (RELATIVE TO nER~lll( 1968) 
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Ray paths, travel times and relative amplitudes tor the Girdler et. ale 

(1969) model (2). Atlantic source at 15km. depth, take oft angles 590(O.25°)6,~ 

E to > Relative amplitude, E to x Negative travel time residual 

, 1000k m. ) 

, Fig(34) 
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for this region. 
00-

In the range 7 . < fj. < 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 70 < fj. < SO 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 (figure (33». Fot SO < fj. < 100 the Pn and 'refracted' 

rays arrive at approximately the same time .with negative travel time 

residuals - 4 sec. 

l'l > 10
0 

=======::1 

For fj. > 10
0 the first arrivals correspond to rays which 

have penetrated the high gradient at the base of the anomalous mantle; 

the negative travel time residuals for these rays range from 0.7 sec. to 

2.2 sec. (figure (33». In the region 10
0 < 11 < 11. 70 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. all 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 100km) from the low velocity 

1 

\ 



-213-

asthenosphere. For the models referred to here as Girdler et. ale 

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 models (3) and (4) 

are with reference to the predicted travel times (RAY traced) of the 

modified Anderson and Kovach velocity depth profile (table (7)"). 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. ale (1969) Model (3) with an Eastern Rift 

Source above the Crustal Intrusi.,~ - East West Rays 

l!l < 6.20 

==========:a 

Rays received here follow a similar pattern to those observed 

in model (1) (section (3.2.5.1». For 6< 50 effects (i) and (ii) are 

dominant resulting in small positive travel time residuals (figure (38», 

while for 50 < l!l < 6.20 the rays are in the low velocity material for a 

sufficient l~ngth of their path for (iii) to become dominant, with the 

result that small negative travel time residuals are predicted. 

6.20 < l!l < . 10.20 

:;;============:== 

The shadow zone at 6.20 < f:. < 10.20 is not a significant 

feature of the RAY diagram of figure (38). Rays which, are most likely 

to be received in this regio~ approach within 2 km. of the M discontinuity 
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and the western boundary which defines the high velocity crustal intrusion 

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 'tvou1d be expected for rays 'diffracted' 

into the equivalent region of model (3). 

o A 0 10.2 < Ll < 11.5 
================= 

The rays received here have been greatly influenced 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 ~ = 10.20 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 of figure (36) 

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

t::. "> 11.50 

=========== 

The ray paths and relative amplitudes for ~>11.5° {figure 

(38» are similar to those of the Anderson and Kovach velocity depth 

profile. The jump in the values of the travel time residuals at 

I::. = 11.50 is due to a similar jump in the travel time curve of figure 

(36). Travel time residuals for 1::.>11.50 range from 0.2 sec. to 

0.4 sec. 

(3.2.6.2) Girdler et. ale (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. ale model (3). 
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The general features of this diagram may be used as representative of the 

'Cird1er et. a1. (1969) type of model' for the three southern gravity, 

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

!J. < SO 
======= 

Rays received here follow a similar pattern to the region 

~< 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 ~ = 4.4°. 
o For ~<2.6 

there are small positive travel time residuals and for ~;>4.4° there ,are 

small to large negative travel time residuals. 

SO < ~< 10.2° 
==============:8 

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 velocit} material (figure (35) and-

figure (39». 

/), > 10.20 

=======,::== 

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 high velocity gradient 

and travel in ~Dstly 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 10.20 < 6< 11.50 and have a focus near to 10.2
0 

which is to be compared to a similar focus in figure (38). The 

difference between the 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/d6 values of the Anderson and Kovach travel times 

(figure (36». 

For ~> 11.50 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 

time residuals at ~ = 11.50 
is due to the jump in the travel time curve 

of figure (36). 

(3.2.6.3) Girdler et. ale (1969) MOdel (3) with a Western P~ft Source -

East West Rays 

~ < 10.So 
==========. 

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. 

10.80 < t., < 12.9
0 

================= 

In this region there is a mixture of rays which have been 

reflected from the western boundary of the low velocity material lvith 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 amplitudes (much 

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. 

a focus in the region of 10.So. 

/').>12.90 

=========== 

The latter rays have 

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 sees. 

There is a single very low amplitude secondary arrival at ~ = 16.2
0 

(figure (40» which has been reflected at the 'vestern boundary of the 

low velocity material. 

Easterly Trending Rays 

A < 6.1 0 

=========== 

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 
. 0 0 

~ = 2. 6 and ~ = 4. 7 • For /). < 2.6
0 there are small positive travel 

o time residuals and for /). > 4.7 there are small to large negative travel 

time residuals. 

A > 6.10 

============ 

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 'vill not allow the ray to penetrate the 

lithosphere-asthenosphere boundary. 
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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. 

/). < 9.70 

==========-==* 

Rays received here follow a similar pattern to those of 

previous figures with effect (iii) overtaking effect (i) somewhere 

between /). = 30 and /). = 4.70 (figure (41». Small positive travel 

time residuals are shown for ll<3° and small to large negative travel time 

residuals are shown for /).:> 4.70
• The negative travel time residuals 

range from 1.1 sec. to 5.3 sec. 

9.70 < 11 < 11.50 

================== 

The Pn rays are the first arrivals with travel time residuals 

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. 

/). :> 11.50 

============-

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 amplitude 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
0 

(figure (41» is due to the jump in the 

travel ti~2 curve in figure (36). 
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Ray paths, travel time residuals and relative amplitudes for 
Girdler et. ale (1969) model (3). Eastern rift source at 15km. 
depth, take orf angles 27°(0.25°)37°. 
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(3.2.7) Sowerbutt's Hodel (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 density, 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 Crustal Intrusive - East 

West Rays 

6 < 100 

•• ======= 

Rays received in this region {figure (43» do not enter the 

low velocity mantle material and therefore effect (ii) is dominant. 

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

time residuals ,...., 0.8 sec. 

100 < 6< 11.60 

========--=== 

P~ys 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 in negative travel time residuals of 

1.2 sec. to 1.5 sec. 

II / 11.60 

=========== 

There is a well defined shadow zone in the region 11.60< A< 16.5° • 

Rays which would ordinarily be received in this region are refracted down-



-220-

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» • 
o 0 " 

These rays which focus in the region 16.5 <,6 < 17 t have' 

variable amplitudes and near zero travel time residuals indicating that 

effects (ii) and (iii) are almost equal (section (3.2.5.1». For 

6 > 180 effect (ii) begins to dominate again, resulting in small 

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

(3.2.7.2) l-lestern Rift Source - East l-1est Rays 

It is clear from figure (45) that rays received in the 

region 6<:16
0 

are not affected by the features defined by Sowerbutt's 

model (4). For 16
0 < 6 < 170 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 6 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 (4) (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 velocity 

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

" 

(3.2.7.4) Rays travelling 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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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 (figure (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 normal mantle. 

Profiles (2) and (3) cross a region of intense seismicity 

(Fairhead and Girdler (l97l» in the area around Lake Manyara, therefore 

an eastern rift source 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 

similarity of models (1) to (3) most of the features of the RAY diagrams 

for an eastern rift source in models (2) and (3) will apply to model (1) 

and roost of the features of the RAY diagrams for the western rift source 

in model (1) will apply to models (2) and (3). All three profiles are 

analysed for a mid-Atlantic Ridge event. 

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 

/). < 12.20 

=========== 

Rays received here do not enter the lower velocity mantle 

material, therefore normal relative amplitudes and travel times are 
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predicted for this region (figure (48». 

6 > 12.20 

============ 

00' 
In the region 12.2 <: 6 <: 14 there is a small shadow zone 

as the rays cross the sloping boundary of the low velocity material. 

These rays are refracted into the region 14
0< /j.< 15.6

0 
where a multi-

plicity of rays are received with travel time residuals i"'J 0.4 sec., 

(figure (48) and figure (49». For 
o 

~ > 15.7 the ray paths and 

relative amplitudes 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 ~vest Rays 

6 < 100 

========== 

Rays received here do not enter the low velocity'material, 

therefore normal relative amplitudes and travel times are predicted 

(figure (52». 

6 > 100 

a=====-=== 

There are no shadow zones for this model. The rays 

refracted upwards by the high velocity gradient at the base of the model 

(figure (51) and figure (52» fill 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 100 < ~ < 130 there is a 

multiplicity of arrivals with negative travel ti~£ residuals of between 

0.7 sec. and 1.8 sec. For 6> 130 the ray paths 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's (1972) Hodel (3) with an Eastern Rift Source -

East l-lest Rays 

11 < 9.30 

========-== 

Rays received here do not enter the low velocity material, 

therefore normal relative amplitudes and travel times are predicted 

(figure (56)). 

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
0
< 11 < 10.6

0 
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 upl.13rds by the 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 followed by a shadow zone out to 11 ... 14.30
• 

Betw'een 6 =14.3
0 

and 6 = 16.3
0 

there is a multiplicity of variable amplitude 

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

sec. 

6 > 16.30 

=========== 

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 Hodels (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 NO.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 which is placed 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. 

tJ. < 9.70 

========== 

Rays received here do not enter the low velocity material, 

therefore normal relative amplitudes and travel times are predicted 

(figure (59». 

There is a small shadow zone between II = 9.70 and tJ. = 110 

which is followed by a region of duplication to II = 18.60
• The first 

arrivals correspond to rays which bottom beneath the low velocity material 

and have negative travel thr.e residuals of 0.5 sec. to 2.0 sec. The 

higher travel time residuals are for the shortest epicentra1 distances. 

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

lJ. > 18.60 

===-========= 

The RAY diagram for lJ. > 18.6
0 

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. a1. (1972) Model using the Anderson and Kovach 

Velocity Depth Profile for the Standard Earth - Eastern 

Rift Source 

The interpretation of gravity profile,DFG (figure (26) and 

figure (60» by Darracott et. a1. (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 relatrve 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 (un thinned) crust 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. !he 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 
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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 

(iii) need be considered in the following analysis. 

6 < 5.70 

=====::::=~==:I 

Rays received here do not enter the low velocity material, 

therefore normal ·re1ative amplitudes and travel times are predicted 

(figure (61». 

5 • 70 < 11 < 12.30 

==========~===== 

This region is devoid of rays due to the refractive effects 

(rays refracted upwards) of the western boundary of the low velocity 

material (figure (61». 

11 >12.30 

=========== 

Arrivals in the region 12.30 < 6 < 12.6° correspond to a 

mixture of rays whose paths are either: 

Ca) 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 normal 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~refraction 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. 

o For 6>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 ~umber 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 (196l) 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 I 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 

corrections (TCO) of Libvall 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 corrections is similar 
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to that of Lilwall and Douglas (1970). In general the station 

corrections are azimuthally dependent and may be represented in the 

form A + B sin (9 + ~) ,where e is the azimuth and A, Band cI> are 

constants. The azimuthal term is included in the corrections for 

the stations for which it is available, otherwise on~y 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 account 

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 Tel values to stations outside of the 

rift are large negative (table (8» while most of the modified 

travel time 'corrections', Te2 (table (8», are much smaller in 

magnitude. For comparison with the RAY traced estimates, Tel will be 

used for paths to stations in the rift while Te2 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 
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WESTERN RIFT 1 WESTERN RIFT 2 TANZANIA 1 TANZANIA 2 

N TCO TC1 TC2 N TCO TC1 TC2 N TCO TC1 TC2 N Teo TCI TC2 

3 2.3 0.2 21 2.3 2.2 4 2.5 0.6 8 2.6 2.5 

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 

10 -D.5 1.7 2.2 17 -0.4 0.7 1.1 4 -0.4 -3.9 -3.5 11 -0.4 -1.3 -0.9 

16 -1.1 - 1.8 -0.7 '30 -1. 1 -106 -0.5 7 -1.1 -3.2 -2. 1 11 -1. 1 -3.7 -2.6 

9 0.4 -2.5 -2.9 9 0.4 -2.3 -2.7 12 0.4 -0.4 -0.8 -f-----------
3 -0.5 -1.1 -0.6 6 -0.5 -1.0 -0.5 

. 2 -0.7 -0 .. 5 3 -0.7 -0.4 7 -0.7 -1.0 

3 1.2 -0.2 3 1.2 -0. 1 5 1.2 -0.3 2 1.2 -0.1 

2 -0.8 -1.4 -0.6 10 -0.8 -1.9 -1.1 

6 -1.0 -2.2 -1.2 ' 2 -1.0 -1.8 -0.8 6 -1.0 -1.4 -0.4 

15 0.3 1.0 32 0.3 1.0 12 1.4 -1.1 10 1.2 0.8 

17 1.9 --1.1 30 2.0 -0.2 19 2.7 0.3 

11 0.4 0.1 -0.3 11 0.4 -1.8 -2.2 6 0.4 0.6 0.2 

19 O. 1 -0.4 -0.5 8 0.4 0.6 0.2 

2 0.6 0.8 0.2 91 0.7 0.4 -0.3 3 0.6 0.5 -0.5 
I.-

Travel time I corrections I of paths from four East African average events to African seismic stations (TC1). Station 'corrections I 
(TCO) after lilwall and Douglas (1970). N is the number of events, TC2 = TCl - TCO represents the travel time I correction I 

associated with the ray path away from the receiver station. 

I 
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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». 
J 

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 East African Rift System are 

slowed down. When all the travel time 'corrections' are studied, 

regardless of magnitude, the same general pattern is observed. Possible 

inconsistencies and interesting features of th~~ data, which have not 

been mentioned before are: 

(i) 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-l963 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 LWl) has a 0.8 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 time' 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, JERand LlIT the RAY 

diagrams for north south rays are used, 

(b) BRA, BNG, BUL, eLK, CNG, GRM, KIM, 

KRR, NAI, "PRE, SDB and WIN the RAY diagrams for east west rays are used. 

(iii) For events 3 and 4 to (a) AAE, HLlv, JER and NAI the RAY 

diagrams for north south rays are used, 

(b) BRA, BNG, BUL, eLK, CNG, GRM, KIM, 

KRR, LWI, PRE, SDB and WIN the RAY diagrams for east west rays are used. 

(iv) 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. 

a1. models (1) and (2) to compensate for this. Girdler et. a1. model 

(4) and Sowerbutts models (2) and (3) are used for the other RAY traced 

estimates of these events. 

(v) Due to the restriction that rays must bottom above 350 km. 



-231-

in the standard Earth defined by the Anderson and Kovach velocity depth 

profile (section (3.2.2», only data for 8< 210 are available from the 

Girdler et. a1. models (3) and (4). 

The use of the east west RAY diagra~ 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 8>16
0 

(in most cases 8> 120
) 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 various 

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' ('V -0.8 sec). The latter are consistent 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 

( 1V'2.l sec.) than the estimates from the Sowerbutts models (rJ 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. 

Hestern 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 un 

Girdler et. ·a1. 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 HLlJ' 

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 'corrections'. 

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». The very 

small negative 'corrections' of the Girdler et.· ale models are nearest to 

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

Tanzania Event (4) to NAI 

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. a1. 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 

(I'V 0.6 sec.) consistent with the event 3 path (figure (65». It is 

emphasized that the event 3 'correction' is based on only four 

observations •. 

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 

~~st 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 small 

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: 

(i) The predicted 'corrections' for stations in the rift 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 et. al. models (3) and (4) are very similar 

to each other for the ray paths discussed above. The travel times 

from these models to stations in the rift are marginally better 

correlated with the observed data than those obtained from the Sowerbutts 

models. 

(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 models. 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 1. 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. ale (1972» would be. particularly 

good material to use with the RAY tracing program. Apart froD the 

travel time data, the independent dT/d6 and amplitude estimates would 

offer strong constraints on the possible models •. 



-236-

. REFERENCES PART II 

Anderson, D.L. & Kovach, R.L. (1969) Universal Dispersion Tables 111. 
Free Oscillation Variational Parameter. B.S.S.A. 
59, 1667. 

Anselone, P.M. & Laurent, P.J. (1968) A General Method for the 
Construction of Interpolating or Smoothing Spline 
Functions. Num. Math. 12, 66. 

Archambeau, C.B., Flinn, E.A. & Lambert·D.G. (1969) Fine Structure of 
the Upper Mantle. J.G.R. 74, 5825. 

Baker, B.H. & Hohlenberg, J. (1971) Structure and Evolution of the 
Kenya Rift Valley. Nature 229, 538. 

Bhattacharyya, (1969) Bicubic Spline Interpolation as a Method for 
Treatment of Potential Field Data. Geophys. 34, 402. 

Birch, F. (1961) The Velocity of Compressional Waves in Rocks to 10 
kilobars, 2. J.G.R. 66, 2199. 

Birch, F. (1964)'. Density and Composition of Mantle and Core. J.G.R. 69,4377. 

Blamey, C. & Gibbs, P.G. (1968) The Epicentres and Origin Times of some 
large Explosions. Geophys. J. 16, 1. 

Bloch, S., Hales, A.L. & Landisman, M. (196) Velocities in the Crust and 
Upper Mantle of Southern Africa from Surface Wave 
Dispersion. B.S.S.A. 59, 1599. 

Bonjer, K.P., Fuchs, K. & Wohlenberg, J. (1970) Crustal Structure of the 
East African Rift System from Spectral Response Ratios 
of Long-Period Body llaves. Zeit. fur Geophys. 36, 287. 

Booth, D.C. Interpretation of Long and Short Period P '-lave 
Amplitude Distance Curves and Station Residuals. M.Sc. 
Thesis, University of Durham •. 

Bullen, K.E. (1965) An Introduction to the Theory of Seismology. 
Cambridge University Press. 

Carpenter, E.W. (1966) A Quantitative Evaluation of Teleseismic Explosion 
Records. Proc. R. Soc. (Lond.) A,290, 396. 

Carpenter, E.W., Marshall, P.D. and Douglas, A. (1967) The Amp1itude­
Distance Curve for Short Period Teleseismic p-t-laves. 
Geophys. J. 13, 61. 

Chapman, C.H. (1971) On the Computation of seismic Ray Travel Times and 
Amplitudes. B.S.S.A. 61, 1267. 

Chernov, L.A. (1960) t.rave Propagation in a Random Nedium. McGraw-Hill 
Book Company. 

.l 
, I 



Cleary, J. (1967) 

-237-

Analysis of the Amplitudes of Short-Period.P naves 
Recorded by Long Range Seismic Heasurement Stations 
in the Distance Range 300 to 1020 • J.G.R. 72, 4705. 

Costain, J.K., Cook, K.L. & A1germissen, S.T. (1963) Amplitude, Energy, 
and Phase Angles of Plane SV Waves and their 
Application to Earth Crustal Studies. B.S.S.A. 53, 1039. 

Costain, J.K., Cook, K.L. & Algermissen, S.T. (1965) Corrigendum: 
Amplitude, Energy, and Phase Angles of Plane SV l-laves 
and their Application to Earth Crustal Studies. 
B.S.S.A. 55, 567. 

Curtis, A.R. & Shimshoni, M. (1970) The Smoothing of Seismological Travel­
Time Tables Using Cubic Splines. B.S.S.A. 60, 1077. 

Darracott, B.W., Falrhead, J.D. & Girdler, R.W. (1972) Gravity and 
Magnetic Surveys in Northern Tanzania and Southern 
Kenya. Tectonophysics, 15, 131. 

Davies, D. & Julian, B.R. (1972) 
from Longshot. 

A Study of Short Period P-Wave.Signals 
Ceophys. J. 29, 185. 

Davies, D. & Sheppard, M. (1972) Lateral Heterogeneity in the Earth's 
Mantle. Nature 239, 318 •.. 

De Boor, C. (1962) Bicubic Spline Interpolation. J. Math. and Phys. 
41, 212. 

Der, Z.A. & Landisman, H. (1972) Theory for Errors, Resolution, and 
Separation of Unknown Variables in Inverse Problems 
with Application to the Mantle and the Crust in ' 
Southern Africa and Scandinavia. Geophys. J. 27, 137. 

Dopp, S. (1964) Preliminary Note on a Refracted P Phase in the Uestern 
Rift Valley of Africa. J.G.R. 69, 3027. 

Douglas, A. (1967) Joint Epicentre Determinatio~. Nature 215, 47. 

Eby, E.S. (1967) Frenet Formulation of Three-Dimensional Ray Tracing. 
J. Acoust. Soc. Am. 42, 1287. 

Eby, E.S. (1969) Geometric Theory of Ray Tracing. J. Acoust. Soc. Am. 
47, 273. 

Eby. E.S. & Einstein, L.T. (1965) Geometrical Spreading Loss Expression. 
J. Acoust. Soc. Am. 37, 933. 

E1iseevnin, V.A. (1965) Analysis of Waves Propagating in an Inho~Dgeneous 
Medium. Soviet Physics-Acoustics 10, 242. 

Fairhead, J.D. (1968) The Seismicity of the East African Rift System. 
1965-1968. Unpubl. M.Sc. Dissertation, University of 
Newcastle upon Tyne. 



-238-

Fairhead, J.D. & Girdler, R.W. (1969) How Far Does the Rift System 
Extend through Africa? Nature, 221, 1018~ 

Fairhead, J.D. & Girdler, R.W. (1970) The Seismicity of the Red Sea, 
Gulf of Aden and Afar Triangle. Phil. Trans. R. 
Soc. (Lond.) A267, 49. 

Fairhead, J.D. & Girdler, R.W. (1971) The seismicity of Africa. 
Geophys. J. 24, 271. 

Gerver, M. & Markushevick, V. (1966) Determination of a Seismic Wave 
Velocity from the Travel-Time Curve. Geophys. J. 
ll~ 165. 

Gerver, M. & Markushevick, V. (1967) On the Characteristic Properties 
of Travel Time Curves. Geophys. J. 13, 241. 

Girdler, R.W., Fairhead, J.D., Searle, R.C. & Sowerbutts, W.T.C. (1969) 
Evolution of Rifting in Africa. Nature 224, 1178. 

Girdler, R.W. & Sowerbutts, W.T.C. (1970) Some Recent Geophysical 
Studies of the Rift System in East Africa. J. Geomag. 
and Geoe1ect. 22, 153. 

Goldstein, M. (1960) Classical Mechanics. Addison-l-les1ey Series in 
Advanced Physics. 

Griffiths, D.H., King, R.F., Khan, M.A. & Blundell, D.J. (1971) Seismic 
r~fraction Line in the Gregory Rift. Nature 229; 69 •. 

Gumpert F. & Pomeroy, P.W. (1970) Seismic Wave Velo~ities and Earth 
Structure on the African Continents. B.S.S.A. 60, 651. 

Gupta, R.N. (1966) Reflection of Elastic Waves from a Linear Transition 
Layer 0 BoS.SoA. 56, 511. 

Gutenberg, B. (1945a)' Magnitude Determination for Deep-Focus Earthquakes. 
B.S.S.A. 35, 117. 

Gutenberg, B. (1945b) Amplitudes of P, PP, Sand Hagnitude of Shallow 
Earthquakes. B.S.S.A. 35, 57. 

Gutenberg, B. &'Richter, C.F. (1956) Magnitude and Energy of Earthquakes. 
Ann. Geof. (Rome) 9, 1. 

Hales, A.L. and Sacks, I.S. (1959) Evidence for an Intermediate Layer 
from Crustal Structure in the Eastern Transvaal. 
Geophys. J. 15, 15. 

Herrin, E. (1961) Rep. Revision of Hypo Travel Times and Time Derivative 
Tables, Dallas Seism. Obs. 

Herrin, E. (1968) Introduction to "1968 Seismological Tables for P 
Phases ll

• B.S.S.A. 58, 1193. 

, , 

, . 
i 



-239-

Herrin, E. & Taggart, J. (1968) Regional Variations in P Travel Times. 

Jacob, K. 

B.S.S.A. 58, 1325. 

(1970) Three-Dimensional Seismic Ray Tracing in a Laterally 
Heterogeneous Spherical Earth. J.G.R. 75, 6675. 

Jacob, K. (1972) Global Tectonic Implications of Anomalous Seismic P 
Travel Times from the Nuclear Explosion Longshot. 
J.G.R. 77, 2556. 

Jeffreys, M. (1959) The Earth (4th Edition), Cambridge University Press. 

Jeffreys, M. (1971) The Earth (5th Edition), Cambridge University Press. 

Johnson, L. (1967) Array Measurements of P Velocities in th~ Upper 
Mantle. J.G.R. 72, 6309. 

Johnson, L. (1969) Array Measurements of P Velocities in the Lower 
Mantle. B.S.S.A. 59, 937. 

Julian, B.R. (1970) Ray Tracing in Arbitary Heterogeneous Media. Tech. 
Note 1970-45, Lincoln Lab., Cambridge,Mass. 

Julian, B.R. & Anderson, D.L. (1968)' Travel Times, Apparent Velocities 
and Amplitudes of Body Waves. B.S.S.A. 58, 339. 

Kaila, K.L. (1970) Decay Rate of P-Wave Amplitudes from Nuclear 
Explosions and the Magnitude Relations in the 
Epicentral Distance Range 10 to 980 • B.S.S.A. 60, 447. 

Kanasewich, E.R., Ellis, R.M., Chapman, C.H. & Gutowski, P.R. (1972) 
Teleseismic Array Evidence for Inhomogeneities in the 
Lower Mantle and the Origin of the Hawaiian Islands. 
Nature 239, 99. 

Khan, M.A. & Mansfield, J. (1971) Gravity Measurements in the Gregory 
Rift. Nature 229, 72. 

Knopoff, L. & Schlua, J.W. (1972) Rayleigh Wave Phase Velocities for 
the Path Addis Ababa - Nairobi. Tectonophysics 15, 157. 

Koefoed, O. (1962) Reflection and Transmission Coefficients for Plane 
Longitudinal Incident Waves. Geophys. Prosp. 10, 304. 

Landisman, M., Saito, Y. & Usami, T. (1966) Propagation of Distrubances 
in a Gutenberg-Bullen AI Spherical Earth Model: Travel 
Times and Amplitudes of S l~aves. Am. Geophys. Union 
Monograph 10, The Earth Beneath the Continents. J.S. 
Steinhart & T.J. Smith (eds.). 

Lanzos, C. (1964) The Variational Principles of Mechanics, University 
of Toronto Press. 

Leech, J.W. (1965) Classical Mechanics. Methuen's Monograph on Physical 
Subjects. 



-240-

Lilwall, R.C. & Douglas, A. (1970) Estimation of P-Wave Travel Times 
Using the Joint Epicentre Method. Geophys. J. 19, 165. 

Long, R.E., Backhouse, R.W., Haguire, P.K.H. & Sundara1ingam, K. (1972) 
The Structure of East Africa Using Surface Wave 
Dispersion and Durham seismic Array Data. 
Tectonophysics 15, 165. 

Ludwig, W.J., Nafe, J.E. & Drake, C.L. (1971) Seismic Refraction, in 
The Sea. Maxwell (ed.) John Wiley and Sons. 

liarsha11, P .D. (1973) personal communication. 

McCamy, K., Heyer, R.P. & Smith, T.J. (1962) Generally Applicable 
Solutions of Zoeppritz Amplitude Equations. B.S.S.A. 
52, 923. 

Moler, C.B. & Sololmon, L.P. (1970) Use of Splines and Numerical 
Integration in Geometric Acoustics. J. Acoust. Soc. 
Am. 42, 739. 

Nuttli, O.W. (1972) The Amplitudes of Teleseismic P Waves. B.S.S.A. 62, 343. 

Officer, C.B. (1958) An Introduction to the Theory of Sound Transmission. 
McGraw-Hill Book Company. 

Pederson, H.A. (1961) Acoustic Intensity Anomalies Introduced by Constant 
Velocity Gradients. J. Acoust. Soc. Am. 33, 465. 

Pennington, R.H. (1965) Introductory Computer Methods and Numerical 
Analysis. }~cmi1lan Co. 

Powell, M.J.D. (1970) Curve Fitting by Cubic Splines, in Proc. I.M.A. 
Conference at Canterbury on Numerical Approximation 
to Functions and Data, Hayes, J.G. (ed.), Ath10ne Press. 

Press, F., Ewing, M. & Oliver, J. (1956) Crustal Structure and Surface­
Wave Dispersion in Africa. B.S.S.A. 46, 97. 

Ralston, A. & Wilf, H.S. (1960) Mathematical Methods for Digital 
Computers. Wiley. 

Reinsch, C.H. (1967) Smoothing by Spline Functions. Num. Math. 10, 177. 

Richter, C.F. (1958) Elementary Seismology. W.H. Freeman and Co. 

Rykounov, L.N., Sedov, V.V., Savrina, L.A. and Bourmin, V.J.U. (1972) 
Tectonophysics 15, 123. 

-Schultz, M.H. & Varga, R.S. (1967) Numerical Methods of High-Order 
Accuracy for Nonlinear Boundary Value Problems. 
Num. Math. 10, 394. 

Searle, R.C. (1969) Barometric Hypsometry and a Geophysical Study of 
Part of the Gregory Rift Valley in Kenya. Ph.D. Thesis, 
University of Newcastle upon Tyne. 



.. 

-241-

Searle, R.C. (1970) Evidence from Gravity Anomalies for Thinning of 
the Lithosphere beneath the Rift Valley in Kenya. 
Geophys. J. 21, 13. 

Shimshoni, M. & Ben-Menahem, A. (1970) Computation of the Divergence 
Coefficient for Seismic Phases. Geophys. J. 21, 285. 

Singh, S.J., Ben-Menahem, A. & Shimshoni, M. (1970) Comments on Papers 
by Costain et. ale and McCamy et. a1. on the Solution 
of Zoeppritz' Amplitude Equations. B.S.S.A. 60, 277. 

Sorrells, G.G., Crowley, J.B. & Veith, K.F. (1971) Methoas for 
Computing Ray Paths in Complex Geological Structures. 
B.S.S.A. 61, 27. 

Sowerbutts, W.T.C. (1969) Crustal Structure of the East African Plateau 
and Rift Valleys from Gravity Measurements. Nature 
223, 143. 

Sowerbutts, W.T.C. (1972) Long Gravity and Magnetic Profiles over the 
East African Rift System and their Interpretation. 
Ph.D. Thesis, University of Newcastle upon Tyne. 

Tobin, D.G., Ward, P.L. & Drake, C.L. (1969) ~~croearthquakes in the 
Rift Valley of Kenya •. Geol. Soc. of Am. Bull. 80, 2043. 

Tooley, R.D., Spencer, T.W. & Sagoci, H.F. (1965) Reflection and Trans­
mission of Plane Compressional lVaves. Geophys. 30, 552. 

Ugincius, P. (1965) Acoustic-Ray Equations for a Moving, Inhomogeneous 
~1editJIll. J. Acoust. Soc. Am. 37, 476. 

Ugincius, P. (1968a) Intensity Equations in Ray Acoustics. 1. J. Acoust. 
Soc. Am. 45, 193. 

Ugincius, P. (1968b) Intensity Equations in Ray Acoustics. 2. J. Acoust. 
Soc. Am. 45, 206. 

Vanek, J. (1966) Amplitude Curves of Seismic Body l1aves for· the Region 
of Asia Minor. Travaux Inst. Geophys. Acad. 
Tchecosl. Sci. No. 246, Geofysikalni Sbornik 14, 215. 

Vanek, J. (1967) Three-Dimensional Seismic Models of the Upper Mantle. 
Studia Geoph. et Geod. 11, 337. 

Vanek, J. (1968a) Amplitude Curves of Seismic Body t"aves Between 50 and 
250• B.S.S.A. 58, 1035. 

Vanek, J. (1968b) Amplitude Curves of Seismic Body Waves and the 
Structure of the Upper Mantle in Europe. 
Tectonophysics,S, 235. 

Vanek, J. (1969a) Fitting the Amplitude Curves of Seismic Waves by 
Numerical Hethods. Studia Geoph. et Geod. 13, 267. 

Vanek, J. Upper Mantle Structure and Velocity Distribution in 
Eurasia. Geophys. Nona. 13, The Earth's Crust and 
Upper Mantle, Hart, P.J. (ed.), Am. Geophys. Un • 



Vanek, J. (1969c) 

-242-

Revised Amplitude Curves of Seismic Body Waves for 
the Region of South-Eastern Europe ... Studia Geoph. 
et Geod. 13, 173. 

Vanek, J. & Radu, C. (1968) Amplitude Curves of Seismic Body Waves at 
Distances Smaller than 120. Proc., 8th Ass. of 
ESC, Akademiai Kiado, Budapest. 

Vanek, J. & Christoskov, L. (1971) Amplitude Curves of P and S Waves 
at Short Epicentral Distances. Bull. of Int. Inst. 
of Seismology and Earthquake Engineering, 8, 161. 

Veith, K.F. & Clawson, G.E. (1972) Magnitude from Short Period P Wave 
Data. B.S.S.A. 6, 435. 

Wesson, R.L. (1970) A Time Integration Method for Computation of the 
Intensities of Seismic Rays. B.S.S.A. 60, 307. 

Willey, G., Cleary, J.R. & Marshall, P.D. (1970) Comparison of Least 
Squares Analyses of Long and Short Period P Waves 
Amplitude. Geophys. J. 19, 439. 

Woh1enberg, J. (1967) Seismizitat der Osafrikanischen Grabenzonen 
Zwischen 40N und 120 S sowie 23~ und 40~. Thesis, .. , 
University of Ludwig - Maximilian. 

Woh1enberg, J. (1969) Remarks on the Seismicity of East Africa 
Between 40 N - 120 S. and 23~ - 40oE. 
Tectonophysics, 8, 567. 

Woodford, C.H. (1970) An Algorithm for Data Smoothing Using Spline 
Functions. BIT 10, 501. 

Zoeppritz, K. (1919) Erdbebenwe1len VIlb, uber Reflection and Durchgang 
Seismischer Wellen Durch Unstetigkeitsflachen, 
Gottinger Nachrichten, 1, 66. 

l' 



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 ( I, J). The 1 coordinate refers to variations in the radial direction' (r) 

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

Input - Device S 

1 KM, N, TN, 10, ITT, IFF. SSIG, AAAA, SSS with format 12, 14, F8.3, 13 

214, FS.1, 2F7. 1 

where KM = 1 

N= the number of knots in the transverse direction. 

IQ = twice the number of lateral discontinuities. 

IT Tan d IFF = the first and last velocity knots in the transverse direction which 

. contain I otero I variations of velocity • 

. SSIG = 1 for e increasing rays. 

= -1 for 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 O. 

2 A( 1 ), T( 1 ), P( 1 ), A( 2), T( 2), P( 2) with format F7.1, 2FS.l, F7.1, 2FS.l 

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 receiver. 

3 RAD, RRR6, R6, RRR, R, NN N, ZKM, DRAD with format F7. 1, 12, 16, 12, 

214, F4. 1, F7. 1 

where RAD = radius of the Earth 



RRR6 = number of radial discontinuities beneath ORAD. 

R6 = number of' knots in the radial direction below ORAD. 

RRR= number of radial discontinuities above ORAD. 

R= number of knots in the radial direction above ORAD. 

NNN '= number of integration steps between each set of output. 

ZKM = the change in velocity between adjacent knots which defines 

a discontinuity. 

ORAD = defines the line between a spherically symmetric Earth and the 

laterally varying Earth. In the region above ORAD + 30km. 

the velocity is allowed to vary laterally. 

4 ( PRMT(:.J), J = 1, 5), (DER( J ), J = 1, 3) with format F4.1, F9.1, F5.2, F104.9, 

, o4Fo4. 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 ) = [ 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. 

5 to 4 + IQ (DISH I, J), J = 1, 3) with format 2F5.1, F16.9 

where DIS 1 co ntains all the information defining the lateral discontinuities. ' 

I goes from 1 to IQ. I = n, n + 1 (for n even) defines a single discontinuity. 

DIS 1 ( I, 1) = radial coordinate of the knot of discontinuity. 

DIS1( 1,2);:: transverse coordinate of the knot of discontinuity. 

DIS1( I, 3)= for I even set to ratio of the density across the discontinuity 

( 1.0 ) 



5 +IQ 

, 6 +IQ 

7+IQ' 
and 
8+IQ 

9 +IQ 

(DIS2(K,1), K = 1, IRRR) with format 10F7. 1 - defines the knot positions 

of the radial discontinuities (JRRR = RRR + RRR6). 

(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) 

OIS2(K,4) allows the K th radial discontinuity to be confined within the 

knots DIS2(K,3) and DIS2(K,4). 

- for OIS2(K, 3) 

DIS2(K,4) allows the Kth radial discontinuity to be absent from the region 

between the knats D IS2(K, 3) and 0 IS2(K, 4). 

- for the discontinuity 

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

YN IT, FIN, ANG, STEP with format 3F5. 1, FB.4 

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 

1 to 11 (ZAR(I,l), 1= 1, R) with format 10FB.4 - contains the standard velocity depth 

profile above ORAD. All ZAR(I, J) (for J = 2, N) are set to ZAR(I, 1). The 

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

of ZAR(I, J) to that of a laterally heterogeneous model. 

12 to «ZAR(I, J), I = 1, 100), J = N + 1, N + 12) with format 10F8.4 - contains 

end of file the velocity depth profile beneath DRAD. 

Output - Device 6 

The original data and a few other I diagnostic I 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 

radial coordinate of the ray. 

I atitude 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). 

AMPLITUDE2 amplitude of the ray considering geometrical spreading and 

R1 

,T1 

VE 

DVR 

DVT 

DVRR 

DVRT 

DVTT 

energy partitioning at velocity discontinuities. 

radial coordinate of the knot that defines the velocity unit 

in which the ray is travel! ing. 

transverse coordinate of this knot. 

velocity of the ray. 

d( VE) /dr. 

d( VE) /dt • 

d2( VE) / dr2. 

d
2

( VE ) / dr dt. 

d
2

( VE ) / dt
2
• 

JJA shows if the ray is near to a lateral discontinuity. 

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

additional information is given : 

INCID 
ANG 

REF 
ANG 

VELOCITY 1 

VELOCITY 2 

DISTANCE 1 

incident angle between the ray and the normal to the 

discontinuity. 

refraction or reflection angle. 

velocity of t.h~ 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 2 distance the ray travelled at the last integration step. \ 
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CV,:l.:,~ , }, r; ,;~>}~~,,f! I- ~'r ~ .' ,,~3~; ~. r tJ (,: l t (J i ~. 4 ~\ l ~ ~ ',l~; ! 1 l 1'; t-t (, t " r}· p. 1_ r" + l t • { 

;,l),., i te ."t;c h f':: 
c 
C 

PROGRArv1 [e ITO ,~' READ' r fTHE/,"·OATA ,., UNTO THE COMPUTER AND ADJUST 
THE 7: PARM-1ETERS ,£TO .. : ~ AND, THEN i Cm1PUTE THE SPL INE COEF 

.:~, H1PL IeIT· REAL*8 (A:...H·, a-V) 
. ~ COMMON ZAR(102,l061,ZID(102,106),lIC(102,106),lIB(102,106) 
." I,OISI(32,3),OIS2(10,4),0IS3(4,32) 

DIMENSION YX(4,4),RIO(102),ROO(102),LOD(102), 
10(1400) ,A( l02} ,PIS) ,T(S) ,OERIV(7) ,Y(7) ,DER(7) ,AUX(16,7) 

OIMENSION,VN(1400},C(1400),B(1400),PRMT(5) 

, . '1 

DIMENSION !X(1400) 
COM~ON/AS/RAD~DDRAO,DRAO,RRR6,R6,R,RRR,IQ/AE/PRMT5,PI,XXY,RESO,lKM 
COMP.ON/AG/KM,IRRR,ITT,lFF,IAA,IAB 

;':~ COMMONI AP lTN,OOS ,'XK, ~AL, NUN ,JJA, NI AK/PL (5,5) ,YXl 00,10) ,SS IG, 
<, IJCOU 

.' 
" COMP.GN/HG/IHLF 
"u' :' INTEGER'R,RRR6',R6,RRR, ,,',\ ,. " "n" ,)', ' 

P.I~4 .O*OAT AtHO.ID+Ol') 10' • .180 03"~' ,: f /, ~ 1'1.''1 M,l ", : l i 

READ (5" 1')' .KM,N, TN, I Q, ITT, IFF, SS IG, AAAA, SSS 
WRITE(6~r)KH,N,TN,IQ,ITT,IFF,SSIG,AAAA,SSS 
SSSIG=SSIG:;lIJI/~'t! 

1:. '" FCR~AT (I2 ,'14', Fa '.!3 i 13,2 I 4", F5 :''1', 2E7 ;4) Ir.l ~ <~ , ~' j 

:: REAO ( 5 ,27) A ( 1) , T ( 1) ,P n ) ,A (2 ) , T (2 ) , P (2 ) 
t WR I T E ( 6,27) AU) , T ( 1) ,P ( 1) ,A ( 2 ) ,T (2) , P (2) 
(;. 'TN=P.I*JN/DFLOAT{N-l) ri",JLH!V: ;,;(1f;t1 S H':~ ",!;f'i,U:' 'fjqV~~f', ,0<, ;i l~ 

C:~ TN DEEINES,' FIRST THE:NO OF" DEGREES t. EQUIVALENTr:rO, N 
C, AND IS; THEtt CONVERTEDd,: 'TOIA: CONVERSION, i fACTOR' ': CHANGING THE INTEGER 
C, INTO,: AN'.' ANGLE I 1ft. ;;RADI ANS"~: r H ;- r ,1,h} 

'c ITT ANO,lIFF: ,; DEfINE"THE: FIRST; AND: LAST'- VALUES NOT 
C INCLUDEO', IN HERRIN~ TABLES! :~l f ~ 
C::, :THE.,:; FIRST,pNALUE CORRESPONDES TO THETA=O 

C 

00' 29J=1, 2·1' 
~', f T (J ) =T (J ) *p P .. ,;" ~ t .. 1 , 

P(J)=p(J)*PI 
29 CONTINUE 

27 FORMATCf7.1,2F5.1,F7.1,2F5.1) 



c >~ f f ";;" .\' 'r' 1 ] 
C YX(~)'CORRESPONOES,TO,ORIGINAL.POSITION OF SOURCE+RECIEVER 

DO~26tj=lt2 
YX(Jil)=AeJ)*OSIN(T(J».OCOS(P(J» 

~l~ YX(J,2)=A{J)*DSINIT(J»*OSIN(P(J» 
26 YXeJ;3)=A(J)*DCOS(T(J» 

C 
C /< 
C 

C 
C 
C 

C 
C 
C 
C 
C 
C 

L} X .~) 

25 

" 
,.<' 

~} ''''~l~ 

241. 

2738 
.. 

107 

! ,,' ! T :' ..... f" r' i ' 1 " 
it' 

1 ' .. ~ ~ I( ~, t f 7' 1.., > ~ ~ '~ : ~ l ~ \ :'1 I ," " .\ "/,,;.} 

\"YXl e ), ; CORRESPONDS r TO NEW I : POS I T 1 ON - OF ,SOURCE AND REC I EVER 
'IX l ( 1 ,1' =A ( 1 ) t ,- ,',).! ,-' , ( , ~ " ! ,: , 

YXl(l,2)=O.OD',Otl11 ':,,' .;:, ",,/,1,; :'., ~f 

Y X l ( 1 , 3 ) =: 0 • 0 D .;,00.' t: 1 l i J~ q ~ - , r 
YXle2;1)70~OD 00 
OO~25'j=li3 
YXZ(2,1)~YXZ(2,1)+YX(2,J)*YX(1,J)/A(1) 

fl\l' ~l(. 'i r ,"- 1. J I ~~ 
~n~:\[;t!,; I)) tV! Sl t I ~J! ,-1'". ,J<, 
t,nUS~lS;:.THE!SAME,SIG.JAS'tUSED IN DIRECTIONS 
YXl(2;2)=SSIG*OSQRT(Ae2)*A(2)-YXZ(2,1).YXZ(2,1» 
y Xl ( 2 , 3 ) = 0 • 00 J, 00 t ! j '9 L L .~ ,:i U .. {,', <, - V' 'U;, \, l 

DCS24 ~ J=:l ,311l Sl (1'.;~ J,...l) ;~T'J 
r.l(J,l)~YX(l,J)/A(l) 
Pl(J,2)~(YX(2,J)-Pl(J,l)*YXl(2tl»/YXZ'2,2) 
.' •• ' to, -. -I \ • '\ l' ,. '1 I., l' ','. 1 'f 'I '; P ) 
,1--;, :,. ? \ ~;> t :~ t ~, 1 t t ' ~ ~:l~ ... ~ r, , ,- 1 ~.:: -l--- , .l ~ -., ! ~ ~ 

:~, 'I.: T ~~ : .~ ~ f f ~ i ~ r~ { ~;~: i } itt ) f l': ~ 1, 1 f; ~ ! t ; 
y':Pl ( ,t ) :lCORRESI?ONOES~TO;':ROTATI ON FACTORS FOR COORD TRANSFORMAT ION 
LSEEi ,NOTE~ 1 FOR ~"COO~O' TRANSFORMATION-FOR DIRECTION 
THE~POSITION~Ofl,THEfSOURCE~HAS EFFECTIVELY BEEN TRANS 
:',TQ:',THETA=:O! THEREF,ORE::NEED;- I THETA)O 
READ(5,26)RAD,RRR6,R6,RB~tR,NNN,lKM,DRAO 
REAO(7,22)'lAR(I,1)~I~liR)~~~1 
D 0:1 1 07 :. J:;= 2 , N :: >t 4; ~ 
OO;:107rI=1,R. ~) 
: ",Z4R (I,J )=ZAR ( 1,1) 
NM:=N+l 



212 
22 

28 

922 

M N = N + 11 " '" I'} ;: C n~ 1-: I, 1 
REAC(1,22)('ZAR(I,J),I=1,lOO),J=NM.MN) 
MN=N+12~J:)tlQ.j/ 
READ(1,22)(ZAR(I,~N),I=1,90) 
\!FORMAT(Z14,F8.4) 
\ <FCRMAT(lOF8.4) . " I I ;. I j 

WRITE(6,28)RAO,RRR6,R6,RRR,R,NNN,ZKM,ORAO 
FORMAT(F7.1,12,I6,I2,2I4,F4.1,F7.l) 

READ(S,922) (PRHT(J),J=1,5', (OER(J"J=1,3' 
WR I TE (6,922) (PRtH (J) , J=l ,5) , (DER (J ) t J=l ,3). ; ! 

FORMAT(F4.l,F9.1iF5.2,F14.9;4F4.l) 
DORAo= (RAo"':'"ORAO) I oFlOAT (R-l ), i 

BAG = P RMT (4) ,~ I " • i '~ -,f, ~ ,.' I I" " , , ' , , j , .' • " • I 
ABG=PRMT(3)" 'j " I i -'" " 'i /' 

IF ( 1 C .. EQ ~ O)~ GO TO 124 U i ': 1 i : 'I.' .', 
:",; " DO ,.204 r 1=1 ,Ie 

READ(S;3) (OISI(1 ,J) ,J=1,3) 
WRITE(6,3) (oISll I ,J) ,J=1,3) 1,: ,I 

'3 ~ FOR~AT(2F5.l~F16.9) 
DIS1(I,l)=OISl(1,1)*oORAO+(oRAD-OoRAD) 
DIS 1 ( 1 ,2) = ( 0 I S l( I ',2) -1) *TN t~, t •••• v' 

204 CarnItIUE .o." , •. -: " ,,~I •. '. "r' >'~ ',. '. , ' 
,241" . I RRR=RRR+RRR6' : .: ',' . > \ ..... " <' • .' ,:,': /J' ""'. :",. 0".'; '" 

REAo(s,41 (DIS2(K,l) ,K=l,IRRR) 
WRITE(6,4)(DIS2(K,l),K=1,IRRR) 
REAO(5,366)(OIS2(K,2),K=1,IRRR):~: 'f': "j: '\', ,: 

'·~.WRITE(6,366) (OIS2(K,2),K=1,IRRR) 
REAO(S,4)(DIS2(K,3),K=1,IRRRJ 
REAo(S,4'(OIS2(K,4),K=1,IRRR) . 
WRITE(6,4)(OIS2(K,),K=I,IRRR) 
WRITE(6,4)(OIS2(K,4),K=I,IRRR' 

366 FORMAT OOF 12.10 ) 
4 ;FORMAT(10F7.1) 

IDIS2=DIS2(RRR,1); ... '>.~": ,:',' .',' 
J=O " 

. { 

" r ,,~ 

I. " 



~~;. t.f~: ('; \~'} ~ 1 ; ~~ L;:~~'{ { i pP f r:; 
IF(IQ.EQ;O)LGOiTOPl101 
I QQ: I Q-l! ~ "" n c ! ! i';'" y: U 
DO,,'244:'JJ== 1 noo; 2, .',,: 

,~fl,!j 00',239.;1= 1,2 
II=JJ+I-l 

!~c YX(l,I)=0ISltIl,1)*DCOS(DISl(II,2» 
239 YX(2,I)=DISl(II,1)*DSIN(DISl(II,2» 

; 1- ( i 'n ~ , __ ' ~ ',:' J .' l,l 
J=J-t I}' il', ~! ..... ; 

OIS3(1,J)=(YX(2,l}~YX(2,2»/(YX(1,1)-YX(1,2» 
DIS3(2~J)~YX(2,1)~DIS3(1,J)*YX(1,l)' :, 

r' 
"" r" 
~ .. 

lIF(OAeS(DIS3(2,J».LT~O.lD-07'DIS3(2,J'=0.OO 00 
BB=DSQRT«YX(2,1)-YX(2,2"**2+(YX(1,l'-YX(I,2»**2) 
DIS3(3,J'=(YX(2,1'-YX(Z,Z»/BB 

~; fltiSDIS3(4,J)=-(YX(1,1)-YX(1,2' )/B6.,; ;. 1 .. i. I Y 
244 CONTINUEt.:L+;~L/H,t':. ~ 

(, l~ (: IPQ=IQI2/'(';-\'.: l.~' r c,' i·~;~.f::~'. ,,~t~ f: l:~ fl:t' "f,.;t~!· ~,t._. 

C '{[~iHRITE(6,3343)«OIS3(I,J),I=1,4),J=l,IPQ' 
. :3343 F;:OR,.,AT (4E15:6)} it ('.1 fO 't''..,,;' 
C " ::; ~ ~, .. ' l \.,. { : ; ~ .): ~ 'v; ~ 1 1 t - i} i'~ J \ U .. :.> i i;~ '~" ~J ) ,/ <~ ~.: t,i, ~ , 

, I ! 

C' ," ,; l:.CORRES TO A 2 CORRES TO B IN Y=AX+B 
.C:, "~3~ CORRES TO A AND 4 CORRES TO B IN VECTOR EQU OF THE PERPENDICULAR 
C1~!~**'***~'*~'~!*~'!'**~*~'!****************************************** 
C-i '7 it t, 1',1 i" f~ ,i .~ ? 1 ",t '; ~, 1.: ~ /.1 J 
C ":: ; ~ ;, t: '" ! ~ ~: 9 { ,~ -- 1 ,j 1 -r: ~~',~ r t: : _t.J 
C SUBROUTINE ~CHANGELIS.A }USER .SUPPLIED SUBROUTINE TO ALTER THE VALUES IN 
C I AR ( I ;J) :.} 

1101 :.:CALL' CHAUGE 
1100 uIPl=l , .. ""',, '{'1': '''!' '.' t.. ,f' ',;:' ~ ,~1;' • -' ~ ! 

tJ I P 2:: R ': {t _~ },~ ~ --': t.r ~ ~ J L ~* ! ; :' )~ { t ~ l i .. (: ~ ! !. -') 'I! i-,' f~. 1 ":' :: t I, f I ,: ~.\ ) 

797 I :=N+l i,';'; • ;'.i,i. : ,~',: n.1} 
~O'' 798 rIO 1= 1 , fL. t ,) t • l ) l,{ L \ V',l':,~ ~ 'u' ~ ) ,{,!" 1 '; \ { ; '\ t ~; >, 1 \ I ;~ } ,-:' , J ., ' i I 
I ~ I ~ 1 t:' f -'?.'l:~': ~,~, ~. L 1 :.~ >,~" ~~'~ Ir r~ ,; ,) ~ t~' ,/ t f ; ~ ! ~ #, t: " t • 
I~( (I.GE.ITT.AND.I.LE.IFF).OR.I.EQ.N) GO TO 222 
DO 444 IPP=l,R 



7~Ckl ~:r),t. ',,::: 
'jW(,:> ZAR( IPP, I )=ZAR( IPP,N) 

lIB(IPP,I)=ZIB(IPP,N) 
lICllPP,I):ZICIIPP,N) 
ZID(IPP,I)=ZIO(IPP,N) 

;444 CONTINUE 
'7 '; ;;/ GO r T O'~ 798 !" .....:. f., A ~ , 

222 ANG1=(I-l)*TN 
Ll=ll>' .:,.1' .1,'" 

.If(,IQ~EQ.O) GO .. TO 7070 
OOf 101~ JL=l ,IQ,2',' , .. 

J J • .-". 

.~ • t 
) . ~OE=O ",. (, ,. ; , .. \', .. i v : , 

If (ANGI'. LT. OM IN 1 (0 IS l( JL, 2) ,01 S U Jl+ 1,2) ) • OR. ANGI. GT • OMAXI ( 
10ISl:(JL',2),OISl(JL+l,2))) GO TO 101 

C' :::: J"~ :: { ~) ( t, 1* , ~.~ t) ,~ ~~ :' .. ~ t j'~~ 7. ) l. r .. { t, 

C \ t . '.-~ 

C FINDS}:lf~,THEiVALUF;IS' AT THE START OF A DISCONTINUITY 
IPQ~OIS1(Jl,2)/TN+O.1 

C THE O'~l"" IN'ABOVE} IS'TO' .. ,MAKE::,SURE IS,TJ1E SAME AS THE VALUE OF DIS 
.C READ;,It1f-l~O~,;,;1~ .. ":' 

IF(IPQ.NE.(I-l» GO TO 152 
7~~ RIOCLl)=(OISl(JL,l)-DRAD+DDRAO)/DDRAD 
l ?~' II = L 1 + 1 ~. t ~ ,; ~ ;,,,', ;, ",~ ~ .... t 

, .' {l;f1 ~OE=r:',':' . , 
752 ' til P Q = 0 I S 1 ( J L + 1 ; 2 ) 1 TN + 0 • 1 
934 FORMAT(2I?;f12.4)41 

IF(IPQ.NE~(I-~» GO TO.153 
RIO(ll)=(OI51(JL+l,1)-ORAD+DORAO)/DDRAD 

';l,~ ,{ ll=Ll+l 
:, _ l' or: ~ '. ~ \ ,,~", \' t '"\ t," Jf t '... Ii JOE - t :,: t • ~'. ,'. , ~ I , . I j " , t, . t t, ~:. "".~.''''' 

',753 'IF(JOE.EQ.l) GO TO 707 
IF(OABS(OIS3(2,(JL+l)/2».LT.O.lD-07)WRITE(6,313) 

313 ! FORMAT ( 'BOOS IN MAIN') 
:-. :r,' RIO (L 1') =0 I S3 (2, (JL+ 1) 12) 1 (DCOS (ANGl) *0 I 53 ( 1, (JL + 1) 12) -OS IN (ANG U ) 

RID(Ll)~(-RIO(Ll)~ORAD+OORAD)/OORAO+l. 

Ll=ll+l 



707 CotH INUE 
7070 CONTINUE 

722 
7952 

l ,,'~ ~,t 

j" I 

7954 

l ~'"~;: 
~1 ' " 

~" -
, 'I:~ : 
.103 
122 
'1708 

~it. ~f 't: 
,tj ~ ..... 

;'1 

''',,; .L~ •• 

711 

Kl~l! *,<"·!E.tT<.:j(;:~~ rtf :r~j;~ 

L4::0Lt1 r ):"~_i" 
ll=Ll~l fl"'-·]. 
L4::=L4-4:.1 :. } '-I .. 

IF(DIS2(Kl,3).LT.O.1) GO TO 7954 
I PQ= K 11 I,.',,, I : ~ 
L5=:=DIS2(Kl,3)+0.ID-04 
l6=DlS2(Kl,4)+O~lO-04 
I~«(L5.LT.L6).ANO.(I.LT.L5.0~.I.GT.L6')Kl=Kl+1 
IF«L5~GTiL6).ANO.(I.GT.L6.ANO.I.LT.L5»Kl=Kl+1 
IE(IrQ~EQ~KIJ-GO'TO 7954 
GOtTO;;7952 1 tLl,· '1t"·'!' 
ROO(L4)=:=OIS~(KI,I)+0.lD-09 

L 5 = 0 t t :. " 1 ~ . -. "f \ < J ) 
IIFCLl.EQ.O)!GO TO 708 
DO ~:.?03 ; 1.:2= 1 t L 1 ~' 
I~(RIO(L2)~GT.ROO(L4» GO TO 703 
ROD(L4)=RIO(L2) 
L5=:=L~ '1' 1 

CONTINUE; .. ~>~::.:~,;7. f',~ t", 

'" .. ' fORNAT.U5,lOF12.4) 
CONTINUE 
IF(L5iNE.O)RID(LS)=O.SD 05 
IF(L5.EQ.O) K1=Kl+l 
IF.(Kl.GT.RRR) GO TO 711 
GO;TO h722.';1;·: ... ;! ) .. ~ 
lL5=l4 ' .. , ; , 
WRITE(6,122)1;(ROO(L2),L2=1,L4) 
1.:3=1 ~:: t ,- :)~ p :"; i ", 

l'l=.l ,} '. ':'.' ' 
L2=2 1';.:'~ .. , ;C"~-")}' t",::,',: 

333 llL=ROO(L3) 
IF(L~lL.EQ.Ll) lGO";TO;!700 J 
'(..~ 1,. 'f ~~~ 1 t''; ~ ~ . 

~ ~) ~ 1 

'-



l2=llL-l 
H": IFCLT.NE'.LZ)GO'TO,754 

"~ \ I } I I B ( L 1 ',I ) = a • ' ~'. } 
:' Z I C' ( 1.'1 , I ) =0 ' ... '{ f L;/ l- 1 ~ 
\Z 10 ( L'l ;'ll =O~. ,::):' • j-" ',1''1 d. ,-, i 
'GO ,TO noD ( '. : "I : "t ), 

754 1 00 799 iL4=C1, LZ' , i , ' , /} J ','. : ) ,f"", I 

'X(L4)=L4 I ",i,' 
199 ":'VV(L4)=~IAR(L4,I) 

X(L'2+1}=L2+1 
VV(~2+1)~2.0*VV(L2)-VV(L2-1) 
.SSS=DFLOAT(L2-Ll+1) 
,CALl.:::,:SPLIUE (L'l, L2+'1, X, VV, B, C, 0 t SSS, AAAA) 
,DO £702 ,L4=Ll, L2 
,l-'lAR(L4,I'=VV(L4) 

:. ".' \ II B ( t:4'iI ) =B (l4), \; 
'IIC'(L4,1')=C(L'4') ~ 

702 !l I D, ( L 4 , I J.= 0 ( L 4' ); ~ 
700 :Cl=L2+ 1 ~f} J $'~ t,;') 1 ;-:: 1 
{'783 !.L3=L'3+ 1· 

IIF(Ll'.EQ.'+DIS2LGO ro 798 1.1~' I, 

~GO i.TO ,:333 , 
798 CmHINUE',,', 

/.,796 ;'CONT. INUE 
;,7.7 'i 1=1",,; t I ~ ~', : 

,+ L l' = l'~: ~t f <} :. !i ~1': ~ ! ";.I,~ \, 1':; 1 .~; ~ ,;, ~ '1 ~~'~ ~ fo 

: 4001':'l'2=DIS2{RRR+r,1)~1,1.1','t' II, ;~'~ 
$.,.' 1 I = I .... 1\ 'i- { J 1 ,t~f .; ~ i \~ t ')\ .,. ~, ~?;. 

~i' .:' DO'~'401"-K=Ll',L2~:<:~: :t::+ 1"~:-·\~"f~~":~:'*;' ,,} r:;' ,f!'l.l, t !"'f .J r~}; f ~ r;i .. f~ 

: -( ",; 

fAA=OFLOAT'(Kr i' ~ /;1",'.' 7-1,f J 
'kJ=AAI' 100' ~'~ .. f r> :'~ 
',JELL Y=K-J"'<100 ~:. 
!'J =J+ N+ 1 ~',;;:, :,' j ~i h·;1 
~'IF(JELL Y~rJE.O)' -GO iTO "'300 I 
~J El!L Y=lOO~} k'll] 

? J = J ;.; F { .. 'i i H :> 1 ~ ., ~ i t"~ ~'t ~\~ n,"li 'it> 0;. "",," f J t ,., j .; , n;;...~ ,\!.td L ; F (J • ,;? i 



< 1 "J~ f', ,,<~~ i 

,300' "lWV,(K)=lAR(JELLY,J) 
, 401:X(K')=DFLOAT(K) 

Xtl2+1)?DFLOAT(L2+1) 
VV(L2~1)=VV(L2)*2.0-VV(L2-1) 
SSS=DElOAT(L2+1-L1) 
CAl~~SPLINE(L1,L2+1,X,VV,B,C,O,SSS,AAAA) 
00,,402 K=l1,L2 
AA=:DFLOAT(K' 
J=AA/,lOO 
JElLY=K-J*lOO , 
J=:J+N+ 1 " ,. ! 

IF.(JELlY.fJE.O) GO TO 301 
JELLY=10Q. 
J=J-,l", ' ,} \ 

301 >:'rlIB(JElLY,J)=B(K) 
lIC(JELLY,J}=C(K) 
ZID (JELLY ,J) =0 (K),. 
ZAR(JELLY,J)=VV(Kl 

402 ,CONT INUE \ 
IF(RRR~I~l.EQ.IRRR) GO TO 403 
L 1=1:2+) !, t ", ' 

, ,,'GO ;TO 400~. 
"403 CONTINUE"( 

83 FORMAT( 15) , 
" ~EAD{5,91)~NIT,FIN,ANG,STEP 

WRITE (6,92 ,ytl IT, F IN, STEP, AtJG 
,91(FOR/1AT(3F5~1,F8.4L", l"~',rH"1tih, r. Lift;t::,', ";'f':} 
92 lFORMAT('"ANGLES;GO'FROH·,:,'F.5.'1,· .. 'TO·"F5.1,· IN STEPS OF',F8.4,F5.11 

i,i: y '" PDP~«F.UI-:"YrJIT)/STEP+1~);;¢'lr,";'ti·;,if~ P\l,"'/,'i"t·.,' 'f,V',","; 
I STEP=p,DP+Q, .10-04 ':,," 5' ~'" L?) 

-WRIJE(3,83)ISTEP 
DO 123 ,'JK=1 ,lSTEp;. i ji f {! 1.0 ; !;. tf.lt 

.~.' PDP.=OFLOAT,(,IK-l ) *STEP+YtJI T 
URITE(6,99)PDP 

99 FORtJ.AT( 'TUIS IS THE RAY . PATH FOR ANGLE • ,F6.2) 



. 1 t ~ .. 

...,:i:',. .~ l .. t 

\(} Jt~ !:-;3 
. \.:.~. ',J A L= 1,:; ~ .~:-; 1 

ii:" ;OT=O.OOtOO.:( /;',I~.LF') 
;~lOI M=1, >~ " 

';', '"SSIG=SSS IG 
J;'i' ~OOS=O.'OD lOO '" .. :'; -'I 

tXXY=O.OO 00 
ft\' .XK=O.:Co.OQ 
',,', ~IAA=4~f' , ~ > ~ f 

~; I' 1 

I ~ Y (1 )=A (1) 
nAB=4 

2 

,7 

Y (2) = (At~G-T) *TN 
~(3)=PI*(90.0+POP) 
~Y (4 )=0.00 00 
Y(5)=0.OD 00 
Y(6)=0.OO 00 
Y(1)=l.O 
DO 7 J=1,3 
DERIV(J+4)=O.OD 00 

DERIV(J)=OER{J) 
'JCOU=NNN-l 

IF(JAl.NE.l)JAl=7 
PRMT (1) =XXY 
PRHT(3)=ABC 

'PRMT(4)7BAC 
" PRMT(S)=O.O 
'PRrHS=O~OD 00 

EXTERNAL fCT,OUTP 
CAllcOHPCG{PRMT,y,OERIV,NDIM,IHlF,FCT,OUTP,AUX) 
WRITE(6,1964)IHlF,PRMT(5),Y(1),Y{2) 

1964, FORMAT( 1 IHlF=', 15, 1 PRt1T( 5)=1 ,F5.1, 1 RAO=' ,F6.1,' 
IF(PRMT(5).EQ.O) GO TO 123 
IPRHT=PRf1T(5) 
GO TO(44,33,2,46,46,49),IPRMT 

33 WRITE(6,34) . 

ANG=',F6.4) 



FILE 

,34 FOR~AT('DIFF RECO') 
GO TO 123 

44WRITE(6,45) 
45. FORMAT('NEXT ANGLE') 

GO TO 123 
46 WRITE(6~t47) ·',:;,.i·/. 'J' .• 

47 FORMAT ( 'TOO' WEAK,t.)-, t, 

~;,iGO',TOr123::~, " "., \' 
149' ,WRITE(6,4U) 

4Q' FOR~AT('HEAD WAVE') 
123 CONTINUE, 

1=0 ' .. ", 
WRITE(3,83)I 
STOP'" , 
END'" , ": 

''f ,.1 't/ ! 

'" 
" l 

" 
, "': 

, . -, ,~ " 
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'SUBROUTlt~EVELOC(VE,OVR,OVT,OVRR,OVRT,OVTT,A,THET) 
IMPLICIT REAL*8(A-H,O-Y) 

C nus SUBROUTINE COt1PUTES THE VELOCITY INSIDE THE EARTH MODEL 
C THE OR IGINAL SPLIUE COEF COMPUTED IN TUE MA IN ARE USED FOR HiE 
C RADIAL DIRECTION SPLINE IS CALLED AGAIN FOR ItHERPOLATION IN THE 
C" TUETA'DIRECTION " 

LOGICAL r L2,LL' p, " " 

INTEGER.R,RRR,RRR6,R6,Rl,Tl 
COMMON/AG/KM,IRRR,ITT,IF.F,IAA,IAO 

,J.I:2 COM~ON/SOS/DRR(102) ,V(102) ,DV(102) ,XC 102) ,B(102) ,C(02) ,D( 102) 
COMMON.lAR(102,106),lIO(102,106),lIC(102,106),lIB(102,106) 

1iDIS1(32,3),DIS2(lO,4),DIS3(4,32) 
l:~ COHMON/AS/RAD,DORAO,ORAO,RRR6,R6,R,RRR,IQ/AE/PRMT5,PI,XXY,RESO,lKM 

COHMON/AP/TN,DDS,XK,JAL,NNN,JJA,N 
COMMON/AK/PL(5i5)~YXZ(10ilO)iSSIGiJCOU 
COt1tJON/HGI I HLF 
IF(A~LT~(ORAD+30~O», GO TO 299 
CALL:fBERT(A,THET,PP,FF,Rl,Tl),\"li • "I'n '1..'0/<'," " , 

C', IF~'THE· RAY,ISJNOT>NEA,R'TO ,A LATERAL DISCONTINUITY THEN DETWEEN 
:C HERE" AND LABEL 135 ANY OTHER INTERPOLATION SCHEME MAY BE 
C INCORPORATED ,INTO 'THE PROGRAM, 
C EG. :IFlTHE:VELOCITY'IN ,THE.CRUST:IS~A:CONSTANTIVALUE THEN 
C THE:. F OL L OW I N G ,. H 0 U L 0 . A P PLY'".. \',' ~ .' ,I • I,. !: '. ~ f H 1 , :; I I) (J' , : J !" 

"c ~ IFCA.LT.6331.0) GO :TO~ 135': {.:'! f U1 "~;" .• f: ... U .,10,(,·;: \ 

C "l"'VE=lARCRl l)·,.Ii" .. '~;' 1 '.'" 'if ~.' . , f.:, ('V .r ',. "~"' •• ' t, ".. 'f 

C ;OVR=O.OD;OO'~.~ .• ·";)/Xil«.{~~,.lr:'·1j' Ll:, ( .. , 
C ~'.-.": .. ,J ;~ . ETC ~; _ ~)' .. ~ J t ,1 .. ',~ ~,.' ~," ' • .' J ~, ~: t' j : . .t l 'i) ~ ~ 

C .'" RETURN ;'. " i : ,~ :." ,: j, ;, ,. L"~ ( ,:', {.; ~ 1 U.: l } I 
135'~RR1=DFlOAT(Rl) ; 

TTl=OFLOAT( T1) ,; ~~;' ~; ~ <. 1.1 ;' !~ , 

IF (J COU ~ LT ~ NNN~ 1) J OY= 1.' ,~\ ::, ~ { ~; ,f, :- ,h:; ( r I :'~ ': t 1. • t .J .. : : " :. i I : I ~ 
IF(R1.LE~R) GO TO 100 ' 

~'!. ,: HRI TE (6,13) R1, Tl, VE ,OVR,DVRR, DVRT, DVTT i O.VT ,A ,TBET 
t. ')13 FORMAT ( 'OUT ... OF 'BOUNDS' ;215 "lOE12.4) 

STOP,,·' : ~ :;! ~ 
, ~,~ i ;' \'. 

", .t-, , . "~ "'. ~ ; I \.~ .. ~ ... ' ,~; 

II t·.;. 0 

'j 1 \ ,,;~. 1., hIe H V;\ U : ,) ... '\: ,~ . :" 'f ~ L ~: r-l , ~ 1 , ~. : Q t ~ 



1 ~ 1 ~~ ~ :'t \ t ~ ~, 1 ~~. ~ l ; <, .. l' I ~ ~,~ l . ~ ~' ; 1., J ! i~~ j ~- ;~ $ :": • : r~ ~~ { T ~ ,r T } } • Co, ~~ .. L;' t \ j t l , J .J il I 
1 ! ; ;: :":' :' 

• ;-~; :.~ 'i • ~~'~7";. t o:,~ 

',t -!. ~" j : .... 

J! ." '1 j, i- ¥ , •• \ 

-/'. :\ ~',) l~,""~, 

tt",t~~ .... tl '\ )-1. !J~ ) S (t. 

100 1.IF(Tl.'GE.1) lGOiTO.:l02 
WRITE(6j13)Rl,TliVE,nVR,DVRR~DVR~,DVTT,DVT,A,THET' 
PRMT5= 1. ' 
RETURN I, J;~ 

I) 1 02 II F (R 1 ; N E .; R) ;; GO.' T 0 -103 ( " ' '.:, ,) \'.' . i i 

IPRMT5=1~.:.. 
<t, ,< 1; GO f TO ( 104 ':'(.: i I) \ ;" ~ t J : J 'to ! i " t·· ! • ; : J ; < I: t ' -t ' I '.: ' , 

103 IJJA=OKl,Jll 
lIB= P P-R 11 {::::"', .• l) >, (, ; u t 9~ .i ~ J \ } ~ ~ • (, .. ,.. l ;; i. \) .i. f ,~ ;, • ';;" , , ,: , J 

IF(IQ~EQ.O.OR.Tl:';EQ~(N-::l) .GOfTO\18. ;i; 
lOQ::I Q-I:: 

','Ji H1=RR1*ODRAD+DRAD-DDRAO 
:OIST4=DSQRT((H1+2~*DDRAO)*OC05(2~*TN)-H1)**2+((H1+2.* 

1DDRAD) *DSIrH 2 ;*TU} ) **21.,,; ~~: ,; ,::) ",>' 
SDDD=OI 5T4" 
OO:11',J=1,IQQ,2 !' ,;,'/ 
I F ( (T 1 + 1 ) )!tT N ~ LT. 0 M ItH CD IS l( J , 2) ,D I S lt J + 1 , 2 ) ) ~ UR.; !{ • ", l +l f J I l' 

I(TI-3)*TN~GT.OHAXllDISllJ,2),OISl(J+I,2») GO TO 77 
IF(A.GT.0l1AX1(DISl(J,U ;OlSl(J+1,l).OR.A~LT;.DMINl( i, :.' 

10ISl(J,1),DlSl(J+l,1») GO TO 77 
IF(OABS(OIS3(1,{J+l)/2').LT.O.lD-13) GO TO 1912 

C ABOVE·LINE IS'TO~STOP.OlVISION BY ZERO 
',,' Xll=(Hl*DSItUlTl-U*TN1-OIS3l2,(J+U/2»1 

!.r IDIS3(l'(J+l)/2) 
DIST3=XII-Hl*OCOS«T171)*TN).~~ CD l~ ~~~ 
DIST3=OABS(OIST3*DSIN(OABS(OATAN(OIS3{li(J+11/2»») 
GO ,TO 1911 

1912 DIST3=DABS(OIS3(2,(J+l'/2l-Hl*DSlN«(TT1-1)*TN» 
1911 IF(OIST3.GT.OIST4) GO TO 77 

015T4=01S13 
JJA=CJ+l)/2 

11 CONTINUE 
C THE .GE. FOR TilE UEXT LINE SHOWS WHICH VALUES ARE TAKEN ALONG THE LINE OF 
C THE DISCONTINUITY 

18 IF(JJA.EQ~O) GO TO 660 



~ .. ,? ~'~ ~,/ l ~';;~; ; ~:. 
Ll=(A*OSIN(THET)-DIS3(t,JJA)*A*DCOS(THET».GE.OIS3(2,JJA) 

~ .. I PQ = a: ,~J:'" \t t i - i ~ - ~l { .! -<~~ } 
753 iDO '632.' .. 1 = 1,.5 r ~~:: }- n\T' ! -;?: l 

;x (I:)=I~"\:.·',"·\!;~'d 1 ... ~ i '-j "f~~ I, t -/) 
~,l,'- fJl=T1+1-3 

:ANG:: (J 1-1) *TN 
;~~;,' D2=DSIN(AtJG)-DIS3( l,JJA1*DCOS(ANG) 

L2::::A,*D2. GE. DIS3 (2, JJA) 
IFJ(Ll.AtIO.L2).OR.(.tWT.Ll.ANo •• rWT.L2)) GO TO 642 

.V U ) ~o .00. 00" j 

GO ;TO 632J I ,: ", ' '.. , + 

642 'IF(;(ABS( ZAR( Rl",Jl'l-ZAR (Rl+l ,JU) .GT .ZKH» 
IGO ,TO 631? I :"",!' i' ,.' 

.634 'VII )=( OiH*ZID(Rl,Jl)+ZIC(Rl,Jll )*HH+ZIB(Rl,Jl) )*HH 
l+lAR(Rl,'Jl) 

,£; ,:; DV(! )=(HH*3.0*IID(Rl,Jl)+2.0*ZIC(Rl,JU )*HH+ZIB(RltJl) 
,ORR( I'}=6.0*Jltt*ZID(Rl ,Jl)+2.0*ZIC (Rl ,Jl) 
GO ,TO '632'~'~ ! } 

631 , RADl=OIS3(2,JJA1/D2 
'.1F,(DJ\BS(OIS3{2,'JJAU.LT'.1.OD-,lOhGO TO 634 
.IFJA.L:T~RJ\DI.OR.tn'.Gr.RAOI)1 Go. }TO,!634>HcH, ~ L j ~'l'i'l' 

"~ v (I '.=0'.00., 00 .. ',' 
1 I F J J P Q '. E Q • 0 ) \ GO no \ ,632d y '1 ~ fh" I: ! ': ~ i: ~ • III l n n 11 h:: ~ p, .. ? 1 " :, 
tIF(ABS(ZAJUR1+2iJt):-,IAR(Rl.+l,Jl'» .Lr.'ZKM)V(I )=lAR(R1+l ,Jl)-
lZAR(R1+2,Jl) 

i ./ "V (1 ) = (( II 0 on + 1 , J 1 ) * H H + Z I C ( R 1 + 1 t J l) ) * HH I I B ( R 1 + 1 , J 1 ) ) * H 
l+IAR(Rl+l,Jl)+V(!) 

, Id. ,DV (I,) = Z I B (R 1 + 1, J 1 ) . 
ORR (,I,' =2 .O*ZIC (R1+1 t~l,).~L* ( nit',) • ,·,' .. 1 IT * f;,'.I. ,'~. 'f ';"~' 

632 CONTINUE, 1 ,,·1 ~ j (.~~:J !)~ ,:i')fj 

639 ' .. CONTUlUE. tJ ,.) T :, l,J) 
~ . . , 

f,,;, IF(V(1)".'GT.O.O.ANO,.V,(2.''.GT.O.O) GO ,TG:622 > 
,IF(V(4L.GT.O.O.ANO.V(S'.GT.0.O) GO TO 623 
IPQ=l 
GO TO 753 



622 ' 

614 

, , , , ., t 

~ \ ",1' ! :. { ~:~ ~ . ": : ~ '-" 0\, ~ ~,~ ~ _ .. ; }~ t ~ _{, : i '~l ~ ~ 't \ 

~O' 61'ti J =3;5 
IF ( V ( 1 ) • G T .0.0) 1 GO .. . TO', 6141 ) ) .I : f Il " f :', i 

V( 1 )=2~O*V('I-1')-V(I-2r.'~." ' 
DV,( I '=2.0*DV(I-l)-OV( 1-2), ,:, I C,;,' ,", ( , 

~RR(I)=2~O*ORR(I-l)-ORR(I-2) 
CONTdNUE,::";lt"Y" ,t. . ' 

GO' TO, 641'· ~ . ,:,' ., ! ~', j',' ""\i 

6 2 3 1 = 4' : .... f .~ • '" i . ': "q \, j , 

,,' 

.:, '.:\ , 

615 

DO,,' 615 "11=,1',3 ' ". , 
I =" 1-1"" ~ ./ ~ ~ f / t c: -,;' ~'~. ~~ 

IF(V(I)~GT.O.O) GO TO 615 
fV(I)=2~O*V(I+l)-V(I+2)~\d:·( l' 

OV(I,)=2.0*DVtI+l)-DV(I+2) 
DRR'(I)=2.0*ORR(I+l)-ORR(I+2) 
CONTH.JUE,'1 i1} , 

GO"TO;641:}L'L;~''',\(.';'' ,: .J} 
660 ;JKL=.Q .. t' :: ,.. :'1 't: A:.: 

DO 661,~ 1=1,5 
X(I)=DFLOAT(I) 

,,;. 11= 1+ T 1-3 :, .~" 

IF(Il.LT~1.0R.Il.GT.N) GO TO 7000 

, " 1 

V (I )::: ( (HH*1 10 ( Rl , II) + I I C (Rl ,I 1) ) *HH+ lIB (R 1 ,I 1) ) *HH 
I+ZAR(Rltll).~;:. ;"f, },;';Y"'l 

OV(I)=(3~O*HH*IID(Rl,I1)~2~O*IICtR1,ll"*HH+ZIB(Rl,11) 
DRR(I)=6.0*IID(Rl,ll)*HH+2.0*IIC(Rl,Il) 
GO TO'661,";:.in !,1 

7000 V ( 1 )=0 ~OD. 00 J 
JKL=1'~"':~~'L~;'\1 rlJ:'('.l~' 4'~) 

661 COfJTIUUE~! 

I F (T 1 • LT. ,( ITT - 4 ) '.0 R '. T 1 • G T • ( IFF +4 ) • 0 R • ITT • E Q • 0 ) GOT 0 800 
IF(Tl.EQ.(N-l) GO TO 800 
IF(JKL.EQ.l) GO TO 639 

641 CALL';SPL'IUE(1,S,X,V,D,C,D,0.OD 00,0.10 OlJ 
HH=FF-Tl'IL:{j:~t:Pfo:~;::i<;,*f~H'i:::~ •. ';, , 



" 

VE=((HH*DC3)+C(3»*HH+B(3»)*HH+V(3) 
DVT=(3.0*HH*O(3)+2.0*C(3»*UH+B(3) 
OVT=OVT /Ttl 
OVTT=(6.0*HH*0(3)+2.0*C(3»/(TN*TN) 

··CALL'SPLINE(1,5,X,DV,B,C,D,0.00 00,0.10 01) 
,. OVR= { (HH*O( 3) +C (3) ) *HtHO (3) ) *HH+DV(3 )'·~!.H t I Ln, (l' 1. 1 1 i 
. OVI{=DVR/DORAD i; ,~/ I,;; ,~,,> 's,. :,J ~ 
~CALL~SPLINE{1~5iX,DRR,B,C,0;O~OD100,O.lD 01) 
, ,OVRR= ( (0 (3) *HH+C (3) ) *HH+B (3) ) *HH+ORR (3) 
,;OVRT= (3.0*0 (3) *HH+2.0*C (3) ) *HH+B (3) 
DVRR=DVRR/(ODRAO*CORAD) 
DVRT=DVRT/(OORAO*TN) 
GO.TO 300 

C ' F INDSTHE , .. VELOC lTV FOR REGION IN WH ICB V=f (RADIUS) 
800 ·OVT=O.OD 00. 

DVTT=O.OD '00 ( .. 
OVRT=O.OD '00 .;. 
'DVRR=DRR(3)/(OORAD*DORAO) 
OVR=DV(3)/DORAO 

299 

:VE=V(3) 
GO TO~300 

OVT=O.OO 00 
DVRT=O.OO 00 
DVTT=O.OO 00 
IF(JCOU.lT.NNN-I1JOY=1 
PP=DFLOAT(R6)*(A~1.0)/(DRAD+9.0) 

,TI=PP . 

193 

HH=PP-OfLOAT(Tl) 
Tl=PP/O.lD 03 
Rl=PP-OFlOAT(Tl)*O.10 03 
Tl=Tl+t1+1 
IF(Rl.NE.O) GO 'TO 193 
Rl=lOO ' 
Tl=Tl-1 

CDrHINUE 
VE=«(HH*ZIO(Rl,Tl)+lIC(Rl,Tl»*HH+ZIB(Rl,Tl» 



300 
355 

301 
12 

l*HH+ZAR(Rl,Tl) .' 
DV.~~ (3 .~*Hti*l 10 (Rl" T 1 )+,2 .o.*,ZsI4 (,R 1, :TIl) ) ~,HH~l I B (R 1, T1) 
DVR=DVR*DFLOAT(R6}/(ORAD~9.0) 
O:V~~:;;·~,. O*JtH* l,10 (Rl,t 'T.i )~i:'i .O~ lItO (R 1, T 1 ) 
QVRR=DVRR*OFLQAT(R6>,'tR6)/«DRAO+9.0)**2) 1 'I'~, '\"':;",'''1' ,nt,""''( ~"\', ""1 

'. ,,> }.,~'" $-. ,/1 , .. " ,J" , .' "':'" J i • iIIl • r,;. ~ II: ) ,~, ~ '.-

t~J JCOU. LT/.~t'I,N77.1:),J 9Y,.=)' L f {;!;:~. t J,~, , ", 
;CPN,l)!~UE'\,; I't:::;~tk;~.',' :~":"{ ,1·,~; 
1~(~COU.LT.NNN-l.OR.JOY.NE.l) GO TO 104 
J.O,(~.O;;.\. HI';; r l Hl.}: ... ': 
\\~RI;r:;R:( 6(12l) 
F.ORtAJ\T(it:X'~·i~1.'.,4'S'·iT·ll',:'~X,'VELOCITY' ,ax, 'DVR' ,ax, 'OVT', 

18X,,~O,,~R' ,7X, 'OVRT' ,7X, 'DVTT' ,6X, 'JJA') 
WRITE(6,2313)Rl,T1,VE,DVR,DVT,DVRR,DVRT,DVTT,JJA 

.,,\' ,2313 FORt-!AT (216, 6E12. 3, 16) 
~ """ ' 

104 RETURN 
END ,. 

ILE 



FILE 

SUBROUTINE DERT(A,THET,AA,TTHET,AI,THETAI) 
IMPLICIT;REAL*8(A-H,O-Y),{ 
INTEGER'R,R6,RRR6,RRR,THETAI,AI 

: 'I;I!COMMON/AS/RAO,OORAO,ORAO,RRR6,R6,R,RRR,IQ/AE/PRMT5,PI,XXY,RESO,iKM 
(~J :COMMON/AP/TN,ODS,XK,JAl,NNN,JJA,tL' . ',. :'" ,,' ..... 

AA=CA~DRAO+DDRAD)/DDRAO 
A I = AA .f {" !. ' 

TTHET=THET/TN+l.O: , 
THETAI=TTHET, 
IFCTHETAI.GE.N)THETAI=N-l·/' 

/ RETURN '" 
END: ;' , '" , ;', , 

t 1, 

, ( \, \ v 

. t,' 

; 

\ • ~ ~ 'I; 

. ' 
:' ~ •. ~tJ i':' ,~, 

\ '/ 'I' { 1 t - ',; ,; ,: 
~I:~·r-{,~.~~" '.' ~ /\' t: ,\1 
. 4'" t { ~; ~ / '; :. ".~~ '. ~ t' < ,;- [ "¥ , t;. 

.. \ 



,,' 

,I 

SUBROUTINE fCT(X,Y,DERIV)J v:. t'IIJ) ~:nt~fi,,..<.~t I 

IMPLICIT REAL*S(A-H,O-Y) 
'C. Tlli S ~ SU3ROUTlfJE.: COMPUTES THE T.v ALUE.s:· CF", THE) RIGHT;'~ HAND SIDE. OF, THE 

C DIFFERENT IAL ,EQUATIONS, fOR') Rft.Y PATH., AND-;, GECMETRI CAL., SPREADING EFFECT 
COMMON/AK/PL'~,~)~YXZ(lO,lO),SSIGtJCOU 

FILE 

,PI HENSION, ;(,(7) ,OER IV (1) 
.COMMON/AE/PRt1T5,PJ',XXy.,RJ::SO;LKMl , : ':. ( '," , " )( , '. 
CouMON/OOO/VE~ "I' f '(I i """ ",. " . <, , t·~ , ' ''.;, t. ~ ~ '--M J i ~ ,,\~ \ k ;..l' t:~ ,. ,1 ',~ .. \, l., ~ . ~ t ~ 1:,'" _~ • ~ ~ f Ii l. ~ I-,. ; 

3 1 ~ CALL{ VELOCJV~'; DVR, DVJ t DV~R, OVRT', OVTT, Y (1), V (2) ) 
5 CONTI NUE'Jflj'fL 

. , , 
.~; .' 

II F( Y.t:3 )'. GT:. 0.10:-04) GO TO 1 

:2 
H.R lTc' ( 6 , 2) '.. \ '. i :. %' ;', , ~ r ., r , 1 q:' j r l'~ t, d ., ~~ 

fOR MAT. L~:~ RAY 1 ,G 0 I N G ( R CU NO, ! IN: C IRe l E S' J;: ~ ~ .' ~ ",. ,.:,: . 
,~,) PRMT5= 1. " 

" 

RETURN'f~ :,:,";: r ; i';'y,'::: i~~~' i;Y,; r'J~;'~~", (~t" l': ttl c;;.: ~ i~ .. r f.' f~ 
1 ';;> A8=DVR*V(S)+DVT*V(6) 

') 

\'"" I 

'~!"AS=DSItHY(3))',~~;1 ': '1;'r r;~;f!,.::.\'\ ;,.:' !.-' ..... ~'l,fl 
' ','" - s ( Y (3» ," "~.; -~ ,\ : \ ;., 1 l\;' ,!. \ '.' ,\ '. AC - 0 CO, ' • ,.. ¥.. '~. '. : ",,, ""', \ ...... ,! " h .. ' '\' '., ,t .• __ , ',; .. '.. , .. 

DERIV(l) -VE*AC' r",' '. -, ','r, ,H-' 'I ~ """, , 
' ,:'*'. ,.. t< .. ;to, .~.;o 'It ·'~l ... t,tl\~, ,"J,; rtL f"~;·. {-' •• : ':~'~?~/~"'.l 
DERIV(Z'=VE*AS1Y,(l'*SSIG,t f~~ /;:~l,z 
DERIV(3)~AS*(OVR~VE/Y(l')-SSIG*AC*OVT/Y(1) 
DERIV(4)=.vE*OERIV(l)·:,:';l\}"'i'f,~'~ ... ~,' J;:~ "'~ 
DERIV(S)=AD*AC-VE*AS*Y(7) -

, OERIV(6':(AB*AS-VE*(AS*V(S)/Y(1)_AC*Y(1) »)/V(lJ*SSIG 
,:,,' DERIV(7'=f.Y(S)*OVRR+Y(6)*OVRT-lAB_VE*V(S)/Yll) )/YU) J*AS 

.1+(DVR~VE/V(1»*AC*Y(1)+(fAC*Y(5)/Y(1'+AS*Y(1)'*DVT_AC*(V(S)* 
IDVRT+Y,(6'*OVTT»/V(l)*SSIG i . 

RETURN 
END" I, !. " ' -i ~ ~ f' ,Vi ;~ ~I \ 

~/ "~' .. : j i"1 ',Y ,;, .. "; j.'~ ~ if":""", ~, • l' 
; ~~ 

;~~'r;:f'ir i! 
'If¢' 'f 'J. ~ ~ 7 J ~ 

" ;., 1~ ~',- jo"\, 

~ ). :; , 
,y, ~ ~ ".,t' ~ 



SUBROUTINE OUTP(XX,YY,DERIV,IHLF,NOIM,PRMT) 
4!~IIMPLICIT REAL*~(A-H,O-Y) 
C THIS"'SUBROUTINE;'OUTPUTS ALl~!THE" NECESSARY ,DATA' AND: REFLECTS OR-

"C REFRACTS:; THE:: RAY., ,AT {THE,'RADIAl, AND LATERAL DISCONTINUITIES 

. 

r 
1,.i!< , 

INTEGER'"R,RRRjRRR6,R6;"'",'{":\n/(,, 'I' '(' ,j: 
LOGICAL Ll,L2 
OIMENSION:YY(1)iOERIV(1)~PRMTI5)iIZAI32),IZB(32) 

lCOMMON"ZAR(102,l06),lID(102,106),ZIC(102,106),lIBll02,106) 
1 , 0 lSI ( 32 ,3 )" DIS 2 ( 10, 4) ,D 1 S 3 ( 4 , 32 ); ,r; ; , " ," " \ 

COMMON/DOO/VE:,\:! (:,;J,"'Ld 
DIMENSION¥XOUT(lO)~,;!.';i~\,"",;; :". ' !;" 
COMMON/AG/KM,lRRR,ITT,IFF,IAA,IAB 
COMMON/AP/TN,OOS,XXY,JAl,NNN,JA,N/AK/PL(S,5),YXlIIO,10),SSIG, 

IJCOU:; \'::" 1 i r' ',' "',,'" '" '" ' C' ~ ¥ • " 

COMMON/AS/RAD,DDRAD,DRAO,RRR6,R6,R,RRR,IQ/AE/PRMT5,PI,XXYY, 
IDS,ZKM, 

C FINDS IF·RAY,·lS~NEAR.TO THE DOTTOMOF ITS PATH 
IF(YYll).GT.A.ANO.JJJ.EQ~0.AND.JAL.NE.l)WRITE(6,2000)A 
IF(YY(l).GT.A~ANO.JJJ.EQ.O.AND.JAL.NE.l)JCOU=NNN-l 

,2000\ FORMATl'THE RAY BOTTOMS AT ·,F12~4) 
IFlYY(l)~GT.A)JJJ=l 
IFCYYCl).LT.RAD.AND.PRMT5.LT.l.O) GO TO 10 
JCOU=NNU-l 
PRHT5=1, '" 

/: 10,;;; A=YY ( 1) :, 
T=YY( 2)" 
SA=YY (3) ,'" · 
JJA=JA"'" ' , 

'," 

IF(JAl.NE.l) GO TO 4261 
'VEPl=DCOS(YY(3)-O.9D 02*PI' 

1=0 ",\~:-' 
WRITE(3,89) L',,:~, ,','; 
AMPLO=l. \ , ',' ~". '. ' 
T2=YY (2) • , ".,; , .; :'~, r ,',} 

JJJ=O; ,! ';', :":' ',i ,>,~, ,r' ~ 
~, } t ~, ~ I' " " 1 , " il, -, J-.', 1c.~ i 

> " 

':Ii ~ f: " ~ i' 

,~< ' L :f 



42611 CONTINUEl l~) 

C COMPUTES;THE AMPLITUDE CSQRT OF THE INTENSITV) - INCLUDES GEOMETRICAL 
C SPREADING AND ENERGV PARTITIONING 
~ AMPL=OSQRTCVVCS'*VV(5)+VVll)*VVllJ*VVl6'*VVl6), 
{~ lTT=T-:-T2 ~" t;1 r, ,:~\.:,:'~~~f:,"~< r:: ;;,; :~' ~ ! 

IF(DABS(AMPL).GT.O.OOl)AMPL=DSQRTCOABS(VEP1)/CDSIN(DABSlTT» 
I*A*AMPL»):f) 

C AMPL2=AHPL*OSQRTlAMPLO'*OSQRTCO.20+01/0.557D+Ol)/C360.*PI' 
AMPL2=AMPL*OSQRTCAMPLO)~:i 

IFlJAl~EQ~7~AND.ICOUNT.LT.4) GO TO 1999 
OA=A-BA '.::' '.:' ';, ~:;~ i ". ~, ;< .. r i ,: f 

OT=T-BTI r. .." " " 

, OS=DSQRT CDA*OA+( A*OT )**2) 
IF(JAL.EQ.IJDS=O.OD 00 
ODS= OOS+OS ' 
OS=DS*(2.0**IHLF)*1.0I, 
OA=OA*(2.0**IHLF)*1.OI 
OT=DT*(2.0**IHLF)*1.01 

1999'~ AH=A+DA 
, i 'TM=T+DT ' 

~ '., XXYY=XX+XXy 
" ! t, ~ JCOU=JCOU+ 1 

IFlJCOU.LT.NNNJ GO TO 11 
C OUTPUT'CF. ALL DATA - DEVISE 3 TAKES THE X AND V COORDS FOR PLOTTING l 
C NUMBER OF VALUES READ OUT OEPENOS ON NNN"DEVISE 5 TAKES ALL OTHER DATA 

9! h, X=OCOS (T' *A 
V=A*DSItHTJ, 

,,""JCOU=O 
1: IF(JAl.EQ.l'JOCK=O 

JOCK=JOCK+ 1 ' 
IIAIJOCKJ=(X*0.lO,02J 
IIB(JOCKJ=(V*O.lO 02) 
IF'JCCK.NE.16.A1JO.JAl.NE.5J GO TO a8 
WRITE(3,89"IZACKJ,K=I,JOCKJ 
WRITE(3,89J'IlB'KJ,K=l,JOCKJ 



:'11 iJU. ,~,E!!T!,"'r, T'~f'\f,~lt i f'L 1;,I.! uq 
89 FORHAT(1615)r,A~,'Tfl~ffi) 

JOCK=O 
88 TT=T/PI.[Q .. INt) U. iL :.' r 

C IF(JAl.NE.1;ANO;;JAl·';NE·~SJ rGO'TO; llH :.' 
C ABOVE,lINE,MAY BE INSERTEOiTO FEED OUT JUST THE INITIAL AND FINAL VALUE 

ROUT=O~ ;:\: .. 1) ~r:.L:.'tH;:";O 
DO ·12 J=l,3 
XOUT(JJ=PleJ,lJ*X+Pl(J,Z'*Y 

12 ROUT=ROUT+XOUT(JJ*XOUT(JJ d r;q) ,'11 .nt·. f;~; >.; 
ROUT=DSQRT(ROUT) 
TOUT=DARCOS(XOUT(3'/ROUT'/PI 
PP=ROUT*DSIN (SA) IVE,·'::, Ut.~); f ,.H i •. ~. ~ ,. ", .' •. < i U '{ 

C FOR·lAT:BElOWITHE.EaUATOR·MUST~PUT'COlAT=lAT+90 TI GIVE -Z 
;POUT=DABS(OATANeXOUT(2J/XOUT(1»)/PI 

IF(X.GE.O.O.AND.Y.GE.O.OJGO TO 1101 
.~. IF(X.GE.D.O)POUT=0~36D.03-POUT·· ~:: 

IF(Y.GE.O.O)POUT=O;18D,03-POUT, .~,: .,:.'", l'.'(J .. ;',T~) 

IF(X~lT.O~O.ANO.Y.lT.O.O)POUT=0.18D 03+POUT 
C ffAVE'-HAD TOTPUT CONDITIOUS TO ACCOUNT FOR All POSSIBLE POSITIONS OF 
C SOURCE:AND;RECIEVER~ONrGlOBE 

1101 WRITE(6,3366) :',,':.: .",; .. r:; .. ', .. /\'). r I:~ ,.;;.:.~ ..... :.iJ; .• !:.~J!::;, 
3366 lfORHAT(4X~'RADIUS',8X,'THETA't8X,'PHI',6Xt " 

1~TI~E!,6X,~DISTANCE~,1Xi!T!,llX,!P!,8X,'EHERG ANG',2X,'AHPl' 
n 2,' ITUDE' ,3X, 'IHlF' ,3X, 'AHPlITUDEZ') 

~ TV frWRITE(6~14'ROUT,TOUT~POUT,XXyy,DDS,TT,PP,SA,AMPl~IHlF,AMPl2 
14 FOR~AT(8FI2.4·,F12.8, IS,FI2.S) 

IF(ROUT.GT.6370.0) WRITE(6,44JIAM,ITM 
44 :FORMAT(2I1J~~tl 

11 :IF(JAl;EQ~l'; GO!TO 500 
1 IF IJAl~EQ~5)I,CO :ro} 1212['; ./ h~ 
IF«A~lT~RAD~AND~PRMT5.lT.l.OJ GO TO 107 
t. PRI1T '5' = l'~ ~ ~,'. ,: ,';,~ ~ , 
GO! TO) 501 t t ,'} 1 f ,~r I~J. i f ~ t .. L ! .! .. ~; ~?, r~. 1 "r i ' .. (l: « " '0>. } , 

107 IF « A '.l T ~ ( DR A 0 + 3 0 ~ 0) H G 0 .~" TO" It 0 0 .:~. I U' , I r . i, :. . 

10=1 
, '. 



;:) ! f: 1 ": '.!; :~; 1 ~\::. t r\ $ J. j ~ 't ~ $; i ~ .. ¥ 

311 ~CALLIBERTCAHiTH,AAH,TTH,IAH,lTH) 
CALI.:BERT(AiTi'AA,TTiIAfIT).~; I.'t.: !,~ '> 
IoIS=R::.tt!"x.".n1 "t, 'fi ;"1 
IF(IOIS~EQ~IAH) ;GO;TO 127 
IE(IAM.EQ~IA.ANo.ITH.EQ.IT) GO TO 300 

C DO HNOT,r:WAtH ITOrREFRACT YET 
/; If(JAL.NE.1)ICOUNT=O 

IAB.=:4;~.~~" .• :"~} r~(1 T'(; ~)JC) 
lAA=4 
IF(ABS(ZARIIA,IT)-ZARCIAH,ITH»).GT.ZKH) GO TO 242 

l'j I=IAH+l!~r~T',ft ll~l~.~;'~r~~>-.:r} .;;.rl[.~) .. jl.,O J'I~)':j~i,t 

, J=ITM+1· .... r·:,::'~ (:,\,:,~ H~tSAi l} \; I,' !,' 

IF(ABS(ZARCIAH,ITH'-ZAR(IAH,J»).GT.ZKH.OR.ABS(ZAR(IAH, 
lITHI-ZAR(I,lTH).GT.IKH.OR.ABS(ZARII,J) 

1 1~IAR(l,ITH)'~GT.IKH)GO TO 242 
GO: TO.:' 5 00 ~ , 'j ~ : (/{ i \~, ~ > :'~, ! ~ I!) ,""\ \ { \ ~~1 ~~ y~ ~ t U ;.~ {.,. ~ >~ ) \ - 1 '~ ,'> 1 ,~ , , ffi 

3001IF,CIAA.EQ.4.ANO.JJA.EQ.O) GO TO 500 
IF(IAA.EQ.4;ANO.(IAB.EQ.3.0R.IAB.EQ.5)'ICOUnT=3 

242 Y=A*oSltHT) 
X=A*OCOS(T) 

I.·.! IFCICOUNT.EQ.3) GO TO 50 
IFeIAM.EQ.IA.AND.IAA.EQ.4.AND.CICOUNT.EQ.2.0R.ICOUNT.E0.5 

, l))GO"TO 81 
S lG IF,eICOUrlT.EQ.l.0R.ICOUNT.EQ.4) i.GO~,TOi81; . ~i, "1" 

71 l?K~OL:rf\>~"~f ;~.~; •. , l:~t -~~'-}'_;;{f.I';Ji\~>} ~.1' .;,1 f'," 

C TO FINO tHaW tUEAR \THE RAY :,JS ~TO A ,SPHERICAl: ,DISCONTINUITY 
IFeAH .. lT.A)K=RRR+l./t·!}~:." r,: t;~i~ 

00 aZ;I=ltRRRr~ .. .1.;~.~ :,"':) t ~j f l'l ':' 

If (AH.GE.f\lK=Y..+ll'· ~:~,: .. : 
If(AM.L~.Al K=K-l 

"\~~ IF(DIS2(K,3).LT.O.l) GO TO 1954 
L5=DISZeK,)'+O.lD-;04:· t ;,~ ,J.J .. 1 k;:~ J".';~:',> ,r \.', f;' 

. ,. L6=DIS2CK ~J+O '"lD-O~ .,. t .:,' , , .• "'''' t "~ ~ "'-~ , ;r, • ,'" i;; l ,*, "'~ , ~ • If ~,; • ~ Ii ~ ~ :-

1~((L5.LT.l6'.AND.(ITH.lT.l5.0R.ITH.GT.L6) GO TO 12 
IFUL5.GT.l6'.ANO.(ITH.GT.l6.ANo.ITM.LT.L5)) GO TO 12 



') ':; , f; i { ~.::t) ; ;1 t\~ (r ~ I t .. I, ~ :~~ i '<1 ~ 

1954 lOIS=DIS2(K,1);+0;lO-04J ,.~;\ .\). i:.:-(\'·ti '<:1 I,' ·1 

ZRAT=DIS2(K,2) 
1 F (I AM;'L r:. I A'~ AND.:IOIS~ EQ.'IA)! GO) TO 35 
JF(IOIS.EQ.IAM) GO TO 35 
(IF(AM.lT.A) GO TO 12 

t ~)I IAM='IAM+P t J,t ,., l +"it~ Xi ~ • (;) ~ ::, J t 1 ,,,,,' " } 
\IF(IOIS~EQ!IIAMF:GO, TO 35)·.\1<1 

72 CONTINUE·\n(Y.:!I':~:,I, 
IF(IAA~EQ~3riGO TO:500 ' ! ;;~n rn r 

~ I AA =4~; f. 1 ~ t ~y l ¥ 't! i 7 t 'i,l ;: - y ~ I~ l ,f\ 2. - x ; ~ ( ~ 4.. .. 

GO~crO;8H.,(:<;t (,i:; fD 'l<'j 

35 l~RR=DFlOAT(IDIS)*DDRAD+DRAD-DDRAD 
'IF(RR.GT.OABS(A*OSIN(SA») GO TO 73 

''l i IAA=5' 
GO:,.TO 81;;,.~_,'1-·'~"'r},~~,".1[~'''I.il~~;\' C.~J ,/;~: n 

13 SSA=3~l4159-SA 
CBl=DADS(DABS(A*DCOS(SSA»)-DABS(DSQRT(RR*RR-(A*DSIN(SSA)'** 

';,l ii, 12)));'~I!:\';'J:;".L.J :':': ,'J 

IF(CBl~lT.DS) GO TO 40 
'IAA=3 

!J, GO.TO.81 
40 IAA=6.~' '., .'~ '," ,:',) :~:i,.·.,. 

GO ,TO. 81: ,',e ' '$ Pf~ 
A ~'" <f 

'"! 
t: 

r' 1:1' 

80 IIAA=4C;:~ .. ;,",,,,:,,, "c.' ,,': 

• 1- ~ 

," 

C TO FIND~HOW NEAR THERAYtIS' TO A LATERAL DISCONTINUITY 
c8l :tF(ICOUNT.EQ.2~OR'.ICOUNT.EQ~5) GO TO 95 

'I CAleVElOC(VEE,DVR,DVT,DVRR,DVRT,DVTT,AM,TM) 
IF(DABS(VE-VEE).lT:oZKHL GO TO 500 / " 
IF(JJA.NE~O.OR.JA.NE.O) GO TO 50 

C .IFCIAA.EQ.4) GO TO 2060 
C' GO TO 95 
(2060. 'IAB=4":T$ C:\ It, [', .~;,~ (;/, ~,,\"·f.l :" ,n ' , ., 
eft·:; WRITErt{, 90) ICOUNT,' lAM, lA', IT, I TM, JJA, ZAR ( lA, I TJ , ZAR ( lAM, I TM) 
190 l l FORMAT.( 'NON-DEFINED DISCONTIUITY' ,615,2F12.6) 

STOP . 

.I 



I +~~ ~ ,~~ .. 7'1 

50 GR=DTAN(T+,SA~SSIG) ,~~ ,,' 
IF(DABS(OIS3(liJJA)~GR);GT.O.IO-04) GO TO 82 

1;: !\,f3~~\#'IAB=5!~ tt·;!:t~;,~t~i. ~'~~.t\l t ,~~? !" Y ~ ~ :.' ~~ ~ $,' .4 J f'1(" 

IF(JA;EQ~0;OR;4A~EQ;JJA)'GOlTOI951;' , 
JJA=JA ~}L" S};'; 

GO HO .. 50 .. ;, .. ::; 7 ;.)(!t~} S $,:', -,d • 

82 X2=~(DIS3(2,JJA)+GR*X-Y)/(DIS3(ltJJA)-GR) 
Y2~DIS3(1,JJA)!X2~DIS3(2,JJA) 

" ODTT=DAT AtH,Y2/.X2) l/l., : '( j , l ,~R t ( " 1. ; p,l: :. I ~) r . l ~" ?;' , t 
IF((ODTT~T)/OT;LT;O~OD~OO) GO TO 99 

lZ~ CB2=DSQRT«(Y2~Y)*(Y2-Y)+(X2-X'*(X2-Xl) 
IF(CB2.GT~DS)lGO TO 99 
I AB=6 t (q ") 'rt2 l 
GO,tTO,95~:Y~~dZt!t$h"US:i L\dT; .UIU L~~"1: f','I:':l',:; 

99 IA8=3t~~ , 
/,:,(fj IF(JA;EQ;0;·OR.JA.EQ.JJA)CGO;JTO,"..95i~' 'l'l~:'; :.' ,;,;.V;:.l': "ii 

.!;'~l JJA=JA} ~~.{, 
GO TO 501 

;95 IF(IAA+IAa~NE;12) GO TO 64 
PRMT (5) =:2 (~; Y,:t'I} 
GO '{ TO :'~501 • (,;' ~ t 1 ~i\~~' 1 '~,i ~'j~ t ~dJ :) ")~ ;>"~ 

64 CONTINUE 
IF(IAB.NE.4.AND.IQ.EQ.0)URITE(6,100SJ 

100S FORMAT(IIAB~NOT CEQ 4 WHEN IQ EQ 0 1 ) 

Ll=(IAA.EQ.4.0R.IAA.EQ.5) 
L2=CIAB.EQ;4.0R.IAB.EQ.5J 

~,h'{~' IF (Ll;" AND.; LZ) eGO :~TO 500," u: t':i:' H .. f' (f; ,::~ ~ ('I' ,:: ~ 

lIF((JAA.EQ~3;OR.ll);AND.IAB.EQ.6) GO TO 124 
IF « IAB.EQ~·3.;OR.L2) ;AND:IAA;EQ."6) :GO;'i10 .127: 

:tIt '5 1 GO TO ~50Q~. (j t t ~-~) f~~ :;t ~ i t]\ ~~. r .~~ ~:~. \~c ~ ~,~~ ~ _~ ~,~1U ; < ; , j 
c ~".".. "' .'4" J: .. '"" \ ,~,("" .t. 

t', \! .~:; 'f ~ :~ (.~ ~ \) f. ~:; :: .. t ~ t ::. :) SIt, t ~ S lll. } I ], 11 "~ 0 F 

t ~ElO~~REl~ECTS OR REfRACTS AT A SPHERICAL DISC - CALLS SUBROUTINE lO 
C ' fOR SOlUliOM OF EMERGY PARTITIONING EQUATIONS 
127 ICDUNT=l 



, ' 

.~ j, 4 ~;.~ : ;~~ ~l ~ :' ", 1 ~ } r ~ tt", " .... : f 
IAA=4r~.{\·:'~U:,>t<J~ '<, itl., t'\~ 

IF(101S~EQ.R) GO TO 8 
IF(101S~EQ~695) GO TO 126 

C ABOVEr,L INE ENSURES THAT THE RAY I S REFLECTED 
SYNR=DSINCSA1*ZARCIAM,ITM1/lARCIA,IT) 
SSA=O.OD 00 

AT THE CORE MANTLE BOUNDARY 

~: n[lCIF(SA~GT:·1.57080) HSSA=l:O t, i ,'" \,t; ,(.l~~ _, I ~ • 

12~ ZH=SAS~(~.SS!CtSA. 
IF(SSA~LT~O:l)ZRAT=l./ZRAT 

=CAllrlO(l;ZH~lAR(lAiIT);lAR(IAMjITM),lRAT,ll,lll) 
IF ( SYNR':'l :'0) 125. 154; 126''! f" r ~,' '3 U .. ,,'; td 

126 ~SA~3~14159~SA~i 
AMPCO=AMPLO*ZZZ 
WRITE(6,3972) 
WRITEC6,2345)ZH,SA,ZARCIA,IT"ZARCIAM,ITM),CBl,DS 
I CDUNT=41 ,>:~?; 

2345 FORMAT(6F12.6,' REFLECTION AT A RADIAL DISCONTINUITY') 
154 PRMT(5)=6(lt:~' 

125 
GO & TO': 501 it \' r ; .: (~.~, ! ~. 1 .. ,/ "U~:\ !" 
.: AHPLO=AMPlO* ZZ 
SA=OARSHH SYNR) 
IF(SSA~GT.O.IJSA=PI*0.18D 03-SA 
A=Atr't :i r:) ,;(:~) 
T=TH Z:'~.{l.<:H,!?''!l ~l'in ,l 'id,I.lr..' 
XXY=XXY+l.l*PRMT(3',!l~ 

1 Z~.I OOS=OS*l;; 1 +OOS·,} ,"; ::,; I' i1!~ ')', {:ii' ,J,'} (',! ,.; . i', " (' ) 

WRITE(6,3972':~;"CH):;,~\""'H ~ tto~r ,:.;, t .. 1'. 'l 
3912 FORHATC':tINCIDYANG:;,·,t;,REFfANG:1<.VELOCITY 1 VELOCITY 2' 

it 'C');;OISTANCE 1 DISTANCE 2') 
,:}-<.sr WRITE (6,3456'ZH,SA,ZAR( lA, IT) ,IAR(JAHtlTM),CBl'OS.!~ '. i' "; 
3456. FORMATC6F12~6;! REFRACTION AT A RADIAL DISCONTINUITY') 

GO TO. 121 
18') rOT=SA~OARSIN lA*OSIN (SA) /6311~O) C::~ ¥ C·;" 
:" .... ~E~ A=6'311!O' 1 ':~ .. In· );1: F 'n 0'; i~ i t, ,,~, P-H. V -'i. ~J '/ ~ 



T=T+OT' '; : ,'" '_ 
IF(SSIG.LT.l.)T=T-2.*OT 
OT=6311.0*OSIN(OT)/DSIN(SA' 
OOS=OOS+OT. t~~RMr'3\ 
XXYY,=XXYY+OT IV E 
~Al=51",;) 

PRMT(S)=1.0 .. 0i :'H>:toL. \:. 
r.; GO TO 9 
C BELOW REFLECTS OR REFRACTS AT A LATERAL DISC - CALLS SUBROUTINE ZO 

'C124 AA=OCOS(T+SSIG*SA) 
BB=OSINIT+.SSIG*SA)(},J,;,q*,Sl:',,;<,.'" ,:.l ,\ t" 't;~"1 

lDOT=AA*0IS3(3,jJA)+BB*OIS3(4,JJA) 
CROSS=BB*OIS3(3~~JA)~AA~OIS3(4,JJA) 

1;;'2 SYNI=OABS(CROSS) SHdT~ 
RN=VEE/VE~. ( 'f 1 ~ l~ !'~n!c- lit t f J 

I A B = 4 -, 'f ,~ i "''\- '" ;" -: \ i 
ICOUNT=2:-;'; ":' '~'l 
SYNR=SYNI*RW, ~" .;( , ... t::, ::; ~ :,;,,/ tC : '.> ~ 

I=JJA*2-1 _-
ZRAT=DISl'( 1,3) 

,'",: IF(VEE~LT;.VE)ZRAT=l.lZRAr '. fiC.," t 

:" ZH=SYNI·~ \',', 
":::'1" ZVE=VE"", r : ".' ..... ~; , 

i.;', ZVEE=VEE 
WRITE(6,3912) 
CALL:ZO(l,ZH,ZVE,ZVEE,lRAT,lZ,ZZZ) 
IF(SYNR-l.O)129,154,123 

123 Al=-COIS3(3,JJA1*DOT+DIS3(4,JJA)*CROSS) 
Bl=(OIS3(3,JJA)*CROSS-OIS3(4,JJA)*OOT) 
WRITE(6,3457)SYNI,SYNR,ZVE,ZVEE,CB2,DS 
ICOUNT=5 

~ ;.. 4. ~ f 

f 

{~ 

3451 fORMAT(6F12.6,' REFLECTION AT A LATERAL DISCONTINUITY') 
", .. " C I AMPlO-AuPlO*ZZZJ' t,. "" o" " : •• ~, ~ I ':,," " ' '-'." ~ t· ',." 
'-.>t' .:... ~~ "".. - rl ( :f".~ 4 ~' • ' \, "', ',". ~ t,' If' il ," ~. - , " .. "" ' 

-r:~ ,t:l ,TGO ,TO);122 t:;: >J":'-'>'-ll.,':,:lt~,e_f '~. ;'(' VtJ,';l( £ ,.!,,)j:,: 

129i 'WRITE(6,3458)SYNI,SYNR,ZVE,IVEE,CB2,DS 
3458 fORMAT(6F12.6,' REFRACTION AT A LATERAL DISCONTINUITY') 



AMPLO=AMPLO*ll 
A=AM 
T=TM 

XXY=XXY+1.1*PRMT(3) 
00S=00S+1.1*OS 
SIG=-l~O .. G) Gn ro 4{ji 
IF(OOT.GE!o!o)nSIG=l.O 

C 11 p.;/.r;.::i it;t,Hl+9.0 P:i}~ ,:>,,':? 1; t.'l-! ld { i 'J., 

C 11 ~C~Q ~Ol 
C ,IC!;:\) 

:A1=RN*(AA~OOT*OIS3(3,JJA)+SIG*DIS3(3,JJA)*DSQRT(OOT 
1**2+ (RN**'~2)~1~O»)) / (i·:~AD+':I .. i.') 

'Bl=«(OIS3(3,JJA)*BB-AA*DIS3(4,JJA»*RN+Al*DIS3(4,JJA))/DIS3(3,JJA) 
122 ·SA=Al*DCOS(T)+Bl*DSIN(T) 

ST=Bl*DCOS(T)-Al*DSIN(T) 
CROSS2=Bl*X-Al*VJ 30: 
CROSS=BB*X-AA*V 
IF(CROSS/CROSS2.GE.O.O)GO TO 1060 

30~~ SSIG=-SSIG ;'/l ~ \' t'r,q In.:.., nUf·L~f"" t.:)' 

WRIIE(6,1061)} 
1061 FORMAT",RAV UAS:'CHANGED; DIRECTION') 

.1060 SA=DARCOS (SA) t.:.'; r ~~ :;;,,' 1 
C BELOW~RESETS THE PARAMETERS 
121 PRMT(5)=3 
1212 YY'l)=A~,J'~·l 

YY( 2) =T2.7 
'f:11 YY (3 )=SA'}! 
500 8A=A'J !il:':) 
402 16T=T 

BIA=SA:'i(l:) . 
;:01, JAl=2:0: 

GO:TOlSOl 
C BELOW!ALLOWS REFLECTION OR REFRACTION AT A SPHERICAL DISCONTINUITV 

"\ :'.,:'0.C U\ 1\\£ REGION OF SPHERICALLY SYMMETRIC EARTH 
400 I=RRR+\ 

~ 



~~IFl 10;EQ~O);:GO TO '402;' ." j ',', .', 

1001401 ;K=I,IRRRI':;" j; ~i ; 

ilFlOABS((ORAO+9.0)*OIS2(K,l)lOFLOAT(R6)+2.0-A).GT.OABS(OA) 
ll') :GO rTO j401::; :<,1 I, I , ( " J, t,: \., ' :, 

t.;IO=O::~lL~;~ i;Y'tL, 11 

!IOIS=OIS2(Kil)~0.1 
21~3 'Al~(A-l~O)*OFLOAT(R6)/(ORAO+9.0) 

:.:IT=AI/O.IO 03 
~IA=AI-0.10 03*OFLOAT(ITJ 
! IT=IT+N+l 
rIF(IA.NE.O) GO TO 302 
"IA=lOO, 
(IT=IT-l, 

302 ,Al=(A-l.0+0AJ*OFLOAT{R6)/(ORAO+9.0) 
'ITM=AI/O.IO 03 
'"IAM=AI-O.IO 03*DFLOAT(lTM) 
~IF(IAM.NE.O) GO TO 301 
!,IAM=lOO 
ITM=ITM-l 

'301' :';' ITM=ITM+N+l 
'GO ',TO" 127 

401 ' ",; CONT INUE 
: GO ; TO 500 ' , ' 

402 10=1 
'GO ~TO ,'500'" 

501XXYY=XX 
lRETURN i' ,"; , 
r:~ENO 

[ l E ';" t 'l ,~ t 'i' l I .-~' l, ! " I 

".{ l }";i~-~ 
T f l i ~i ~ • it ( (" • ~, ~ 

'r !,-, ~ i ~ t t/ 3 • 
~ ~ ~~ ! ~ 0; :) y t ! ~. i· ~ /' 
;1 {' t : ~,' t, ~f t I ~ ~ ,f / 

;~ : { 1 ) "I~ """ D V ( 1 i l ~" ,~~ f '7 
} ",:,.,;'fp:(;',' 



SUBROUTINE SPLINECNl,N2,X,y,B,C,O,S,AAAA) 
IMPtICIT~REAL*8(A-H,O-Z) 
DIMENSION1X(I};Y(1),B(1)~C(1),D(1),R(2000),Rl(2000), 

lR2(20001,T(20001iTl(2000),U(2000),V(2COO),A(2000) 
OIMENSION··OY(ZOOOl . 

2 ·DO::2123UII=Nl,N2 
21230YlIIJ=AAAA 

4 

~ 
-' 

RUN2J=O. 
:::( ·tU=N2+Z.::l!.\ii\,l 

li2 = N 2 f 1,1 'r, ( > 1 ) ~ f 

RlMIJ=O. 
R{NIJ=O;·~., •. },:.' .•.... • 'j 

R2lN2J=O;-' (V 1'; 

R2 ( fJ 2' =0.0" .,' ~ r , ! • 1 ~ . \ -I .. I! i - . ; '," ., j I 

U ( M 1 ) = 0;; :,.,"; ; .~ . , \ '< ~ . j ..•. i ) ~. ri".: ; ,~ . "', i t, t ) 

UUU)=O';'\ {,; .. " :4~I) 

U(N2)=O. 
U (~12 J =O~' 
P = a ~ P'i.,;~: 

tll=Nl+l 
H2=N2-1 
H=X(Ml)~X(Nl) 
F=(Y(Ml)-YCN1»/H 

l; ( 1 ,J ) .~ t. t ! . J f~' .: _.j 

DO ,'n I=Ml, M2 
G=H .: 
H=X(Itl)~X(I.J 
E=E 
F.=(Y(I+l'-Y(I')/H'· t.;· 
"t 1) =F;"E~) ) '-: .. 'Y \ : ! ,.;w .~ 

.. .i ~ { 't-

>. T(I)=2!*(G+Hl/3. 
Tl (I )=H/3. 
P.2CI)=DY(I~1)/G 
R ( I 1 :: 0 Y (I + 1 ) III 
Rl(IJ=-DY(IJ/G-DYlI)/H 

. 1 CONT INUE . 

.' 

6 



'lr.·" l 
.,_-:. .. ;..r( ~. f'l,'J-

DO {2 .: 1 :: 111 t M 2 t. ~ r ~ > ~ t :.:.; ! . (, 
B(I'=R(1)**2+Rl(I)**2+R2(I)**2 
C(I)~R(I)*Rl(I+l)+Rl(I)*R2(I+l) 
O(I)=R(Il~R2(I+2) 

2 I. CONT INUE 
" F2~-S ! oj.: }- '1 ~ 1 } ~~ /' {,~ ( r. -l l ~ .. ,," i l : 

~ : .. ' f ft j,~ ~..;, .too< r .. ~ .2 
56 ,',1DOi:3 .I=Ml,H2,,'<', ~~:.: 

~ R 1 ( 1'-:' U = R ( I ~ 1 ) * F ~ ,,' 1 } -:' : : :.}' \ ~" (;~, . 

KK=I-2','.:J1' ;, 
. IF(KK.LT.Nl)KK=N2+Z 

.~. RZ(KK)=G*RCKK) 
R(I)=1.oicP*B(I)+T(I)-F*Rl(I-l)-G*R2(KK» 

1t\ U(I)=A( I)-Rl(I-l)*U(I-ll-R2(KK)*U(KK) 
F=P*C(I)+Tl(!)-H*Rl(!-l) 
G=H" \'~: .'.. (;.. 
H=O(I)*P, '/{L' ,_, tt .lcj\,'l'·'O 

3 GOUTINUE 
:1 ".} ;. ': ( . 1 :. fir 

!J=M2+1L; ~ I,' it!} 

00 14 :, 1 = In t M 2 
., IJ=IJ-l' 

4 1. U ( I J ) =R ( IJ , *u ( I J ) -R 1 C 1 J) *u (I J+ 1) -R2 ( I J) *u ( I J+2) 
E=O~!'~l:~>,' 
H = 0 ~;.: { C I ! 'r ~ ) - i. ; ! i ~ ,! 

D015'~I=Nl,t12.-!\i ;.' .• ' l I ;1"~ 
~:~ . G= 1 f h~ 'r ~ ; i~J r~ I 

H=(U(l+l'-U(I)/(X(I+l)-X(I» 
'\:):,' '. V(I)=(H-:G)*DY(I)**2 
5~ E=E+V(I)*(H-G) 1 

'J:i.~, ,1;-·~.:~1,~tl,:(tf<'(Jr ~.!' ~;~J;"'ti 

G=-:-H*DY(UZ)**2 
V(U2)=G 

: V.. E=E-G*H 



G=F2 
F. 2 ~ E *, P J p" ! It l Of J J J , /\ i, ~ ( ), ~ t C ~ I .( 'N) ~ 1 ,~, L ! ,'.l ,') 

C,"PHrlR(f.2,~GE~<S.OR~F2 .. l'E.'C-)jGO, 10',55, }i Al, ',' ~:;' e 

C l~i~t"t ~F=.O~'·~l{C~Jrj:r;E: Si:T~, tn l Z',· I~ ,~~ , i /. S ! <\~:/:, ~ 1 t' I, 

C H,=,(V(Mll~VJNl:H/ .. O<,(Ml).-X(Nl) )?,t~!,: : 
.f. ' ,1 J J 00 i 6 t I == r n· i'M2:. t 1 ) :- P ~i \j 1. i C i, ;, ., ~ J 't;~, \~ .,j ,'. ~ ':. \ J ~ ; l - """ i ., .' I 

G ',\j j G= H m 4 -~. ':" C t 1 f 1 ) <~ W/l , r:. I .' •. ; 1 ~ \, \..;, V ~ t !, \ -: • ~ I "'" ! 7 ' 

to ~\i~>H=.(V(U+,l)!-V(I)J/(X(I+l)-X(r)J· ,Lj..>'~ 'J':{ ~ " 

.,. 
" j 

; f J 

.; 

j I ~ " 

t:~ ~ f ~- t:~ ~ ~ 

C IH IKK=I-2.l--/~1Ptr·n;,~)r:,Jp:-·--";lh~~,F "p } .. - ~.',! ( ,t.Y. .. t. 

CB{JiIF.(KK~.lr~NIJKK=t12+2t\ Fe,:;, ! CI,ll)t"\/\'c, ,:.:{ .. ,( 

· C RBl G=H-G'"'7Rl (1-::.1 )?!'R( 1'-:1 ).:-R2(KKL*R (KK) ;"~~I) .'\ 
·f-f.+G*R"l)*C'r: 1 '\ ,"·'t, "'f • ((" ;:, .,,-. . \ ,~ ,.' I ,(,;t ~ ItJ '<. /' t ~ ..... 1.1 w""" .J,. -) .I 

. R(I'},=G'): .... in;c:<.:';Jr,.~'~'n\,~ Z:'IiCFtl 
· 6 corITINUE' H 1? .fl" J :'(' '" ''1' 'f('J;' ! ~ "d~ ,.:' f:,; ':I" ') - " I , " 1 f ... ~.I;) ,.... ' J I " .. J ') .J f... ,t."" t , ',,", ( • 

l"n':n)~:IY1~ (O,";.,'! 1 .",'\ 
" " 'I..' l,.,;~ pf 1- ',l. "' t t • ' ~;,j -I ! ';. -1 • .', l /\ J 

16 '; F,ORflAT.{,,';TTTT.';H:;· i .. J 
" H=I:7:,P'* F: \' V '''!::2 ~ ij:;~ ,:;', 
. IF.(tf-.'lE:.D·.:'GO·<TO 55 

',. R=P~"''<S:-:F2)/,( (OSQRT(S/E)+P)*H) 
GO.LTG' 56 

CSS' '00,1 l=tH,N2 
.:, (; C; A ( I') ~ Y (I:) ~ p * v ( I) ~ ,t ,;' L ~ ; C f r 'I ., -·m L C, :d" >t', : 

C.c I:);=U (IJ; ~. 
7 , ' corn.! NUE,,':.~ 

OO .. 18',I=Nl, M2 
H=X: ('1 + LJ - X ( IJ: .' " 'II i .' 'J, f' ! :. l i~ , n ~ ,\,' ;~ 

, Oll:),='(C( l .... l):-C·(I.»/ (3.0*10 
.B'('I'J.=JA( l:i:l.):-A( I) )lH-.,(U*O( I) -te( I) )*H 

8 tCONT,HIUE't.(~\'.t .. ) 
DO, Jt56~ i 1 :::Nl',N2 

456 y t 1,) =A n\)~"l \7 l 
· 44' fORtIIAl llOE lit. 61 
1111'f01WATl!,OUT\Uf SMO'} 

. RE1URW ~ tf .. 2. .on. J JJ .. !:C,.d CJ LJ 1~) 
END'l/~CUtl} 

I=IlE " r:'1;'1~r"~t i· "" H ? '4 .. l" t _ , 



',<, ' 

/ .. '~ :; ~ 

SUBROUTINE.ZO(JJJ,AI,Cll,C31,DRAT,ALl,ALZ) 
C": PRODUCESY,THE· SAME RESULTS AS SINGH ET AL. CLAIM ARE CORRECT 
C THIS SUBROUTINE SETS UP ZOEPPRITZ'S EQUATIONS AND SOLVES 
C SUBROUTINE~ZO(jJJ,B,C,AIP,RH2,RHl) 
C ~JJ=lyOR'3~~~C(1~1)~PWVlrC(2rl)=SWVl,C(3,1)=PWV2,C(4,1)=SWV2 
C . J JJ=2' OR c 4~-:-~C ( I', 1);: SWVl, C (2,1) =PWV 1, C (3,1) =PWV2 ,C (4,1) =SWV2 
C AlP ,=INCIDENTtANGLE OF.P WAVE FOR JJJ=l OR 3 OF S WAVE FOR JJJ=2 
C B (I,J )~:-J=1~.~AMPLI:rUOE,J=2---PHASE, J=3--ENERGY ,J=4--ANGLE 
CB(I,J)~~It~COOROINATE AS FOR I COORDINATE OF C ARRAY 
C RHI AND;RH2lARE~THE)OENSITIES OF THE MEDIA 

" , 

.' 

DIMENSION'A(5~12)GB(5;lO);C(5,5) 
',M'P COMPLEX: A,ENCRS',CZERO,SINCF,1 

OATA~RTD,PI2/51.29511951308,6.2831853011 
COS R F. ( X ) ~ S Q R T ( r~ ~ X H C fIt -It j , ,L,; I 
COSIF(X'=SQRTeX-l.) 
SlN2F(X,Y)=2.*X*Y 

(~ ~.\1<f~·SINCF\(X';·Z)=X*Z":r~ l\~~!i) Cr;tJ~t·r:~)l'~f f(;;< ~Fl .t J."'~:;( 

COS2f(X'=1.~2.*X 
ABC:::2 _ .J~' 1 11 1;J 

c ' , ;~}. f ! ~\ ~J '~ ~<~ ~~t :: t' ~1~ ~',~ 
C' ~ COMPUTES;;SINE COSINES VELOCITY AND DENSITY RATIOS 

C(l,l)=Cll 

", 

:c 

C(3,lJ=C31,;<~J 
A I P=A I<,,~, \ .t ,;, # 
.IF(AIP.GT.PI2/4.0JAIP=P12/2.0-AIP 
C(2,l'=C(1,1)/SQRT(3.) 
C(4,1)=C(3,l)/SQRT(3.) 
CZERO=CHPlX(O.,O.J! 
SAI=SINeAIPL ~ 

'. CAI=COSeAIPH ~ 
S2Al;;SAl**2 1 ~. i ~ 
DRA1=RH2/RHl: I 
xFtJJJ.EQ~Z.OR~JJJ~EQ.4) GO TO 16 
PWVl=C(l,l) 
SWVl=C(2,1~ 

OR 4 



GO}T0117tl'~Pll/ ,:"l~ ;":~>: .,~,~,:,.::t,~ .. ~", <,1 i 
76 ,:\ PWV 1=C (2 a ) ;:.~~,\ 1 ',; I; ,V;h' 1/,,,. (,' t ~ ) P''' ;".1, L:;'i.): ' .. ( : (. ( , . :",.'\ ( ~ I t 1 J J 

SWVl=C (1; 1) ~ , 1'C .J. 
77 SRAT=(C(4,l)/SWVl)**2J.~/<,Ut1Pl;·r;«::·(:'~>2t~" ;J" 't,\ 

RAT=SAI/C (1,1) 
.\ SlPl=C(2,ll/C(1,1) 

34 P2Pl=C(3;1)/C(l,l) 
S2Pl=C(4il)/C(1~1»)11 
DO~79Jl=2i4}P 1~COS2f((t4Ij)' 
C ( I , 2 ) = R AT * C ( I '; 1 )! f! C t' (i~ ~ 1. ,2 't t. j ': • ~ ~ ~ i 

C C I 3) =C C I'~ 2) **2'~ )0 ,1: 1 ", <' , r:i" r. t!' f! -,' ,.. f I, 1 i\ , " ' .~ ,_, ..... ,.J J ... I ~ \# ' .,. - it". ", , 

IF(CCI,3J;LE~1.' GO TO 10 
A(li~1)~CMPlX(O.tCOSIF(C(lt3») 

ececce IF(I~GE.3)A(lill)=-A(I,11)' 
GO! T0179: {" '12 j 

10 ACI,1I'=CMPLX(COSRF(CCI,3'),O.O) 
.79 CONTINUE\,4,11l 
C ~\ ( J ~ ~ f ';' [, ~'t: :: F ( ~; :': .. \ 1 ) 

'c COMPUTES:COEFFICIENTSIANDleONSTANTIFOR.THE A 'MATRIX 
DO,} lOO~ 1=1,5'" 'I.:'C 
oorlOO~U=1';10~("~"~d).i"*;,:Jlt~~~Vl\t,:';': 5" :. : "" Ie: I. ,. 
A (l ,J )=CZERO Pi'/\ 

100 CONT INUE;·~,":r ~\~;~P-L ""cn::.,,:'f ( C I 't • ~, i ) 

A( 1 ,1 )=SAI.~ t U 
A(1,2)=A(2,11)A!lC~!) 
A(1~S)=~A(1~1)S~FCS~~I~ 
A(2,1)=-:-CAI:JxP2P'1£'CG$~'i hi., ~H) 
A(2,2)=C(2i2)U~·":'>;~;:",t~"'.~!;;f \C(I,I,,7 ,7,,'..,,': , 
A(2,S)=A(Z,1) 

11 GO~Tor(7,8,7,8),JJJ 
. 7 ,A ( 1 '; 3) =-:-C (3,2) 'f l • S1 ~!; '" (. f '~ • ~: ~ .. i,::: • i .. ,,' t : "I 

A(l,4)=A(4,lU 
1.10 A (2 t 3) =..:. A (3 t 11) l .-\ t 4 t 1 f I !', : ' 

AI2i4)=~C(4j2) CU T0 ll~ 
A(3~11=SlN2F(SAI,CAIl 

, ; , . 



A(3,2)=(PWVl/SWVl'*COS2FCC(2,3)' 
111 A(3~3)=ORAT*SRAT*(PWVl/C(3,1»*ABC*SINCF(C(3,2'tAC3tll» 

IF (JJJ. EQ.3 U,GO .. TO.33H: \ 'd' l' 1" ';. 
A(3;4J=~ORAT*SRAT*(PWVl/C(4,lJ'*COS2F(C(4,3') 

J20 GO'T0134:~nS(Af!I,~" 
33 A ( 3 t 4) =0 ~~ .. : ,~~ 1 ~~ T \>'1 X ~ :', r; >,.~- r tJ.Jf'~~ r; ! i!: ~ ',< ) , 7' j~ \' '.,:,' ,( ~ \ ; ~ f , 

,34 A(3i5,=A(3.l) 
~3~A(4;1'=-COS2F(C(2,3)' 

'. A(~'3)=DRAT*P2Pl*COS2F(C(4.3') 
, A(4i2)=SlPl*ABC*SINCF(C(2,2"A(2,11)J 

,~~ A(4i4)=ORAJ*ABC*S2Pl*SINCF(C(4,2),A(4,11» 
'. A ( 4., 5 ) :-A ( 4 ; 1 ) .~:' ' {.1\ HH', \ .. ; \I\. tIl t ~ i : I t·n :~ . - .~ j ) 

GO TO II'} 
181~A(1,3)=-A(3,11) 

A(l,4)=-C(4,2) 
A(2;3)=C(3,2J 

l~~ A(2;4)=~A(4,11) 
A(3,l'=COS2F(S2AI) 
A(3,2)=~(SWVI/PWVl)*SINCF(C(2,2),A(2,11» 
A(3,2)=A(3,2)*ABC 
A(3,3'=DRAT*«(C(4,1).*2'/(SWVl*C(3,1»)*SINCF(C(3,2),A(3,11) 
A(3~3)=A(3,3)*ABC 
A(3,4'=-DRAT*S2Pl*COS2F(C(4,3» 
A(3,S)=';'A(3,1) 
A(4,lJ=SIN2F(SAI,CAI) 
A(4,2)=SlPl*COS2F(S2AI) 
A(4,3J=DRAT*P2Pl*COS2F(C(4,3') 
A(4i4J=DRAT*ABC*S2P1*SINCF(C(4,2),A(4,11» 

~\··HJA( 4,5 J=A(4j 1 )i~ t·; H: j ; 
11t;'JCONTINUEtS~"".~:,'Z·:'~C!i~}~ t11J}~"'::!, 1 

IF(C(2i2)~GE~1~O~OR.C(3t2).GE.l.O.OR.C(4,2'.GE.l.O'GO TO 110 
Gm. TO; 370'.:~ (1': hCi; "; 'J 

110 CALLTMA~(-1,4,S,A,4,1,IDET) 
:~~IF(IOET~NE.O) GO TO 111 

WRITE(6,lS' 



STOP 
III 00 150 11=1,4 

IF(JJJ.EQ.4.AND.II.GE.2) GO TO 141 
IF(AIMAGCA(II,5»)'120,130,140 

120 BCII,lJ=CABS(ACII,S») 
C " !.DtU(lI,2J::RTO*(PI2+ATAN2CAIMAG(A( II ,5) ,REAL(A( II ,5))" 

)'//1 GOCITO 150';11,lt 
130 . BCIIjl)=REAL(A(II,S» 

B( II ;2)=O;V~(HC.:\lL~t 1,.1' l t J .. ~ 
,~I) GO~,TOJI50 

140 CBtII',I)=CABS(ACII,S» H)i:.f} 
8(II~2)=RTO*ATAN2(AIMAG'A(II,5»,REAL(A(II'S)) 

.141 

j~( ; .;) 

150 

.J -: '; 

~ , .... , 
,I f '" 

290 

1 
. 300 • 

281 
284 

GO~TOn50::l 
B ( I I ,1 ) =O~' /~T {i r ,>~: :! ~ :J"\?·~~)t~Jl,.,r~r: If 

8(11,2)=0. 
B ( I I ., 3 ) = O. 1. " :t 
CONTINUEr::·tC~~ I~ 51) 
ENCRS=A(1,5)**2 
BC1i3J=CABSCENCRS) 
B(l,4J=AIP 
IF(JJJ.EQ;4»)G02TO 284 
00'2811=2,4 

. IF(CCI,2J.l!T;I~')lG02TOj290 fa 9}~·' 
, ENCRS=ClEROU{C (l, 2l) 
'8(14)-999999"'''''''' I.f '1 4 '"1" .".,,, ,," ,\,·l ,_ • ¥"""';: I 1~ f, l \ t l' .. ' ,~ I ~,,. ~ ! t" "v ' ~ ,. i , '\; \ ~ t t'· ,4 

8 (l ,1':;:0; HH 1 t:;'} :::: f~ (1 t ~" ) of Di{!\ r 
8(1,2)=0;, 
GOJTO}300 
B(I,4)=ARSIN(C(I,2)) 
ENCRS=(ACI,S)**2)*(C(I,I)/CCl,1)'*A(I,11)/CAI 
IFCI;GE;3)ENCRS=ENCRS*ORAT 
B(I,3)=CABS(ENCRS) 
/,CONTINUE) 
\COtHINUE· 
ALl=B(3,3J 
-:'C'.>n':tH PI: H,,~ f{ I Jtn f 1 ~ t,J J t/H f,l .. n1 1 eel i 
{: ,\'~ "i.::\, }\tr~,r:ET ~tZE;~(!tG()!!~l .. ~ 
[} it· f d:- 1 n~ i )\ t S, 1:~ , 



!Il.. 

Al2=B(l,3) 
RETURN' ~;'L U:",,')4) 

C :SOLVES~REAl EQUATIONS 
370 ~'DO,380c I=I,Lt "'} 

OO:380)J=I,5 
A(I,J'=CMPLX(REAL(A(I,J)),O.' 

380 ~!CONTINUE 
CAlL-MAT(-1,4,5,A,4,I,IOET) 
:IF(IOET.NE.O) i GO TO 390 

. -W R IT E ( 6', 15 ) ,,1' C' .' 

15 FORMAT('rHATRIX IS SINGULAR" 
STOP, -.' ... f 

,390 ':\00 37H 1=1,4 
B(I,I)=REAl(A(I,S)) 

:::" ' B ( I ,2) =0. 
371 ~',CONTINUE 

',1 B ( 1", 4 ) = A I P 
B C 1'.3) =8 ( 1,1) **2' ':, \;. 

~O 00)991JI=2,4 
IF(JJJ~GE~3~AND.I.GE.3) GO TO 994 

.j B(I~4)=ARSIN(C(I,2») 
~~ BCI;3'=CBCI,IJ**2J.(C(I,I)/C(1,1»*REAL(A(I,11)/CAI 
1,1 11F( I~GE.3JB(1 ,3)=B(1 ,3'*ORAT 

GOITO·991tJI/~:J. J! 

994' 8CI,4)=0;,'1,1, 
'. ~:! B (l ,3) =0 ~ 1 , r: j" 1 :: , J ; :'" 4 .• ; , " ~ 

B ( J,", 1) = 0 • U; f;,} ,.~ .' j" ! f-/ 

991 CONTINUE", ll!,! 
100 ALl=B(3,3):.I' 

- , AL2=B (1',3)1 ~.v,! h r{;' 

1 H.' RETURN) l~~ i"H 
END"'Id. 
SUBROUTINE MATCIJOB,II,JJ,A,N,M,IDET) 
COHPLEX.AiBiDET,CZERO,CONST,S 

. DIMENSION A(S,12) 
, tv· 1 ") ", J ':;:"; ,t I) ') I' J.-~ bJ' .!;,. ~ .... .i' ... 'f: ., 



EP=1.OE715~1 G~ r~ ~~: 
CIERO=CMPLX(O.,O~) 

.1 r IOET=l: 
DET=CMPLX(O.,O~l~t/AI~' . I 
DO ~ 80' J = 1,3} •. ;', T .. ;', .. ! 1 i; i: ' " : 

~;;~. C=CABS(A(J'J»it.~HH:t.')J" :,r Till: :;y~'iF'" I',i,',. , 

, JP1=J+l 
00'30I=JPl,N 

;:. ' . O=CABS(A( I ,J) 1 
IF(C-01IO,30,30 

10 OET=-OET 
DO 20 K=J,5 
B=A(I,K) 
A(I,K)=A(J,K) 

20 A(J,K)=B 
C=O 

30 CONTINUE 
IF(CABS(A(J,J)'-EP)40,70,70 

40 IDET=O 
IF(IJOB)50,50,60 

50 WRITE(6,140J 
.60' RETURN 
10 '00 80 I=JPl,N 

,CONST=A(I,J)/A(J,J) 
DO 80 K=JPl,S 

'.80 A(I,K)=A(I,K)-CONST*A(J,K) 
IF(CABS(A(N,N»-EP)40,90,90 

90 00100 I=I,N 
1000ET=OET*A(I,I) 

IF(IJOBll10,110,60 

~ 

110 ;00 130 I=l,N 
K=N-I+l 
KPl=K+l 
00 130 l=S,S 
5=0. 
DO 120 J=KPl,N 



:ILE 

!II.. 

IF(KP1.GT.N) GO TO 130 
S=S+A(K,J)*A(J,l) 

·120 . cOtn INUE 
130 A(K,L)=(A(K,L)-S)/A(K,K) 

IF(CABS(OET).GT.0.)IDET=1 
140. FORMAT('THE DETERMINANT OF THE SYSTEM EQUALS. 0.') 

RETURN 
END 

........ ,....-.~ 
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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 Mrican mainland. Recent 
reconstructions of Gondwanaland are 
not compatible with this evidence. 

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 experiments8 • . 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 

RECENT attemptsl - 3 to reconstruct the southern continents zone. Comparison with the simulated anomalies using the 
have emphasized the importance of the fit of Madagascar, and time scale of Heirtzler9 and Helsley and StienerlO modified by 
in the reconstruction Madagascar has been placed in three Tarling11, using the preliminary results from the deep sea 
positions relative to the Africall mainland, namely, adjacent drilling project, yields several possible correlations but no 
to Kenya-Tanzania1•1, adjacent to Mozambique", and in its unique match. A more detailed survey in this part of the 
present position3

• Magnetic profiles presented in this article channel may produce a unique correlation, otherwise it seems 
are difficult to reconcile with any of the above positions, but, that the seafloor may be older than 140 m.y. 
rather, suggest that Madagascar has moved since the Permian As there is no distinct central anomaly, or symmetry of 
from a position adjacent to southern Africa (Fig. 1). 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 
Profiles and Seafloor Spreading the magnetics alone. The bathymetry suggests that the most 

._ -'.-' J~rofiles.w~.~_digiti~~~_every3 Ian and reduced by removing ~1C? 0 4 tQ..._...... ,._ ... -..-
<-""~'''''': the International Geomagnetic Reference Field (IGRF)."The ~ -. '" ' '-;;;..--"'" 

pr?files 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. 
Profile~ between 8° Sand 14° S are observed to be quite outside 
the regions defined by the volcanic islands of the Comores and 
AIdabra groupS (Fig. 3). The large anomalies of profile 513 
ar~ directly related to the Comores. Most of the magnetic 
rehef outside the islands is below 100 "f with wavelengths 
betwee';l 15 and 60 km. _ On the records of flightT220, at 
~p~roX1mately 41° E, there is a large negative anomaly which 
mdlcates 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-eastern section of Madagascar and/or the Comores. 
The cross-over section of flights 513 and T225 (a 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 511 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 "f (peak to trough) with widths ...., 30 Ian. 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° Sand 
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. 
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Fig.2 Map of the Mozambique Channel sh,?wing the lo.cation of 
magnetic profiles. The depth contours are m 1,000 m mtervals. 

'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 the 
ridge may have been a spreading centre comes from the high 
free air gravity value13 •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 
flOW16 on the ridge and the thick sediments on either side of 
its.17 are evidence that it is not spreading at present. The sedi­
ments8 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 'Y) is coin­
cident with the deeply dipping coastal scarp (Fig. 2) from at 

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. 

w 

least 18° S to 24° S. This observation would support the 
idea of a continuous "leaky" fault probably stretchin~ from 
the South-West Indian Ocean Ridge to as far as the Anurantes 
ridge-trench system. 

Geological Considerations 
The most comprehensive comparisons of the geology of 

Madagascar and the African continent have been made by 
Du-Toit18 and Dixey19. 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
tiesl!l·20, the age determination of the island's orogenyZl falls 
within the 450 to 700 m.y. age for the Mozambique orogeny22. 
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 mainland13 ; 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 Flores4 

in a detailed geological analysis. He demonstrates the very 
close resemblance between the Dwyka (tiIIites), Ecca (lacustrine 
and possibly marine deposits), Stormberg (continental deposits) 
series and the Sakoa, Sakema, lsalo (continental deposits) 
series of the island. Pallister24 points to the similarities for 
this . period of the ~·local-ha£ins-oL.deposition.-witb-&ntra. 
formational erosion and uncomformities" of Malawi and tho· .. se----­
indicated by geophysical work in western Madagascar15 • 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 absent4. Although Du-Toit18 

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 Tanzania1•18,19, 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 
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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. 

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 currents1?, are,found in most parts of the channel. 
The sediments could be as old as Cretaceous30• 

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 palaeomagnetic knowledge cannot help 
because the pole determined from Upper Cretaceous rocks in 
Madagascar31 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 0 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 
early 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 mainland3l ; any 

Movement of Madagascar evidence of this marine incursion on the south-east part of the 
B~fore examinin~ the possible movements of Madagascar mainland has been covered by the younger volcanic and 

relatlve ~o the mamland from the evidence presented it is sedimentary sequences. The correlation of the Madagascar 
worthwhile to emphasize the difficulty that has been 'found marine Jurassic fauna with that of the Tanzania coast only , 
in explaining the tectonics of the South-West Ind'a 0 implies an intermittent sea connexion between the two areas 
The d . t ., I n cean. d UhaUh adj t om~nan l~at~re of this region is the South-West Indlan~n ,po . ey_were...once~ acen ....... _.",,, ~:' ,'M;';:,:.s,n_..,..., 
?cean Ridge Wlt~ Its enormous north to north-east trending 'In the Cretaceous-early Tertiary. the whole region was 
ra~tuJefizones12: ~ltho~gh the spreading centre seems to be affected by the development' of the principal Indian Ocean 

we e. ned seismically 6.27, the bathymetry and magnetic Ridge system29• In the South-West Indian Ocean, massive 
anomalies have defied reasonable interpretation; a recent faults developed to accommodate the changing stress pattern, 
survey near 44

0 
S, 380 E shows that the only anomaly that can and their evolution was possibly controlled to a large extent 

be correlat~d, the central anomaly, is unrelated to the prominent by the thick crust of the surrounding continental masses. But 
b!1thyme!rtc tr.endl8 .. It is possible that the confusion asso- the differential spreading (faster to the east) due to the changing 
clated With thiS section of the Indian Ocean Ridge system is spreading direction, which may still be a feature of this region 
caused by a change in spreading direction. McKenzie and may have pushed the Madagascar and Seychelles sub-continent~ 
Sclater29 deduce that this part of the ridge has evolved since north relative to the African mainland. East of Madagascar 
the Cretaceous from a large transform fault. Any inter- this difference in spreading was taken up by the right lateral 
pretation of the movement of Madagascar must take this Prince Edward and Mozambique fracture zones to the south, 
possible change of motion into account. and the ridge-like feature discussed by Heirtzler and Bur-

Geophysical work in the Mozambique Channel, which offers roughs33 to the north. The present seismicity of the Mozam-
constraints on the movement of Madagascar since at least the bique channel may indicate a continuous fault15, of which 
Permian, can be summarized as follows. (1) The area north the Zambezi canyon could be part and the Comores and 
of 90 S (Somalia basin) is overlain by consolidated Jurassic Aldabra islands compressive features. The differential spread- : 
sediments up to 500 km from the African coast, and by ing, :-vhich caused the northward movement of the Seychelles 
Cretaceous sediments almost as far away as the Seychelles7 • relative to Madagascar, would be taken up by the Malagasy 
This interpretation of the seismic refraction profiles is sup- fracture zone, and by its extension along the East Madagascar 
ported by an extremely flat magnetic character5-? (2) Between coastal scarp and possibly farther north along the line of 
90 Sand 21 0 S there is little magnetic relief outside the volcanic topographic features discussed by Fisher et 01.5. The Amirantes 
Comores and Aldabra islands and possible submarine con- may have been a temporary subduction zone during the ea~ly 
nexions between them. Profile 517 and the low altitude phase of the development of the South-West Indian Ocean 
profile T225 are particularly quiet. (3) There is a marked Ridge and its fracture zones. The present activity or the-
increase in the magnetic activity between 2 lOS and 220 S Mozambique Channel and the fracture zones indicates that the 
(flights 517 and 522), and most of this increase in activity can n~rthwa~d movement of Madagasca.r relative to Afri~ ma.y 
be at~ributed to the Europa group of islands. (4) There is a stIll~. In progress .. Clearly the chl~f problem remalO.lOg IS 

drastic change of character in the magnetic relief between the tlml.ng of the vartous events, particularly the formatton of 
220 Sand 25° S (between profiles 522 and 540); the region to the Amlrantes! but the pres~nt data are adequate to define the 
the south has typical oceanic anomalies. (5) The anomalies general evolution of the region. 
correlated all trend in a near north-south direction, parallel I thank Dr D. H. Tarting for his critical reading of the 
to the Mozambique Ridge. (6) Seismic refraction work in the manuscript and for pointing out several important references, 
two basins on either side of the Mozambique Ridge indicates and Drs B. W. Darracott, S. A. Hall and B. Rosen for 
an oceanic crust8. (7) The Malagasy Ridge, which is inti- helpful discussion. I also thank Dr H. Stockard of the US Naval 
mately related to the Malagasy fracture zone, has very high Oceanographic Office for making the magnetic data available 
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Magnetic Profile Analysis 

A. G. Green 

(Received 1972 August S)· 

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 aeromagnetic 
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) Spectra of 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 rectangular co-ordinate system is assumed 

~ r--, (Fig. 1) where the Xl axis is taken to be coincident with the flight line and is at an angle 
~ 0 with r~spect to geographic north (0 is positive when measured clockwise from north) 

01 and the prism extends to ± infinity in the Xl direction. 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, 1 1 

E(v) = 41t .K .RT.RK.S.C.P (2.1) 

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

where 

K/2a = magnetic moment/unit volume 

RT = sin2 IT + cos2 (DT-9).cos2 IT 

IT is the inclination of the geomagnetic field vector, 
DT is the declination of the geomagnetic field vector, 

RK = sin2 IK+cos2 (DK-O).cos2 I K 

IK is the inclination of the magnetic moment vector, 
DK is the declination of the magnetic moment vector, 

S = ( Sinv~a) )2 

• 

• 

(2.2) 

(2.3) 

(2.4) 

v is the angular wavenumber equivalent of the space variable Xl and 2a is the 
width ofthe prism, 

C = (l-exp (- tV»)2 (2.5) 

t is the thickness of the body, 
P = exp (-2hv) 

h is 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). 
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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, DTt DK , 

ITt I
K

• a, t, h which are independeEt of each other and rectangularly distributed in the 
ranges: (0 to 2K), (DT±~DT)' (DK±~DK)' (IT±MT). (lK±~IK)' (0 to 2iZ), (0 to 21), 
(1i±~h). The case for the presence of more than one ensemble is discussed later. 
The ensemble average of the energy spectrum is then given by 

(E(v» = (47t2 j(2)(RT )(RK )(S)(C)(P) (2.7) 

where ( ) denotes ensemble average. To make the whole expression additive we simply 
take the logarithm to give 

In (E(v» = ]n (47t2 j(2)+]n (RT)+ln (RK)+ln (8)+ln (C)+]n (P). (2.8) 

I t 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 
(i) Geomagnetic field vector term (RT) 

I+MT DT+ADT 

(RT) = 4M; ~DT f f RT(IT, DT)dDTdIT· 
I-AIT DT-AnT 

It follows that 

(3.1) 

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 (RK) 

(3.2) 

For the induced component of magnetization dominant this term may be set equal 
to (RT(IT, DT». 

If the remanent component is dominant, as is usual, the RK(IK, DK) 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 (IK' DK) 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 K' DK) values from nearest neighbour rocks of the same geological a~, 
for which palaeomagnetic results are available. It is emphasized that RK and Rr 
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 (5) 

2a 2a 

(S) == ~ f ( sin (va) )2 da = _ ( sin ~va )2 + -!:- f sin 2va da (3.3) 
2a va 2va a 2va 

o 0 

• 4.a 
== _ ( SID 2va )2 + _1_ f sinZ dZ. (3.4) 

2va 2va Z 
o 

whereZ = 2va 

The second term in (3.4) may be conveniently evaluated numerically using 
Chebyshev polynomials (Burlirsh 1967). Estimates of the average width 2a 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. j-

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) 

21 

(C) == _I f [1- exp(-tvWdt = 1_[3-exp(-21v)][l-exp (-21v)] (3.5) 
21 41v 

o 

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 V wavenumber curve. 

(v) Depth to bodies term (P) 

Ji+Ah 

(P) = 2~ f exp (-2hv)dh = exp (-2::l~inh (2vAh) 

1i-Ah 

(3.6) 

~ exp (-2nv) for • 
Ah < n12) 

v < lIn 
(3.7) 

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 alas operator, where as is an element of length in the direction 
of the magnetic moment vector. This does not, however, alter the depth dependant 
term. 
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4. Practical procedure 

There are two ways to the energy spectrum of real data: 

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

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

With the rediscovery of the Fast Fourier transform algorithm (Cooley & Tukey 
1965, see also special issue of I.E.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 aIIows 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 & 
Schol1ar 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 2n 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). 

(ii) 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 

exp (_ 2n;!!) 

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 (- (2nm/T»". (c) Low 
pass filter-simply truncate the Fourier coefficients at the desired wavenumber (e.g. 
Caner 1969). 

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

The filtered data or second derivative curve may then be rapidly obtained by 
oJ passing the filtered coefficients through the Fast Fourier transform with the exponent 

reversed (see special issue I.E.E.E. (AU -15) 1961). 

(iii) The raw Fourier coefficients may be convolved with a ~ -1, 1, -:-1) filter to 
cut down leakage in the resultant energy spectrum (leakage from mtermedlate spectral 
estimates-see paper by Bingham, Godfrey & Tukey (1967) in the special issue of 
I.E.E.E. (AU-15». This filter has the effect of reducing the energy spectrum by 
i 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 _ 
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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 == -2xTi (4.1) 

The effect of 1 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 Ti. 

(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 

a 
ov On < C)+ln (P» == 0 

or 
-2Ti-~+ 41[l-exp(-21v)]1 -0 

v 41v-[3-exp(-21v)][1-exp(-21v)] - . (4.2) 

By substituting into equation (4.2) a value of Ti obtained from the gradient of the 
curve and the value ofv at the peak, it is possible to obtain an estimate ofl by iteration. 
Unfortunately, very small errors in Ti will produce a drastically incorrect value of 1. 

a 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 & HeirtzIer 1964). An example of a 
distribution of bodies, which are members of a single ensemble, is shown in Fig. 2 

100 

90 

eo 
" N ~ 70 

I", 
v 

.5 60 

50 

40 

M .. 

.. 
o· '" 

.... . . ' .. . . '. .. . 
.' .... . .. . , . . 

.p 

010 015 0·20 025 030 035 040 

(;1/') cycles/km 

FlO. 3. Logarithm energy spectrums smoothed with a triangle filter set (io. *. -k. 
-k. -k. *. itr). 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. 

..... Q 

045 



400 A. G. Green 

with the resultant anomaly curve (line A-A). Also shown are curves continued 5 km 
upwards by, 

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

(ii) 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 
of filter coefficients which approximates the above operation (Henderson & Zietz 
1949). 

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 
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FlO. 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. 

'l 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 

I 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 ii 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 N M 0 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 0; this seemed reason­
able when considering the domination of the second ensemble past that point. It is 
clear that the energy spectrum curve marked N M 0 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 0 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 0·54 km (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 reHable 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 2S 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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