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ABSTRACT 

A seismic array of ten short period seismometers has been 

set up at Kaptagat, 10 km west of the Elgeyo escarpment in'Kenya, 

by the Durham Univers i ty Geology Department. This study concerns 

the analysis of teleseismic a r r i v a l s . 

The method of onset time analysis i s used to calculate 

values of <3T/dA and azimuth of approach f o r 34 events from e p i -

. cent ra l distances of 18 - 99° • Large systematic variat ions i n 

slowness and azimuth are observed as a func t ion of the great c i r c l e 

azimut^r to the epicentre. These are similar to those found at other 

arrays but are of unusually high amplitude. From consideration of 

onset time residuals and the ve loc i t i e s of regional earthquake 

a r r i va l s at Kaptagat i t appears that these e f fec t s are not caused 

by var ia t ions i n near-surface structure or by errors i n the array 

geometry. An explanation i s developed i n terms of sharply dipping 

in terfaces beneath the array, and the preferred model is of., a mantle 

low ve loc i ty zone w i t h sloping boundaries underneath the Gregory 

R i f t . This anomalous zone attenuates rapidly westward to sink below 

mantle material t y p i c a l of the stable areas of A f r i c a . 

P-wave delay times are measured re la t ive to Bulawayo f o r 

78 events i n the distance range 24 - 99°• Substantial values confirm 

the presence of a considerable low ve loc i ty body beneath the array and 

the absence of large var ia t ions wi th aaimuth implies ul t ra- low veloc­

i t i e s w i t h r e l a t i v e l y moderate dips on the zone boundaries. 

A re in te rpre ta t ion of Rayleigh wave phase and group v e l ­

oc i t i e s f o r the AAS-NAI path i s made and found to be compatible 



w i t h the top of the low v e l o c i t y mantle mater ia l sinking 

eastward from the Gregory R i f t underneath normal shield-type-

topmost mantle. 

Although the model derived i s probably not continuous 

throughout the East A f r i c a n r i f t system, the upper mantle 

s tructure beneath the Gregory R i f t i s s imi la r to tha t suggested 

to exis t below oceanic r idges. 
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CHAPTER 1. 

THE EAST AFRICAN RIPT SYSTEM 

1 • General Geology 

The East A f r i c a n r i f t system extends f o r about 4000 km., 

beginning at the junc t ion of the Gulf of Aden and the Red Sea, 

s t re tching southward and b i fu r ca t i ng south of Ethiopia to form 

the Western and Eastern R i f t s ( P i g . 1 . ) . These two features 

converge towards Lake Malawi and the system peters out around the 

Limpopo River area, although i t has been suggested from seismicity 

studies that r i f t i n g may reach as f a r as 24°S (Pairhead and Girdler , 

1969). R i f t i n g i s not continuous along the whole length but a l ­

though var ia t ions i n i t s pat tern are common, i t generally consists 

of grabens 30 - 70 km. i n width, mainly of Ter t i a ry or l a t e r age. 

However, i n places, a very s imi la r f a u l t pattern of la te Karroo or 

Jurassic Age i s seen, and there i s corre la t ion between the la tes t 

dominant f a u l t i n g and Precambrian s t ruc tu ra l trends (Dixey, 195&). 

This suggests that movement occurred along l ines of weakness resul ­

t i n g from previous orogenic periods, but i t seems un l ike ly that the 

persistence of Precambrian stress systems caused the major structures 

of T e r t i a r y or l a t e r age, as the older trends followed by the r i f t 

f a u l t s belong to orogenic belts of widely varying ages and structures 

of d i f f e r i n g kinds (King, 1970). 

Fau l t ing , which i s p a r t i c u l a r l y intense w i t h i n the r i f t s , 

i s predominantly normal w i th dips generally 55 - 70°. R i f t s are 

bordered by en echelon rather than single large f a u l t s , and reverse 

f a u l t i n g i s very rare . Along the length of the r i f t system there i s 
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F i g . 1 . Map of East A f r i c a showing major f au l t s and 
Kaptagat (KAP), Kariba (KRR) and V/WSSN seismic s tat ions. 
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great va r i a t i on i n the a l t i t ude of the plateaux and val leys , but 

the ove ra l l displacements seem to be of the same general order and 

t h i s , taken wi th the un i fo rmi ty i n width of the r i f t va l leys , i s 

perhaps indicat ive of the c rus ta l thickness and p r inc ipa l stresses 

being of comparable magnitude over much of East A f r i c a (King, 1970). 

I n many places the size of the actual displacement has been 

obscured by i n f i l l i n g of the r i f t valleys wi th sediments and volcan-

i c s . The o r i g i n a l drainage pat tern i n Uganda and northern Tanzania 

was towards the A t l a n t i c w i t h the watershed along the l ine of the 

Eastern R i f t , r esu l t ing i n greater sedimentation i n the Western R i f t 

which i s also extensively occupied by lakes. This drainage pattern 

has since been changed, p a r t l y as a result of the considerable volcanic 

a c t i v i t y . This volcanism i s one of the most s t r i k i n g features of the 

whole r i f t system and although there are correlations between r i f t i n g 

and periods of eruption, both tectonic and compositional relationships 

are s t i l l not c l e a r l y resolved. Marked differences i n lava type exist 

along the system wi th much smaller changes across the r i f t s * As a 

s i m p l i f i c a t i o n , the r i f t system has a preponderance of alkaline sa l ic 

rocks w i t h carbonatite most conspicuous outside the r i f t , zones. I n 

Ethiopia , lava tends to be less a l k a l i c than elsewhere and t h i s also 

holds f o r areas of general volcanism when compared wi th isolated 

neighbouring centres (Harr i s , 19^9; Bailey, 1964). 

1.2. The Kenya R i f t 

The Kenya R i f t i s a downfaulted bel t roughly bisecting the 

u p l i f t e d area of the Kenya Dome, an e l l i p t i c a l feature some 1000 km. 

across. Northward around Lake Rudolf the r i f t zone becomes i l l -

defined as 1 f a u l t i n g splays out and only a narrow ax ia l trough con­

tinues in to the main Ethiopian R i f t . S imi l a r ly the main structure 
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continues southward in to northern Tanzania u n t i l f a u l t i n g forms a 

broad zone of t i l t e d blocks. 

Centra l ly the r i f t l a rge ly resembles a classic graben, 60 -

70 km. wide, w i th dense sub-paral lel f a u l t i n g wit l t i the r i f t zone, 

i nd iv idua l displacements varying from metres to thousands of metres. 

As w e l l as subsidence of the f l o o r , u p l i f t of the r i f t shoulders has 

occurred, t h i s r i se towards the f lanks being accentuated by extensive 

plateau lava flows which o f t en reach 2 - 3 km. above sea l e v e l . The 

volcanic rocks associated wi th the Kenya R i f t Valley show great 

v a r i e t y but two main genetic series are distinguishable: one strongly 

a lkal ine and nepheline-rich (melanephelinite-nephelinite) and the 

second m i l d l y a lkal ine wi th modal nephe l ine (alkali-basalt-trachybas a l t -

trachyte-soda r h y o l i t e ) . A l l rocks are alkaline and usually soda-

r i c h w i th some intermediate trends of more or less alkaline rocks, 

although such as plateau phonolites show great un i fo rmi ty . Eruptions 

are from central volcanoes of d i f f e r e n t sizes as w e l l as from m u l t i ­

centre and f i ssure sources. 

1.3. Evolut ion of the Kenya R i f t 

Studies of Miocene and la te Pliocene erosion surfaces (Baker 

and Wohlenberg, 1971)* faunal evidence from sediments and isotopic 

age dates (King and Chapman, 1972), allow del ineat ion of the main 

phases of Te r t i a ry r i f t i n g and accompanying volcanism. I n early 

Miocene times, upwarping of the Kenya-Uganda border area and down-

f l e x i n g of the Turkhana depression immediately pre-dated the beginning 

of volcanism w i t h a l k a l i basalts erupted from central f issure sources 

i n northern Kenya. A broad domal u p l i f t of central Kenya of about 

300 metres i n the la te Miocene formed a s i te f o r massive f issure 

phonolite eruptions from as ear ly as 16 m.y., but generally w i t h i n 
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the range 12 - 13.5 m.y.agDand nephelinites and phonolites b u i l t 

cent ra l volcanoes west of the r i f t (Elgon, K i s i n g i r i , Tinderet) . 

At the culmination of t h i s u p l i f t r i f t f a u l t i n g developed exten­

s ive ly and basalt lava was erupted along the whole length of the 

t rough. 

I n l a te Pliocene and ear ly Pleistocene times, voluminous 

plateau trachytes and moderate to weak undersaturated lavas formed 

cen t ra l volcanoes east of the r i f t (Longonot, Meraigai, Kenya) coin­

c id ing w i t h the l a s t and largest u p l i f t of about 1400 metres (Baker 

and Wohlenberg, 1971)• I n general terms tectonic and volcanic events, 

beginning i n mid-Tert iary i n the northern part of the r i f t , have 

progressed southward. I n addi t ion, the ear l ies t and la tes t volcanics 

occur respectively on the western and eastern f lanks of the r i f t w i th 

a t rend from undersaturated towards oversaturated types wi th the 

passage of t ime. 

1.4. Seismicity of East A f r i c a 

The seismic a c t i v i t y of the r i f t system forms a continuation 

of the zone of shallow seismicity associated wi th the Mid-At lant ic 

Ridge and extending around southern A f r i c a and beneath the Indian 

Ocean and the Gulf of Aden (Rothe, 1954; Gi rd le r , 1964a). However, 

whereas earthquake epicentres along oceanic ridges are largely con­

f i n e d to a narrow bel t less than 50 km» wide, those i n East A f r i c a 

exh ib i t a much greater scatter , which i s also seen elsewhere i n 

continental areas (Sykes and Landisman, 19^4). Much of the a c t i v i t y 

can be related to d i f f e r e n t branches of the r i f t system, wi th the 

Western R i f t seemingly the most active large section. Studies using 

data from networks of stations show that epicentres w i t h i n th i s 

region are generally associated wi th r i f t structures except f o r . 



a large group west of Lake Kivu (Sutton and Berg, 1956; De 

Bremaecker, 1959; V/ohlenberg, 1970; Sykes and Landisman, 19&4). 

Wohlenberg (1970) studied foca l depths f o r events i n the Western 

R i f t area and found a l l r e l i ab l e determinations gave values of 

less than 40 km. 

I n contrast to the western branch of the system, the Eastern 

R i f t i n Kenya shows l i t t l e or no teleseismic a c t i v i t y and Wohlenberg 

(1970) could locate no earthquakes of magnitude ^ . 4 . 0 w i t h i n the 
o .0 

R i f t between 1 S 36 E and Lake Rudolf f o r the period 1957 - 1964. 

A c t i v i t y around the Eastern R i f t i n th is area i s la rge ly confined 

to the Kavirondo and Speke Gulf R i f t s and the r i f t i n g i n northern 

Tanzania. Microseismicity i s also very low i n the north of Kenya 

but increases southward, being re s t r i c t ed to the r i f t f l o o r and 

border f a u l t s w i t h no detectable a c t i v i t y on the f lanks (Tobin, 

Ward and Drake, 19^9; Molnar and Aggarwal, 1971). As i n Iceland 

(Ward, Palmason and Drake, 19&9) where microearthquakes correlate 

w i t h major thermal events, the high detection rate's i n southern Kenya 

coincide w e l l w i t h steam j e t s and hot springs. Thus l o c a l and micro­

seismici ty resul ts i n the Kenya R i f t seem to indicate a d i f f e r e n t 

state of stress from that beneath the Western R i f t ( G i l l , 1972), 

and perhaps a low strength lithosphere below the Eastern R i f t , 

(Pairhead and Gi rd le r , 197l ) . 

Earthquake mechanism data i n eastern and southern A f r i c a 

reveal d i p - s l i p and s t r i k e - s l i p f a u l t i n g . I t i s possible that no 

simple stress system could produce the observed va r i a t ion of f a u l t 

d i rec t ions (De Bremaecker, 1959)> out Pairhead and Girdler (1971) 

conclude that the data are consistent wi th an WNW-ESE stress . f i e l d . 

I n general the data are consistent wi th normal f a u l t i n g i n the r . i f t 
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system, (Banghar and Sykes, 1969)* 

1.5o Structure from Seismic Studies 

Except f o r the r i f t zones, A f r i c a seems to have a structure 

s im i l a r t o that w i t h i n stable sh ie ld areas. Gumper and Pomeroy 

(1970) studied surface wave and body wave data and derived a model 

f o r the crust and upper mantle beneath A f r i c a c h i e f l y from Rayleigh 

wave phase and group ve loc i t i e s i n the period range 10 - 63 seconds. 

This , the APRIC model (Table 1 ) , i s a modificat ion of the CANSD 

model of Brune and Dorman (1963) ^ o r ^ e Canadian Shield and the 

s i m i l a r i t i e s between the two indicate that the ve loc i t i e s found f o r 

A f r i c a are not subs tant ia l ly d i f f e r e n t from those associated wi th other 

sh ie ld regions. The body wave t ravel- t ime studies give ve loc i t i e s f o r 

P n of 8.06 km/sec, and f o r S n of 4.55 - 4.72 km/sec. These values 

are determined f o r more var ied paths than were used i n the dispersion 

work and are lower than corresponding veloci t ies f o r the Canadian 

Shield and f o r the Y/estern Transvaal, where ve loc i t i es f o r P„ and S 
n n. 

of 8.27 km/sec and 4«73 - 4.83 km/sec respectively have been found 

from t rave l - t ime work (Willmore, Hales and Gane, 1952; Gane, Atkins , 

Sellschop and Seligman, 195&). This values does not, however, seem 

t y p i c a l of the rest of A f r i c a ; f o r instance, the Eastern Transvaal, 

where the P n phase has a v e l o c i t y of 7.9^ km/sec. (Hales and Sachs, 

1959), lower than those to the west, 

Bloch, Hales and Landisman (19^9) studied the crust of 

southern A f r i c a i n more d e t a i l from short period Rayleigh and Love 

wave dispersion data f o r the paths Pretoria-Bulawayo and Kariba-

Pre to r i a (Table 2 ) . They also found that over a longer period range • 

that phase and group ve loc i t i e s are s imilar t o , or s l i g h t l y lower 

than those f o r most shield areas. 



TABLE 1 

AFRIC MODEL, Gumper and Pomeroy (1 970) 

H (km) Vp(km/sec) "Vs(krn/seo) p (gm/cc) 

7.0 5.90 3.35 2.70 

10.5 6.15 3.55 2.80 

18.7 6.60 3.72 2.85 

80.0 8.05 4.63 3.30 

100.0 8.20 4.78 3.4^-

100.0 .8.30 4.65 . 3.53 

80.0 8.70 4.85 3.70 

9.20 5.25 3.76 

TABLE 2 

MODEL SASD - 2 Bloch, Hales and Landisman (1969) 

H (km) V (km/sec) V s(km/sec) p(gm/cc) 

8.0 5.7 3.50 2.70 

12.0 6.2 3.64 2.90 

•8.0 6.7 3.84 2.95 

8.0 6.9 3.97 3.00 

9.0 7.3 4.24 3.20 

25.0 8.1 4.67 - .3 .30 

8.3 4.80 . 3.37 
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Bonjer, Fuchs and v7ohlen.berg (1970) determined crus ta l 

response ra t ios by spectral analysis of long-period body waves 

from two Hindu Kush earthquakes observed at stations Addis Abbaba 

(AAE), Na i rob i (NAl) and Lwiro (LV/l) - see P ig .1 . The data were 

found t o be consistent wi th crusta l thicknesses of 39 km, 43 km and 

35 km beneath AAE, NAI and LWT respectively. The preferred models 

had an upper crus ta l layer o f v e l o c i t y 6.0 km/sec. and an intermediate 

layer of v e l o c i t y 6.7 km/sec. ( P i g . 2 . ) . Sundaralingam (1971) studied 

the propagation of Rayleigh waves across the r i f t system and found that 

the dispersion curves tended to merge v/ith that f o r the AFRIG model at 

short periods, which indicates some crus ta l uni formity throughout A f r i c a . 

However, at longer periods, lower phase and group ve loc i t i e s than f o r 

AFRIC suggest anomalously low upper mantle ve loc i t i es beneath the R i f t . 

As t h i s e f f e c t i s most pronounced f o r the path Addis Abbaba (AAE) to 

Nai rob i ( N A I ) ( P i g . 3 . ) » i t i s concluded that the main anomaly extends 

along the eastern branch of the r i f t system, although some mantle 

anomaly probably exis ts below the Western. R i f t . 

The existence of such a low ve loc i ty zone is confirmed by P-

wave delay time measurements (Table 3) • Large posit ive delays are 

observed at Nai rob i and Addis Abbaba and a smaller posi t ive value 

at Lwi ro . These are measured r e l a t ive to Bulawayo and so provide 

a measure of the divergence of the structure beneath the R i f t from 

that s imi l a r to shield areas. These results are i n broad agreement 

w i t h those from other a r r i v a l time studies (Pairhead and Gi rd le r , 

1971; G r i f f i t h s e t_a l , 1 9 7 l ) . I n addit ion, Gumper and Pomeroy (1970), 

i n t h e i r study of body waves found that the S n phase f a i l e d to prop­

agate across most of the r i f t zone and suggested that t h i s was due 

http://v7ohlen.be
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TABLE 3 

P-WAVE DELAY TIMES RELATIVE TO BULAWAYO 

S undaral ingam (19 71) 

Addis Abbaba, AAE 2.7 + 0.3 sees 

Na i rob i , NAI 2.3 + 0.3 sees 

Lwiro , LV/I 1.1 + 0.3 . sees 

Errors are S% confidence l i m i t s . 
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to ' a gap i n the l i thosphere ' . G r i f f i t h s et a l (1971) set up a 

seismic r e f r a c t i o n l i n e w i t h i n the Gregory R i f t to f u r t h e r define 

the ax i a l s t ructure . The resul ts show a 20 lan t h i ck layer of P-

wave ve loc i t y 6.4 km/sec overlying a layer of ve loc i t y 7.5 km/sec 

( F i g . 4 . ) , g iving a s imi l a r structure to tha t found i n Iceland (Bath, 

1960; Bo t t , 1965). Gravi ty in te rpre ta t ion (Khan and Mansfield, 1971) 

suggests that the 7.5 W s e c body thins away from the- r i f t indicat ing 

modi f ica t ion of the crust ( F i g . 5 . ) . A s imilar in te rpre ta t ion to that 

f o r the Gregory R i f t r e f r a c t i o n l i n e could be given to results from 

the Western R i f t (Dopp, 1964) where a re f rac tor of ve loc i ty 6.7 -

6.82 lan/sec. was observed at depths 17 - 33 km underneath a layer 

of v e l o c i t y 5.57 Ion/sec. However, i t is more l i k e l y that the former 

represents a c rus ta l layer w i t h probably a low ve loc i ty mantle layer 

beneath (Wohlenberg, 1970). 

1.6. Gravity and other Geophysical Studies 

The East A f r i c a n Plateau is characterised by a broad negative 

Bouguer anomaly which generally increases i n magnitude over the r i f t 

va l l eys . The Plateau i s approximately i n i sos ta t ic equi l ibr ium, but 

Bu l l a rd (1936) found negative i sos ta t i c anomalies over several r i f t s 

as great as - 100 mgals. The major negative anomaly has a wavelength 

of several hundred kilometres and must be caused by a mass d i s t r i b ­

u t i o n at depth, while the existence of i sos ta t ic equil ibrium indicates 

tha t the mass e f f e c t of the Plateau block i s compensated at depth by 

a r e l a t ive mass deficiency (Sowerbutts, 19^9)• Hence the cause of 

the Bouguer anomalies i s probably a body of low density material at 

the base of the lithosphere^ which extends underneath the Plateau 

areas and i s nearer the surface beneath ind iv idua l r i f t s . Addi t ional 

contributions come from low density r i f t volcanics and sediments 

(Searle, 1970). 
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Studies of the Kenya R i f t Valley have shown a small wave­

length pos i t ive anomaly superimposed on the much broader negative. 

This i s 40 - 100 kin wide w i th a magnitude of about 30 - 60 mgals and 

i s generally centred about the r i f t axis . Using the seismic controls 

provided by G r i f f i t h s et a l (1971), Khan and Mansfield (1971) i n t e r ­

preted t h i s anomaly from an east-west p r o f i l e at 1° N and postulated 

a diamond-shaped body reaching to w i t h i n 20 ton of the surface ( F i g . 5 . ) . 

The gradients of the pos i t ive anomaly indicate that the upper surface 

of the body cannot be more than 20 km from the surface but other 

workers p re fe r a model wi th a mantle-derived body coming withinl or 2 km 

of the r i f t va l l ey f l o o r i n places. Baker and Y/ohlenberg (1971), from 

grav i ty measurements ENS and WSW of Menengai, explained the posi t ive 

peak by an in t r a - c rus t a l body of spec i f i c gravi ty contrast + 0.15, the 

top of which i s 10 km wide and 1.5 ton below sea l eve l under the centre 

of the r i f t . S imi lar in terpreta t ions have yielded wider intrusions i n 

the range 16 - 28 km (Searle, 1971). 

The presence of t h i s in t rus ive zone w i t h i n the crust , presum­

ably derived from a p a r t i a l l y molten body centred beneath the r i f t , 

i s supported by Quaternary g r i d f a u l t i n g and the p r o l i f e r a t i o n of 

steam j e t s and fumaroles w i t h i n the r i f t val ley (Searle, 1971 ) . 

The g r i d f a u l t i n g marks the t rend of the posi t ive. anomaly more 

c losely than Te r t i a ry f a u l t s bounding the r i f t and probably the g r i d 

f a u l t i n g and geothermal a c t i v i t y both occur where the crust i s thinnest . 

Microearthquakes show a s imi la r pat tern except i n northern Kenya, where 

such a c t i v i t y dies out. 

No comparable ax i a l posi t ive Bouguer anomaly has been found 

over the Western R i f t , and t h i s , taken wi th volcanic evidence 

( l i l i e s , 1969) suggests that the Western R i f t i s i n a less advanced 

state of development than the Gregory R i f t . 
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Heat f low measurements are sparse i n East A f r i c a . However, 

Von Herzen and Vacquier (19^7) made several such observations i n 

Lake Malawi, and found strong regional var ia t ions . I n the north 

-2 
and south of the lake, the mean values are 0.54 yu.cal.cm. sec. 

-2 . . j 
and 0.70 yiA.cal.cm. ŝ <?.. y lower than the world average but s imi la r 
to those found i n South A f r i c a n shie ld areas. I n the central part 

-2 

of the lake, an abnormally high mean value of 2.30 ju.cals.cm. sec. 

may be due t o a small shallow magmatic in t rus ion . The low values, at 

least those i n the north, could also be due to loca l e f f ec t s and 

rapid sedimentation may have lowered the thermal gradient. 

1.7. Theories of R i f t Formation 

I t i s now generally agreed tha t the r i f t system i s a t en-

sional feature and not a resul t of hor izontal compression as has 

been suggested (Bi l l i a rd , 1936; W i l l i s , 1936). I t has been shown 

by geological observation, gravi ty in terpre ta t ion and earthquake 

mechanism studies tha t the f a u l t s bounding the r i f t s are normal and 

not reverse (Gregory, 1921; Gi rd le r , 19&4a; Heiskanen and Vening 

Meinesz, 1958; Sykes and Landisman, 1964; Fairhead, 1968; Fairhead 

and Gi rd le r , 1971), indica t ing extension of the crust . A var ie ty 

of processes have been suggested to account f o r the formation of 

the r i f t s , including crustal doming ( W i l l i s , 1936), crustal thinning 

(Gi rd le r , Fairhead/Searle and Sowerbutts, 1969; Searle, 1970), 

'necking 1 of the crust (Freund, 1966) and subsidence as a result of 

i s o s t a t i c forces (Gird ler , 1964a). However, since the recent dev­

elopments i n the f i e l d s of sea-floor spreading and plate tectonics, 

most explanations of r i f t formation have been formulated i n terms of 

these concepts. 

The continuous be l t of shallow seismicity. which passes 

http://yu.cal.cm
http://yiA.cal.cm
http://ju.cals.cm
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t h rou^ i the Indian Ocean, the Gulf of Aden and the Red Sea 

(Roth£, 1954; G i rd l e r , 1964a; Drake and Gird ler , 1964) i s taken 

as the spreading axis between r i g i d l i thospheric plates, where 

new oceanic material i s formed. The Gulf of Aden is underlain by 

oceanic crust as wide as 200km and seismic, magnetic and grav i ty 

i n t e rp re t a t ion (Girdler , 1958; Vine, 1966; Tramontini and-Davies, 

1969; P h i l i p s , 1970), suggest that the southern Red Sea has some 

50 km width of new oceanic crust . This means that A f r i c a and Arabia 

have moved away since Ter t i a ry times. I f the shallow seismicity i n 

East A f r i c a also delineates a spreading centre then a simple model 

defined by the seismic a c t i v i t y i s that of three plates - the Arabian 

Nubian and Somalian plates (McKenzie, Davies and Molnar, 1970). The 

f i t t i n g of magnetic l ineat ions and 500-fathom contours w i t h i n the 

Gulf of Aden yie lds a pole of ro t a t i on f o r the Arabian plate re la t ive 

r 0

 n

 0 

to the Somalian plate at about 26,5 N 21.5 E wi th a ro t a t ion angle of 

7.6° (McKenzie et a l , 1970; Le Pichon, 19^8). A f i t of the coast-
o . 

l ines on e i ther side of the Red Sea north of 15 N gives a pole of 

r o t a t i o n f o r the Nubian-Arabian plate system, at 36.5°N 18°E (McKenzie 

et a l , 1970; Fairhead and Gird ler , 1970). The poles of opening and 

r o t a t i o n angles f o r the Gulf of Aden and the Red Sea can be combined 
0 o 

to place the pole f o r the Nubian and Sbmalian plates at 8.5 S 31.0 E 

w i t h a ro t a t ion angle of 1.9°> which necessitiates an opening of the 

r i f t of 65 km i n northern Ethiopia and 30 km i n Kenya. The Arabia-

Somalia pole i s i n general agreement w i t h observed geological feature 

(Gass and Gibson, 19^9) but the positions of the other two poles are 

more contentious. P i t t i n g the Red Sea coastlines contradicts present 

knowledge of the crust and does not explain the Danakil and Aisha 

Horsts (Mohr, 1970) and a f i t of the 2000-metre depth contours 

might be more r e a l i s t i c (Preund, 1970). A change i n th i s pole would 
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a l t e r thej pos i t i on of the Nubia-Somalia pole. The exis t ing 

pos i t ion requires separation i n northern Ethiopia almost the 

whole width of the r i f t (Mohr, 1970) at that l a t i tude and separ­

a t ion i n Kenya i s incompatible wi th the s t ruc tura l and gravi ty 

in t e rp re t a t ion of Baker and Wohlenberg (1971). A wider in t rus ive 

body i n the r i f t v a l l e y crust such as suggested by Searle (1970, 

1970b) would agree wi th the proposed 30 km separation from plate 

tectonics , and the t rend of the in t rus ion along the r i f t axis as 

deduced from the posi t ive Bouguer anomalies i s compatible wi th the 

computed r e l a t ive motion of the two plates about the pole of Mc-

Kenzie et a l (1970). However, the calculat ion of a re l iab le pole 

of ro t a t ion f o r the Nubia-Somalia system may be impossible because 

of the ambiguities inherent i n the positions of the other two A f r o -

Arabian poles (Al-Chalabi , 1971). 

Roberts (19&9) suggested tha t the Nubia-Somalia pole should 

be at 30°N 47°E w i t h a rate of opening of 0.7 + 0.3 cm/year/limb, 

but t h i s implies a separation of 140 km i n the north of the r i f t 

system and ' impossibly large ' spreading fu r the r south (Baker, 19&9). 

Instead of a three-pole system f o r the Middle East r i f t 

zones as a whole, a one or two-pole system may be more l i k e l y 

(Baker, 1969), w i t h l e f t l a t e r a l shear along the Eastern R i f t (Gass 

and Gibson, 19&9)> presumably from movement of the Somalia region i n 

the same d i r e c t i o n as Arabia - north-eastwards - but at a slower 

rate • 

Also., i t i s possible that a single pole applied to East 

African i s too much of a s i m p l i f i c a t i o n (McKenzie et a l , 1970) and 

that i f plate tectonics can be applied i n regions where spreading 

i s small and slow, then several plates have to be introduced to 

describe the system.. Such complexity v/ould be expected i n a 
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m u l t i - r i f t zone and i s borne out by the diverse pat tern of seismicity 

and s t ruc tura l evidence. Separation i n the Kenya R i f t , f o r instance, 

i s probably s i g n i f i c a n t l y less at the northern and southern extrem­

i t i e s than i n centra l Kenya (Baker and Wohlenberg, 1971) • Thus i t 

may be more relevant to th ink of the Kenya R i f t as a physical u n i t . 

A connection wi th the Red Sea and the oceanic ridge system has been 

Established by seismici ty and evidence from seismic r e f r ac t ion , surface 

wave dispersion, P-wave delay times and gravi ty in te rpre ta t ion shows 

that there are s i m i l a r i t i e s between the structure beneath the r i f t 

system and that beneath some parts of oceanic ridges, such as i n 

Iceland. This has l ed to the hypothesis that the r i f t system is an 

embryonic oceanic ridge (Wilson, 19^9; Girdler , 19^9> Harr i s , 1970), 

but there are geological and pet rological problems associated wi th .. 

such a conclusion. 

Volcanism i n oceanic ridge areas is dominantly basal t ic and 

t h o l e i i t i c , occurring w i t h a l i nea r trend and accompanied by high 

heat f l o w , transverse f a u l t i n g and an abundance of dykes (McConnell, 

1970; Murray, 1970). Oceanic t h o l e i i t i c basalts exist w i t h i n the 

Red Sea median trough (Gass, 1970; Harr is , 1970; Hutchiason and Gass, 

1971)> but i n East A f r i c a there i s a great predominance of a lkal ine 

rocks, although there i s considerable va r i a t ion . These rocks are 

grouped together i n large domes such as are found i n other continen­

t a l r i f t systems (Holmes, 19^5; Le Bas, 1971)» but without any de f in i t e 

r e l a t i o n between the age of volcanics and the distance from the r i f t 

axis . Although the most recent volcanics are generally near the r i f t 

axis , there are the young, remote volcanoes of Mt. Elgon and Mt. Kenya 

(Osmaston, 1971; McConnell, 1970). Transverse f a u l t s and dykes are 

rare and heat f low values would not appear to be as high as those f o r 

oceanic- ridges (Von Herzen and Vacquier, 19^7). A number of other 
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evolutionary schemes have been suggested. 

The coincidence of large topographic domes and volcanism 

have l ed to the l i n k i n g of the two into a pattern of r i f t develop­

ment. Bailey (1964) has suggested that the cause of the r i f t s i s 

upwarping of the crust leading to a r e l i e f of pressure and p a r t i a l 

melt ing at the base of the crust and perhaps i n the upper mantle, 

w i t h the production of sa l i c d i f f e r e n t i a t e rock types. These would 

be formed not by f r a c t i o n a l c r y s t a l l i s a t i o n , as i s widely supposed, 

but by p a r t i a l melt ing of parent c rys ta l l ine materials such as a l k a l i 

basal t . This overcomes the problem of the quanti ty of parent magma 

required i f the East A f r i c a n lavas were produced only by f r a c t i o n a l 

c r y s t a l l i s a t i o n (Wright, 1971). • However, the proposed mechanism of 

l a t e r a l compression to explain the doming movements (Wright, 1970) i s 

d i f f i c u l t to reconcile wi th the tensional features observed w i t h i n 

the r i f t system (Le Bas, 1971). 

The lack of cont inu i ty w i t h i n the r i f t system has been taken 

to indicate that there are a number of independent systems wi th in East 

A f r i c a . Le Bas (1971) explains the u p l i f t i n terms of v e r t i c a l forces 

rather than hor izontal compression, resul t ing from a phase change from 

a dense to a less dense mineralogical assemblage at depth (Magnitsky 

and Kalashnikova, 1970) and degassing of the deep upper mantle (Harris 

1969) . 

Gass (1970), also recognising several regions of doming, 
a 

assumed that each i s a resul t of^local ised thermal disturbance 

invo lv ing a discrete por t ion of the mantle being hot ter than i t s 

surroundings, r e su l t ing i n heat and mass t ransfer (Elder, 19^6; Harris 

1970) . P a r t i a l melt ing and an increase i n volume due to the formatio 

of l i g h t high-temperature minerals would cause v e r t i c a l u p l i f t , but 
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wfyile s t i l l i n an ear ly stage of development a low thermal gradient, 

and hence low heat f l o w , would mean p a r t i a l melting at depths of 

about 60 km to produce a l k a l i basalt magma. This would correspond 

to the s i t u a t i o n i n much of the East Af r i can r i f t system, whereas 

f o r the Red Sea or the Afro-Arabian Dome (Gass, 1972), continued 

magma i n j e c t i o n through the crust has raised the thermal gradient 

w i t h the zone of p a r t i a l melt ing extending t'o w i t h i n 10 km of the 

surface and favouring the production of t h o l e i i t i o basalts (Green, 

Green and Ringwood, 19&7) . This does not imply that a l l such l i t h o -

thermal systems develop into sources of ocean f l o o r although the 

presence of less alkal ine rocks i n the Ethiopian R i f t (Harr is , 1969; 

Mohr, 1963) could mark an intermediate stage, w i t h f r ac t i ona t ion i n 

a lower pressure region as the magma rises towards the surface. Also, 

Mohr (1971) has found i n Northern Ethiopia that basalts wi th t h o l e i i t i c 

a f f i n i t i e s are associated w i t h the r i f t , but alkaline basalts are 

observed on the r i f t plateaux, corresponding to t h e i r formation at 

d i f f e r e n t depths. This change i n composition, which probably 

relates to a lowering of the thermal gradient away from the axis of 

the s t ructure , has pa ra l l e l s elsewhere; i n the Rio Grande Depression 

(Lipman, 19&9) and i n oceanic ridge systems (McBirney and Gass, 19&7). 
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CHARTER 2 

THE .KAPTAGAT ARRAY STATION 

2 . 1 . In t roduct ion 

The Seismic Array S ta t ion at Kaptagat in. western Kenya, 

(F ig . 6 . ) was set up i n August, 1968 by the Univers i ty of Durham 

Geology Department as part of an East Af r i can Seismic Pro jec t . 

The pro jec t objectives were to study the seismicity and the crust 

and upper mantle structure of East A f r i c a . Surface Wave Disper­

sion :data from permanent WSSN stations was to provide information 

about structure on a broad scale, and temporary array stations were 

i n s t a l l e d i n regions of pa r t i cu l a r interest to investigate problems 

i n more d e t a i l , using a va r i e ty of seismic techniques. 

Kaptagat is s i tuated on the Uasin Gishu lava f lows, 45 k^. 

north-east of Kapsabet and 10 km west of the Elgeyo Escarpment, which 

forms the western margin of the Kenya R i f t va l l ey . The choice of 

Kaptagat as an array s i te allows the monitoring of regional earth­

quakes from around both the eastern and western branches of the r i f t 

system and also from other seismical ly active regions such as the Kav-

irondo and Speke Gulf R i f t s . I n addition to the mapping of seismicity 

i n these areas the array data, including that relevant to distant 

earthquakes, can be used to study the shallow and deep structure 

beneath the Kenya R i f t and the surrounding plateau areas. 

2 .2. Geology of the Kaptagat Area 

Kaptagat i s situated 2.39 km above sea l eve l on the Uasin 

Gishu plateau (F ig .6 ) , which i s characterised by phonolite lavas 

dipping gently westward. There are two major lava flows (Jennings, 
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1964). T h e lower Phono l i t e f l o w , exposed to the west of Kaptagat 

and extending f u r t h e r north towards K i t a l i , i s sparsely porphor i t i c . 

The Upper Phonolite f low i s generally coarser and contains large 

nepheline and feldspar phenocrysts and overlies the e a r l i e r f low 

inmediately east and north of Kaptagat, w i th a near continuous 

erosion-scarp at the junc t ion of the two. The Lower Phonolite 

l i e s d i r e c t l y on the Precambrian basement system gneisses i n the 

north , although l o c a l l y there may be a t h i n intervening pyroclast ic 

layer . The basement gneisses have a regional s t r ike of NM-SSE wi th 

steep dips to the north-east. An estimation of the depth of lava 

beneath Kaptagat can be obtained from borehole measurements i n the area. 

The only d r i l l i n g s i t e at which the phonolite was pierced showed that 

t h i s was at 144 metres, w i t h about 4 metres of s o i l at the surface. 

As t h i s s i te i s 15 km south-west of Kaptagat and on the Lower Phon­

o l i t e f l o w , t h i s resul t and those from other si tes suggest that there 

i s 150-200 metres of phonolite lava underneath the array s ta t ion . 

The plateau phonolites were erupted ' in Middle Miocene times 

a f t e r the ear ly periods of major Ter t iary u p l i f t , w i th lava f looding 

over the r i f t shoulders and i n f i l l i n g the young r i f t va l l ey . I s o -

topic ages f o r the lava are generally i n the range 12 - 13.5 m.y. 

(King and Chapman, 1972). The rapid and voluminous eruptions of. 

lavas and the presence of phonol i t i c pyroclast ic centres have led 

to the suggestion that there were a number of central sources w i t h i n 

the r i f t , concealed during l a t e r volcanic episodes. However, i t i s 

more usual to a t t r ibu te the flows to f i ssure sources^, probably on 

the r i f t shoulders, (Jennings, 1964; Will iams, 1970). This i s 

i n f e r r e d from the gentle dips and the north-south trend of the lava 

contours', although the presence of f issures has not been confirmed, 

despite deep erosion of the r i f t shoulder volcanic succession. 
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The Kapsabet Plateau- Block i s defined by f a u l t s to the 

west and south and by the Elgeyo escarpment to the east. To the 

west, the Nandi f a u l t runs NOT/-SSE and can be traced discont in-

uously f r o m M t . Elgon, w i th deta i led mapping south-west of Kap­

sabet showing several f a u l t s of s imi la r trend cut t ing perpendic­

u la r to the Nyando escarpment, which forms the northern extension 

of the Kavirondo Gulf R i f t . The Nyando escarpment runs ENE-vYSW 

u n t i l obscured by the uppermost lavas of the Tinderet volcano which 

l i e s immediately south of the Uasin Gishu phonolites. Further 

towards the r i f t escarpment i t i s in fe r red from drainage patterns 

that subsequent movement along the Nyando f a u l t has caused an 

escarpment trending east-west. This forms the southern boundary 

of the Kapsabet Plateau. The oldest rocks overlying the Precam-

br ian basement are ear ly Miocene sediments and the d i f f e r i n g heights 

of these beds around the Nyando f a u l t zone show that f a u l t i n g post­

dated t h e i r deposit ion. 

2.3. Array S i t i n g and Design 

I n the design and i n s t a l l a t i o n of an array of seismometers, 

several o f t en c o n f l i c t i n g considerations have to be balanced to 

• obtain optimum shape and dimensions. A simple arrangement of two 

perpendicular l ines of instruments allows determination of both 

apparent ground v e l o c i t y and azimuth of approach f o r earthquake 

waves. The choice of array dimensions i s control led pa r t ly by 

the type of a r r i va l s to be studied and the in te rpre ta t ion tech­

niques avai lable. For ve loc i ty f i l t e r i n g , f o r instance, the 

sharpest response i s found to be'when the array arms are longer 

than the signal wavelength but less than f i v e wavelengths (Whiteway, 

1965 j B i r t i l l and Whiteway, 19&5). Obviously, high ve loc i t i es 

cannot be accurately determined by a very small array unless exact 
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measuring methods are employed. On the o the r hand, w i t h a 

l a rge a r r ay l a t e r a l v a r i a t i o n s i n sub-surface geology, i f not 

co r r ec t ed f o r , can cause inaccurac ies . I n a d d i t i o n a l a rge a r ray 

can o f t e n be d i f f i c u l t and expensive to run e f f i c i e n t l y . 

The Kaptagat a r ray cons i s t s o f t e n Wil lmore M k . I I s h o r t -

p e r i o d seismometers' set v e r t i c a l l y t o two seconds p e r i o d and 

arranged i n an approximate i n v e r t e d L-shape ( F i g . 7 . ) , the ye l low 

( l ) l i n e runn ing east-west and the red (R) l i n e s l i g h t l y NNE-SSW. . 

W i t h arm dimensions o f 4 - 5 km. , good v e l o c i t y f i l t e r i n g response 

can be obta ined f o r P-waves f r o m r eg iona l events o f frequency 2 -

5 c/s and w i t h up t o sub-Moho v e l o c i t i e s . Other methods can be 

used f o r ana lys ing the v e l o c i t i e s o f d i s t an t earthquake P a r r i v a l s . 

The ins t ruments are set on p h o n o l i t e , t o ensure good seismic coup­

l i n g and minimise the e f f e c t o f any l o c a l geological- v a r i a t i o n s . The 

s e l e c t i o n o f t h e s e . s i t e s and o f the imp l i ed a r ray dimensions a lso 

helps t o reduce maintenance problems. 

The p i t s were surveyed us ing a compass and l i n e method and 

the p i t co-ord ina tes are g iven r e l a t i v e t o a po in t approximately 

a t the crossover of the two arms (Table 4-) • 

2 . 4 . Recording System 

The rrecording system i s s u b s t a n t i a l l y the same as t h a t 

descr ibed by Long (1968) . S ignals f rom the seismometers are 

communicated t o the r eco rd ing s t a t i o n by t w i n f i e l d - t e l e p h o n e 

cable a f t e r being a m p l i f i e d and frequency modulated w i t h i n the 

seismometer package. A t the c e n t r a l s t a t i o n , s igna l s f r om the 

t e n seismometers and f rom one l o n g - p e r i o d instrument are p layed 

on t o one i n c h , f o u r t e e n t r a c k magnetic tape at a speed of I5/16O 
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TABLE 4 

PIT . CO-ORDINATES AND ALTITUDES 

P i t x ^ k m ) y^(laii) Est imated P i t 
Erroi 's (km) Eleva t ion(met res ) 

Y1 -0.4+6 O.166 + 0*0010 0.0 

Y2 -1.888 0.003 + 0.015 -30.0 

Y3 -2.645 0.025 + 0.030 • -50.0 

14 -3.720 -0.013 + 0.010 -50.0 

Y5 -4.750 -0.250 + 0.060 -70.0 

R1 -0.098 -O.766 + 0.010 +10.0 

R2 -0.114 -1.425 + 0.020 + 20.0 

R3 -O.365 -3.077 + 0.010 +30.0 

R4 -O.663 -3.736 + 0.030 +10.0 

R5 -0.925 -5.200 + 0.010 +30.0 
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i n / s e c . A b i n a r y t ime code g i v i n g the day, hour, minute and 

seconds i s generated by a quar tz c r y s t a l c lock and' recorded on 

the tape , w i t h a r ad io channel record ing Greenwich Mean Time t o 

check the accuracy o f the s t a t i o n c l o c k . 

To check t h a t the seismometer l i n e s are f u n c t i o n i n g and 

a l so t o give amplitude i n f o r m a t i o n , c a l i b r a t i o n pulses can be 

generated w i t h i n the seismometer package by remote c o n t r o l f r om 

the r eco rd ing s t a t i o n and then t r a n s m i t t e d along the s i g n a l l i n e 

and so on t o the t ape . The e n t i r e system i s powered by a s ing le 

set o f twelve 6 - v o l t accumulators at the s t a t i o n , the power be ing . 

f e d down the t w i n cable t h a t a lso ca r r ies the f requency modulated 

seismic s i g n a l . This arrangement avoids any d i f f i c u l t i e s t h a t might 

be i n c u r r e d w i t h power sources remote f rom the c e n t r a l s t a t i o n . Each 

magnetic tape can record c o n t i n u o u s l y f o r about e leven days. 

2 . 5 * M o n i t o r i n g o f Recordings 

Playback f a c i l i t i e s are ava i l ab l e at the Kaptagat r e c o r d ­

i n g s t a t i o n and p r e l i m i n a r y p i c k i n g l i s t s are prepared on s i t e 

g i v i n g d e t a i l s o f a l l events recorded. For the purpose o f t h i s 

s tudy , these were used i n c o n j u n c t i o n w i t h the e p i c e n t r a l i n f o r m ­

a t i o n f r o m the P r e l i m i n a r y De te rmina t ion o f Epicent res by the 

U n i t e d Sta tes N a t i o n a l Oceanic and Atmospheric A d m i n i s t r a t i o n 

(NOAA) - f o r m e r l y the U.S. Coast and Geodetic Survey - and the 

_.Atomicr weapons Research Establ ishment GEDESS (Young and G.ibbs, 

1968) process ing o f these r e s u l t s t o monitor and catalogue a l l 

t e l e s e i s m i c events recorded f o r distances 1 5 ° - 9 9 ° • For 

recordings cover ing the p e r i o d J u l y 1970 t o May 1971* seventy-e ight 

events were' se lec ted f o r a r r i v a l t ime analysis and t h i r t y - f o u r 

events f o r the dT/dA. s tudy . The c r i t e r i a used i n s e l e c t i o n w i l l 

be discussed i n Chapters 3 and 4 . 



2 1 . 

CHAPTER 3 

PROCESSING OF THE ARRAY DATA 

3 . 1 . 1 . Measurement o f slowness and azimuth 

The d e r i v a t i v e o f the t r a v e l - t i m e curve f o r P-waves 

i s g e n e r a l l y denoted by dT/dA o r "slowness". Th i s q u a n t i t y 

can be es t imated us ing an a r r ay o f seismometers as the inverse 

o f the phase v e l o c i t y o f a wave c ross ing the a r r ay . I f the 

ins t ruments are arranged i n a s u i t a b l e geometr ical p a t t e r n , such 

as two pe rpend icu la r i n t e r s e c t i n g l i n e s , a seismic wave w i l l 

cross the a r r ay w i t h a f i n i t e apparent ground v e l o c i t y and a r r i v e 

a t d i f f e r e n t seismometers at d i f f e r e n t t imes . The apparent 

v e l o c i t y vec to r s can then be determined. There are two main 

methods t h a t can be used.' 

One technique i s t h a t o f v e l o c i t y f i l t e r i n g , w i t h the 

ou tpu t s o f i n d i v i d u a l seismometers being combined a f t e r i n s e r t ­

i n g t ime delays corresponding t o a s i g n a l wave o f p a r t i c u l a r 

v e l o c i t y and azimuth of approach. These delays can be a l t e r e d 

u n t i l t he maximum c o r r e l a t o r response i s reached and the i n s e r t e d 

delays cancel those i n c u r r e d a t the seismometers by the s i g n a l . 

Other procedures can be used t o improve the c l a r i t y o f a des i r ed 

s i g n a l . 

The second technique i s t h a t o f onset t ime a n a l y s i s . The 

a r r i v a l t imes o f the s i g n a l at each seismometer are read f rom 

p l a y o u t s o f the recorded waveforms and a simple set o f equations 

r e l a t i n g the geomet r ica l co-ord ina tes and a r r i v a l t imes f o r each 

ins t rument , t o the s i g n a l v e l o c i t y and azimuth can be solved us ing 
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a computer. 

The l a t t e r method may prov ide more accurate r e s u l t s 

than o the r process ing techniques ( M i t c h e l l , "1969; Corb i sh ley , 

1 9 6 9 ) . The use o f c o r r e l a t o r methods g e n e r a l l y requ i res t h a t 

the a r ray dimensions be at l e a s t as great as the s i g n a l wavelength 

f o r a sharp v e l o c i t y response us ing an L-shaped a r ray of" ins t ruments , 

(V/hiteway, 1 9 ^ 5 ; B i r t i l l and White way, 19^5) • For the ana lys i s 

o f t e l e s e i s m i c s i g n a l s , t h i s would suggest an ar ray o f dimensions 

o f the order o f 2 0 km would be necessary f o r good c o r r e l a t o r r e s ­

ponse. Using onset t ime ana lys i s w i t h c l e a r e a r l y a r r i v a l s , i t 

should be poss ib l e t o read the records t o an accuracy o f about 

0 . 0 1 seconds which would g ive r e l i a b l e r e s u l t s even w i t h a sma l l 

a r r a y . 

3 . 1 . 2 . Onset Time Ana lys i s 

Cons ide r a two-dimensional a r ray o f m seismometers at p o i n t s 

x i > y±> relative t o some o r i g i n , u s u a l l y the approximate crossover 

p o i n t o f the two arms ( F i g . 8 . ) . Seismometer i i s then at a r a d i a l 

d is tance R^ f r o m the o r i g i n and at azimuth 0^ . I f a seismic 

s i g n a l t r ave r ses the a r ray i n d i r e c t i o n OA at azimuth oc w i t h 

v e l o c i t y V and an assumed plane wavef ron t , we can der ive the f o l l o w - ' 

i n g expressions (Carpenter , 1 9 ^ 6 ) : — 

Apparent v e l o c i t y o f wave a long i s V _ 

cos ( 8 ^ - c< ) 

A r r i v a l t ime o f wave at X i , y ^ , r e l a t i v e t o the o r i g i n 0 i s 0^, 

where: 

0 i = - R^cos ( 0 i - oC) = - (xj_ sinoC + y i cos oC ) 

V V 



^ xi>y? 

Schematic diagram of a wave 
c ross ing an a r r a y . 
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The a r r i v a l t ime r e l a t i v e t o an a r b i t r a r y zero t i m e , which w i l l 

no rma l ly precede the onsets at X : , y . , i s g iven by: 

* i = ° i + *0 

where t G i s the a r r i v a l time a t the o r i g i n . The re fo re , 

t . = t - ( x . s i n oC+ y . cos oC) + £.5 
• ^ • inr 11J i i I - - - j-^T ' i r i _._ i i i .1 * 

V 

£ - l i s the e r r o r i n the observed a r r i v a l t i m e , t ^ . 

Slowness i s the r e c i p r o c a l o f phase v e l o c i t y and we can w r i t e : 

t , = c - R. cos(G . - o c ) . aa? •+ £ . 3 ( i ) 

Here, G = t Q . 

W i t h m seismometers work ing we can observe t± f o r i = 1, 

m and we know x . , y . . There fore we have m equations o f c o n d i t i o n 

and three unknowns, C, oc and V ( o r dT/dA. ) , so we can solve 

3 ( i ) by l e a s t squares i f are normal ly d i s t r i b u t e d t o give C , s i n °C 
1 V. 

and cos QC 
. V 

I f S1 = s i n oc , S2 a, cos oC , S3 = 0 , 
V V 

then : 
- 1 2 2 - * -

OC = t a n (S1/S2), V = (S1 + S2 ) 2 

Hence a value f o r dT/dA. i s given by the inverse o f V. As t ^ 

i s the a r r i v a l t ime r e l a t i v e t o Em a r b i t r a r y o r i g i n we can measure 

onset t imes f o r a p a r t i c u l a r event f rom any convenient basel ine on 

the p l a y o u t s . I n genera l , t h e r e f o r e , we can say, f o r the k t h 

event i n our a n a l y s i s , 



24. 

t i k = c

k " R i c o s ( 8 i - 0 6 k ) (®\ + £

i k 3 ( i i > 

3.1«3« Method o f Least Squares 

To est imate the- r egress ion c o e f f i c i e n t s S1 , S2 and S3, 

we solve the equat ions o f c o n d i t i o n , 3 ( i i ) by the method o f l eas t 

squares. A m a t r i x i n v e r s i o n method i s p r e f e r r e d as i t s i m p l i f i e s 

the c a l c u l a t i o n o f confidence l i m i t s t o give an estimate o f the 

r e l i a b i l i t y o f the r eg res s ion c o e f f i c i e n t s . 

A f u l l mathematical t reatment o f t h i s method i s given.'by 

Douglaso ( 1 9 6 7 ) > and t h i s i s summarised below. 

Given an equa t ion o f c o n d i t i o n , 

n = H ^ 1 + x 2 ^ 2 + *n ^ n + £ i 

Then x ^ , X£ . . . . . . are the unknowns and . . . a^ n are 

the independent v a r i a b l e s . i s the e r r o r i n y ^ . 

We have m such equations ( i = 1 ,m) where m > n . 

i V «•* 
For the best es t imate o f x i , r — c = 0. 

c - \ 

Th i s i m p l i e s : 

l a i i ; + X 2 27 ^ ^ i l a i 2 + ^ 51 a i 1 a ± n = H a ^ y 
1 = 1 i = 1 i = 1 i = 1 

m 
S i m i l a r equations are ob ta ined f r o m equat ing s <nT-~ 2 

6 / . t o zero.. 1 
£ = 1 

u s ing J = 2 , n , and m u l t i p l y i n g each equat ion o f c o n d i t i o n by i t s 

own c o e f f i c i e n t o f x^ and summing c o e f f i c i e n t s . 

These, the normal equa t ions , can be w r i t t e n convenien t ly i n 
••1 

m a t r i x f o r m : 
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Z H i ^ 1 Xs! 1 a i 2 ' ' ' ®i1 

S. a i 2 ^ 1 5~ai2 H 2 • • • X a i 2 a i n 

^ a i n Ha a i 2 X a. a-

x 1 

x 2 

• • 
• 

*n 

4 

• — -
Where the summations are f o r i = 1 , m. 

—1 
S y m b o l i c a l l y , Ax = y and x = A ^ 

Hence we can determine t h e unknowns by i n v e r t i n g the m a t r i x A. 

The t r i a n g u l a r decomposi t ion method i s used w i t h a standard 

computer subrout ine (Douglas, 19^7)• 

3 . 1 . 4 . E s t i m a t i o n o f Confidence L i m i t s 

3 ( i i i ) 

Prom S e c t i o n 3 . 1 . 3 « > the regress ion c o e f f i c i e n t s can be 

c a l c u l a t e d by s o l v i n g the normal equa t ions . We can then es t imate 

confidence l i m i t s which give a range of poss ib le values f o r each 

c o e f f i c i e n t . There i s t h e n a g iven p r o b a b i l i t y t h a t the t r u e 

value o f a c o e f f i c i e n t - l i e s w i t h i n these l i m i t s . Aga in , a f u l l 

mathematical t reatment i s g iven elsewhere (Douglas, 19^7)• 

I f x . i s the j t h unknown, i t can be shown t h a t , 
J 

m 
71 y . k , . 
i = i 1 J 1 

y^ i s the dependent v a r i a b l e and a f u n c t i o n o f the independent 

v a r i a b l e s o n l y . A l s o , i f V ( x . ) i s the variance o f x v , and a the 

var iance o f y^ ( i . e . the var iance o f e r r o r s then 

i~1 

m 

1=1 

We can eva lua t e 21 K a s t h i s i s the j t h d iagonal element 
i=1 
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-1 
o f the i n v e r t e d m a t r i x A i n equat ion 3 ( i i i ) . 

We need to es t imate the variance o f the e r r o r s 1 ^ , 

wh ich w i l l be: 
m 

s 2 = 2 1 ( £ i

1 1 ) 2 

i=1 
m - n 

11 
g. i s ob ta ined by s u b s t i t u t i n g the regress ion c o e f f i c i e n t s i n 

i 

the equat ions o f c o n d i t i o n . 

m - n i s the number o f degrees o f freedom, as we have m 

equat ions and n unknowns. 
m 

2 V 2 

I f i x . are no rma l ly d i s t r i b u t e d w i t h variance s A K 
D i=1 J 1 

the 95/o confidence l i m i t s are : 

/ 2 m 2 
X j ± 1.96 J s ^ K 0 i 

i=1 

Thi s i s , however, o n l y t r u e i f the number o f degrees o f 

freedom i s l a r g e . I f t h i s i s not the case, we can say the con­

f i d e n c e l i m i t s are: 

m 
2 <c— 2 

x , + t / s S K 
i 

Where t i s s tudents t and depends on (m - n) but i s always 

g rea t e r than 1 . 9 6 . I n p a r t i c u l a r , w i t h no more than t e n seismometers, 

we can never have more than seven degrees o f freedom f o r each event . 

3 . 1 . 5 . ' T h e Data . 

Only t e l e s e i s m i c events l i s t e d i n the NOAA P r e l i m i n a r y 

D e t e r m i n a t i o n o f Ep icen t r e b u l l e t i n s were used f o r the dT/dA. and 

delay t ime measurements. Hence both the f o c a l dep th and e p i c e n t r a l 
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co-ord ina tes are known and the e p i c e n t r a l distance and great c i r c l e 

azimuth can be c a l c u l a t e d . Any such l i s t e d events l i k e l y t o have 

been p i c k e d up by the Kaptagat A r r a y were i n v e s t i g a t e d us ing the 

p r e l i m i n a r y o n - s i t e p i c k i n g l i s t s and.the AiVHE GEDESS p r i n t o u t s 

which inc lude e x t r a p o l a t e d a r r i v a l t imes at Kaptagat us ing the 

J e f f r e y s - B u l l e n (1940) t r a v e l - t i m e t ab les and the NOAA ep i cen t r e s . ' 

Events were used i n the d r / d A study o n l y o f c l e a r onsets 

were recorded on a t l e a s t t h ree seismometers on each arm and, i n 

f a c t , most o f the 34 events analysed were p i cked up c l e a r l y .on at 

l e a s t e i gh t ins t ruments . 

3 . 1 . 6 . Reading Onset Times 

Because o f the smal l dimensions o f the a r r ay , a method was 

needed t o measure the r e l a t i v e a r r i v a l t imes o f the s i g n a l at each 

seismometer t o a few hundredths o f a second. Three methods' can be 

used: ( l ) measuring the r e l a t i v e a r r i v a l t imes o f the f i r s t peak 

on each r eco rd ; (2 ) measuring the f i r s t cross-over p o i n t and ( 3 ) 

matching waveforms. Corb i sh ley (19^9) s tud ied the accuracy o f 

the t h r ee approaches by ana lys ing 22 events f r o m the same area 

and he found t h a t the lowest repeatable e r r o r i n measuring the 

onset t imes came w i t h ( 3 ) . This has been used throughout t h i s 

s tudy . 

The waveform matching technique was f i r s t used by Evernden 

(1953) t o c a l c u l a t e surface wave v e l o c i t i e s across t r i p a r t i t e a r r ays . 

I t has the advantage t h a t i t does not requi re the r e c o g n i t i o n o f the 

f i r s t mot ion o r crossover and so, at l ea s t i n p r i n c i p a l , s i gna l s w i t h 

f a i r l y emergent onsets cou ld be processed i n t h i s way. 

The seismometer outputs are recorded on 1" magnetic tape 
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and were p l ayed ou t , u n f i l t e r e d , on to paper us ing a l6 -channe l 

J e t Pen Recorder. A l l t e n s i g n a l channels were out p u t t e d s im­

u l t a n e o u s l y w i t h the b i n a r y t ime code. The playout speed was 

a d j u s t e d so t h a t 1 second on the records corresponded t o about 52 mm, 

so t h a t an accuracy o f 0.01 seconds could be achieved by reading the 

records t o a few ten ths o f a m i l l i m e t r e . 

The waveform matching method invo lves , f o r each e v e n t , 

t r a c i n g the waveform of one o f the s ignals on t o t ransparent 

paper and then matching t h i s curve by eye t o every o the r s e i s ­

mometer ou tpu t , the r e l a t i v e displacements of the t r aced curve 

being measured r e l a t i v e t o some basel ine drawn on the paper r e c o r d . 

A l l events were p layed out e i g h t t imes i n t h i s way, w i t h the three 

unknowns c a l c u l a t e d f o r each o f these and then averaged. To a l l o w 

f o r any v a r i a t i o n i n the speed o f e i t h e r the magnetic tape or the 

J e t Pen Recorder paper, the equ iva len t l e n g t h of one second was 

measured f o r each p layout and the range o f values was gene ra l l y 

l e s s t h a n O.O-l seconds. I n a d d i t i o n , small co r rec t ions had to be 

made f o r the non-alignment o f the J e t Pens. The i n k j e t s are f i x e d 

pe rpend icu la r t o the d i r e c t i o n o f the t race and a f a c i l i t y i s 

a v a i l a b l e f o r genera t ing a c a l i b r a t i o n pulse s imul taneously on the 

ou tpu t channels. Any r e l a t i v e displacement o f the pens cou ld , i f 

s i g n i f i c a n t , be measured and the onset time readings ad jus ted by 

t h i s amount. T h i s c a l i b r a t i o n was checked as each event was p layed 

o u t . 

Co rb i sh l ey (19^9) argued t h a t v a r i a t i o n s i n seismometer 

c h a r a c t e r i s t i c s can in t roduce e r r o r s i n the onset t ime ana lys i s 

method, and concluded t h a t i n such a s i t u a t i o n impuls ive s igna l s 

should be used and wherever poss ib le t h i s was done. ^ 
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L i l w a l l , 1969; Douglas, 1967b; Davies and McKenzie, 1969). 

Such e r r o r s have been i n t e r p r e t e d i n terms o f an iso t ropy i n the 

upper mantle beneath i s l a n d arcs (Clea ry , 1967) o r , i n the concepts 

of p l a t e t e c t o n i c s , a s lab o f oceanic m a t e r i a l descending i n t o the 

mantle a t the j u n c t i o n o f two c o l l i d i n g p l a t e s and i n t r o d u c i n g an 

a z i m u t h a l l y dependent source te rm t o bias t r a v e l t ime est imates 

(Davies and McKenzie, 1969). On the other hand, an a l t e r n a t i v e 

e x p l a n a t i o n cou ld be s t a t i o n b i a s , o r the l a c k of s u i t a b l e co r r ec ­

t i o n s f o r n e a r - s t a t i o n e f f e c t s (Douglas and L i l w a l l , 1968). 

The degree t o which e i t h e r o r both o f these f a c t o r s i n f l u ­

ence the r e s u l t s f o r earthquakes analysed i n t h i s s tudy i s d i f f i c u l t 

t o asses, and i n the absence o f any more d e f i n i t i v e i n f o r m a t i o n , the 

above f i g u r e s f o r the P a c i f i c w i l l be assumed. Hence, the u n c e r t ­

a i n t i e s i n the NOAA data w i l l be taken as 25 km i n e p i c e n t r a l co­

o rd ina t e s and 5P - 75 i n f o c a l cfepths. 

Consider an ep icen t re E , which i s at azimuth (5 t o a s t a t i o n , 

i s d i s tance D f r o m the t rue e p i c e n t r e . Then the c a l c u l a t e d e p i ­

c e n t r a l d is tance and azimuth have e r r o r s d A and d ^ r e s p e c t i v e l y . 

Prom'the Sine Theorem f o r s p h e r i c a l t r i gonomet ry , 

S, d is tance A away ( P i g . 9 . ) « Assume the apparent ep i cen t r e , E 1 

s i n \ = sin:.D . 
s i n A 

1 
where 0 i s the angle EE S. 

s i n 9 

The maximum value o f d \ i s when 0 = 90° so t h a t 

tail max 
s i n D 
s i n A 

I f we take A = 20° , and D = 25 km = 0.22 Q , 
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s i n l & $ | = 0 . 7 ° . 
1 > max 

o 

Therefore f o r an ep icen t re a t a dis tance of about 20 ,. the maximum 

e r r o r i n the azimuth t o the s t a t i o n w i l l be 0 .7° , and the maximum 

e r r o r i n e p i c e n t r a l d i s tance i s assumed t o be 25 kns, correspond­

i n g t o a d e v i a t i o n i n the t a b u l a t e d ( H e r r i n e t a l , 1968) values 

o f slowness of 0.1 sec/deg. The e r r o r i n f o c a l depth o f 75 km 

f o r a surface focus event w i l l a lso be about 0.1 dec/deg. These 

values w i l l be l e ss f o r more d i s t a n t earthquakes. . 

(3i • A l t i t u d e Cor rec t ions 

The seismometers are not a l l at the same a l t i t u d e , and 

c o r r e c t i o n i s made f o r the d i f f e r e n t distances a s i g n a l must t r a v e l 

th rough near-surface rocks t o each ins t rument . 

Assuming we can approximate the s i g n a l pa th t o be v e r t i c a l , 

t hen each onset t ime t ^ i s co r r ec t ed t o 

* i " ( h i ' h ° } 

h . , h^ are the he igh t s o f the i t h seismometers and the reference 

seismometers r e s p e c t i v e l y . V s i s the subsurface P-wave v e l o c i t y , 

A l l seismometer s i t e s are on phono l i t e and samples f rom Kaptagat 

show a mean dens i ty o f 2.50 gn/cc. A corresponding value f o r 

o f k-5 km/sec i s used (v /ool lard , 1959; Ta lwan i e t a l , 1959)'. 

(k) "Focal Depth C o r r e c t i o n . 

We know the e p i c e n t r a l co-ordinates f o r a l l events as w e l l 

as t h e i r f o c a l depths, so t h a t we can co r rec t f o r the e f f e c t s o f 

the l a t t e r on d T / d A us ing the e a r t h s t r u c t u r e o f H e r r i n , Tucker 
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T a g g a r t , G o r d o n and L o b d e l l ( l 9 6 8 ) ( F i g . 1 0 ) . Hence we can-deduce 

t h e c o r r e c t e d v a l u e s o f s lowness as e x p e c t e d f r o m H e r r i n e t a l ' s 

( 1 9 O 8 ) S e i s m o l o g i c a l T a b l e s . 

Assuming t h i s s i m p l e s t r u c t u r e , t h e c o r r e c t e d d i s t a n c e 

CDEL f o r a f o c u s w i t h i n t h e f i r s t l a y e r i s : 

CDEL . = DEL + H . t a n i 3 ( i v ) 

where H i s t h e f o c a l d e p t h , and i can be c a l c u l a t e d f r o m t h e 

r e l a t i o n p = R s i n i . 

V 

R i s t h e r a d i a l d i s t a n c e t o t h e f o c u s , V t h e v e l o c i t y a t t h i s 

l e v e l ( F i g . 10) and we can t a k e p as d l / d A f o r d i s t a n c e DEL f r o m 

H e r r i n ' s t a b l e s . B y s i m p l e a p p l i c a t i o n o f S n e l l ' s Lav; we can e x t e n d 

3 ( i v ) t o c o v e r any f o c a l d e p t h u s i n g the same m o d e l . 

( 3 ) Random Reading; E r r o r s 

Random e r r o r s w i l l o c c u r i n r e a d i n g t h e r e c o r d s b o t h t h r o u g h 

v a r i a t i o n s i n t h e r e c o r d i n g and p l a y o u t systems and a l s o t h r o u g h 

t h e o b s e r v a t i o n and measurement o f onse t t i m e s . A l t h o u g h we can 

c o r r e c t t o a c e r t a i n e x t e n t f o r t h e f o r m e r ( S e c t i o n 3 « 1 « 6 « ) , some 

e r r o r s w i l l s t i l l r e m a i n t o a f f e c t ou r e s t i m a t e s o f s lowness and 

a z i m u t h . , " 

Assuming t h e r e a d i n g e r r o r s are independen t Gauss i an 

2 
v a r i a b l e s w i t h v a r i a n c e o , we a l s o d e f i n e ; 

m m 
! > J = 1 Y ( y . - y ) x ; X 

i = 1 i = 1 

m 

m f 
i = 1 
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where and y ^ a re t h e c o - o r d i n a t e s o f t h e i t h se i smometer , 

where i = 1 , m. Then K e l l y ( 1 9 6 4 ) has d e r i v e d t h e f o l l o w i n g 
j 

e x p r e s s i o n s . The r o o t mean square e r r o r i n s lowness i s g i v e n 

b y : 

<r 
• \JLL\ , GX 

mD 

and t h e r o o t mean square e r r o r i n a z i m u t h i s : 

* r 2

 n 

J & x j . s i n A + 2 Q c Y j s i n A cos A + ^ Y l ] c o s A 
S JmD 

whe re D = [ x x ] [ n ] - [ x f f 

As t h e r e c o r d - f o r each ea r thquake has been p l a y e d o u t 

s e v e r a l t i m e s ( S e c t i o n 3 « 1 . 6 « ) > measurements o f o n s e t t i m e s 

made u s i n g a l l p l a y o u t s , we c a n e s t j j n a t e 0* b y c a l c u l a t i n g t h e 

v a r i a n c e o f t h e o n s e t t i m e e r r o r s f r o m t h e m u l t i p l e r e a d i n g s . 

The r o o t mean square e r r o r a v e r a g e d o v e r a l l e v e n t s i s 0 .007 

seconds , and t h e c o r r e s p o n d i n g v a l u e s f o r t h e s lowness and a z i m u t h 

e r r o r s a re shown i n F i g . 1 1 . These show t h a t f o r s i g n a l s f r o m an 

e a r t h q u a k e a t d i s t a n c e A = 6 0 ° , t h e random r e a d i n g e r r o r s s h o u l d 

n o t be more t h a n about 0 . 2 s e c / d e g . 

3 . 1 . 8 . D i s c u s s i o n o f R e s u l t s 

Source p a r a m e t e r s f o r t h e t h i r t y - f o u r e a r t h q u a k e s used i n 

t h e o n s e t t i m e a n a l y s i s - a r e g i v e n i n T a b l e 5, w i t h t h e c a l c u l a t e d 

v a l u e s o f (3T/dA and a z i m u t h o f approach f o r t h e K a p t a g a t a r r a y . 

E r r o r b a r s are 3% c o n f i d e n c e l i m i t s . F o r t h e pu rposes o f compar­

i s o n we have assumed t h a t t h e d T / d A d i s t r i b u t i o n c a l c u l a t e d f r o m 

t h e t r a v e l t i m e s o f H e r r i n e t a l (19^8) - g i v e " t h e o r e t i c a l " v a l u e s 

f o r g i v e n d i s t a n c e s and t h a t t h e d e v i a t i o n o f t h e o b s e r v e d t r a v e l 
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F i g . 1 1 . Random r e a d i n g e r r o r s i n s lowness 
and a z i m u t h a t t h e K a p t a g a t a r r a y 
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t i m e d e r i v a t i v e f r o m t h e a p p r o p r i a t e t a b u l a t e d v a l u e f o r an 

e v e n t i s i t s s lowness anomaly . S i m i l a r l y , we .can c a l c u l a t e - • 

t h e g r e a t c i r c l e a z i m u t h o f each e p i c e n t r e f r o m t h e s t a t i o n 

f r o m t h e NOAA d a t a and d e f i n e t h e a z i m u t h anomaly f o r t h a t even t 

as t h e d i f f e r e n c e be tween t h e o b s e r v e d d i r e c t i o n o f a p p r o a c h and 

t h e g r e a t c i r c l e a z i m u t h . These s lowness and a z i m u t h anomal i e s 

a r e g i v e n i n T a b l e 5 , F i g . 1 2 and F i g . 1 3 . 

F rom t h e s e i t can be seen t h a t t h e e v e n t s a n a l y s e d g i v e 

r a t h e r an uneven a n g u l a r cove rage a round t h e s t a t i o n . The n o r t h ­

e a s t quad ran t i s w e l l c o v e r e d w i t h e p i c e n t r e s i n t h e a c t i v e a reas 

o f S o u t h e r n E u r o p e , A s i a and t h e F a r E a s t . However , s i g n a l s f r o m 

t h e w e s t were g e n e r a l l y n o t w e l l r e c o r d e d d u r i n g t h e p e r i o d o f t h e 

s t u d y ^ a n d t h i s , when c o u p l e d w i t h t h e r e l a t i v e l y l o w s e i s m i c a c t i v i t y 

a t h i g h m a g n i t u d e s and s u i t a b l e d i s t a n c e s ( e x c e p t f o r t h e M i d -

A t l a n t i c R i d g e A r e a ) i s r e s p o n s i b l e f o r a f a i r l y sparse d i s t r i b u t i o n 

o f r e s u l t s f r o m ESE t o N M . C o n f i d e n c e l i m i t s o n b o t h d T / d A and 

a z i m u t h a re g e n e r a l l y s u b s t a n t i a l , as w o u l d be e x p e c t e d f o r measure­

ments o n h i g h v e l o c i t y s i g n a l s a c r o s s a s m a l l u n c a l i b r a t e d a r r a y . 

Howeve r , some d i s t i n c t t r e n d s can be d e l i n e a t e d . 

The v a l u e s o f d r / d A show s y s t e m a t i c and v e r y p r o n o u n c e d 

a z i m u t h a l v a r i a t i o n s , w h i c h a re e v i d e n t f r o m t h e anomaly p l o t . From 

WI t o NNE t h e r e a re l a r g e p o s i t i v e a n o m a l i e s . T h a t i s , t h e measured 

s lownesses a re h i g h e r , and t h e apparen t v e l o c i t i e s l o w e r , t h a n v a l u e s 

f o r c o r r e s p o n d i n g d i s t a n c e s g i v e n b y H e r r i n f o r a mean e a r t h m o d e l 0 

On t h e o t h e r h a n d , be tween ENE and SE t h e s lowness a n o m a l i e s a r e 

s i g n i f i c a n t l y n e g a t i v e . Hence t h e r e i s a change o f s i g n i n t h e 

anomaly be tween about 3 5 ° and 6 0 ° ea s t o f n o r t h and a n o t h e r somewhat 

w e s t o f e a r t h q u a k e 2 9 . D e s p i t e t h e uneveon d i s t r i b u t i o n o f t h e d a t a , 
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GREAT CIRCLE A Z I M U T H 

F i g , 1 2 . Obse rved s lowness anomaly a t K a p t a g a t . 
E r r o r b a r s are 3% c o n f i d e n c e l i m i t s . 
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t h i s s u g g e s t s t h a t t h e r e i s a c o n t i n u o u s v a r i a t i o n i n s lowness 

t h r o u g h o u t a f u l l c i r c l e o f a z i m u t h s . A l t h o u g h t h e r e i s 

s c a t t e r f o r e v e n t s f r o m s i m i l a r d i s t a n c e s and a d j a c e n t e p i c e n t r e s , 

t h e p o s i t i v e and n e g a t i v e anomaly peaks a re o u t s i d e t h e range o f 

t h e c o n f i d e n c e l i m i t s . 

P i g . 1 2 shows t h e s lowness anomal ies f o r a l l e v e n t s , c o r r ­

e s p o n d i n g t o s i g n a l s f r o m d i f f e r e n t d i s t a n c e s . S lowness i s , o f 

c o u r s e , a f u n c t i o n o f d i s t a n c e and we m i g h t e x p e c t t h e anomal i e s 

t o a l s o show some such dependence. We can c o n s i d e r two s m a l l 

g roups o f d a t a r e l e v a n t t o e p i c e n t r e s w i t h i n na r row a z i m u t h a l 

r a n g e s . E v e n t s 1 2 - 2 1 show anomal ies i n c r e a s i n g w i t h d i s t a n c e , 

whereas t h e s m a l l e r g r o u p © o f e v e n t s 2 - 6 d i s p l a y t h e o p p o s i t e 

v a r i a t i o n . A l t h o u g h t h e d a t a a re t o o f e w t o a l l o w f i r m c o n c l u s i o n s 

t o be dfiav/n, i t seems t h a t f o r l a r g e e p i c e n t r a l d i s t a n c e s t h e 

change i n s l o w n e s s anomaly v a l u e s w i t h d i s t a n c e i s n o t g r e a t com­

p a r e d w i t h t h e s c a t t e r o f measurements . 

The a z i m u t h a n o m a l i e s ( P i g . 13) a re a l s o s i g n i f i c a n t a l t h o u g h 

t h e y show g r e a t e r s c a t t e r t h a n t h e s lowness anomal i e s and a l e s s 

c l e a r l y d e f i n e d t r e n d . The l a r g e s t n e g a t i v e v a l u e s , c o r r e s p o n d i n g 

t o a d e v i a t i o n f r o m t h e g r e a t c i r c l e a z i m u t h i n an a n t i - c l o c k w i s e 

d i r e c t i o n , o c c u r be tween NE and ENE w i t h changes o f s i g n p r o b a b l y 

a r o u n d NNW and be tween e a s t and s o u t h . The anomaly f o r ea r thquake 

25 i s d i f f i c u l t t o r e c o n c i l e w i t h t h e m a i n body o f t h e d a t a w h i c h 

w o u l d p r e d i c t a n e g a t i v e a z i m u t h d e v i a t i o n . A g a i n c o n s i d e r i n g 

t h e t w o groups o f e v e n t s 2 - 6 and 12 - 2 1 , b o t h show an i n c r e a s e 

i n a z i m u t h anomaly w i t h d i s t a n c e , a l l t h e anoma l i e s h a v i n g t h e same 

s i g n . 

T h u s , a l t h o u g h t h e v a r i a t i o n i n t h e measured az imu ths i s 
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l e s s sha rp and d i s p l a y s more s c a t t e r t h a n t h a t f o r s l ownesse s , 

b o t h s e t s o f d a t a show a s t r o n g dependence upon t h e d i r e c t i o n 

o f app roach t o t h e a r r a y . Such s y s t e m a t i c changes have been 

o b s e r v e d a t o t h e r a r r a y s ( O t s u k a , 1966a, and 1966b; N i a z i , 1966; 

G r e e n f i e l d and Sheepa rd , 1969; C l e a r y , W r i g h t and M u i r h e a d , 1 9 6 8 ) . 

However , t h e d e v i a t i o n s o b s e r v e d a t K a p t a g a t a r e u n u s u a l l y l a r g e ' . 

3 . 2 . 1 . A n a l y s i s o f R e s i d u a l s 

I d e a l l y ? s e i s m i c a r r a y s s h o u l d be on f a i r l y f l a t r e g i o n s 

t h a t a re g e o l o g i c a l l y homogeneous and i s o t r o p i c . V a r i a t i o n s i n 

n e a r - s u r f a c e s t r u c t u r e w i l l cause t h e speed o f s e i s m i c a r r i v a l s 

t o v a r y a t i n d i v i d u a l s e i s m o m e t e r s . E s t i m a t e s o f such e f f e c t s c a n 

be o b t a i n e d i n t h e f o l l o w i n g way . 

Prom e q u a t i o n 3 ( i i ) i n S e c t i o n 3 . 1 . 2 . , we can express , t h e 

o n s e t t i m e r e s i d u a l a t t h e i t h se ismometer f o r t h e k t h e v e n t as 

€ i k > 

* i k

 = t i k - G k + R. . cos ( 0 i - * k ) . y g | 3 ( v ) 

However , we can a l s o w r i t e = Pj_ + ^ i k * 

where P^ i s t h e t i m e c o r r e c t i o n f o r t h e e f f e c t s o f g e o l o g y u n d e r -

n e a t h t h e i t h i n s t r u m e n t , z. ^ i s t h e r e m a i n i n g e r r o r i n t ^ . 

The v a l u e s ' o f (P^ + € ^ ) • f o r a l l e v e n t s s t u d i e d can be 

used t o d e f i n e a s i t e c o r r e c t i o n f o r each se i smomete r , w h i c h w i l l 

g i v e i n f o r r a a t i o n o n t h e s t r u c t u r e b e n e a t h . T h i s w i l l c o n s i s t o f 

c o n s t a n t and a z i m u t h a l l y v a r y i n g t e r m s and can be a p p r o x i m a t e d t o 

a s i n e cu rve ( C o r b i s h l e y , 1970) such t h a t 

P i + € i k

1 = A i + B i ( z k + E

± ) + * L k 3 ( v i ) . 
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Z i s t h e a z i m u t h o f t h e k t h even t a t t h e a r r a y , and A , B 
k i i 

and E ^ a re c o n s t a n t s f o r e a c h p i t . We can s o l v e t h i s e q u a t i o n 

b y l e a s t squares i n t h e p re sence o f e r r o r s r - ^ on (P^ + 

A b e t t e r a p p r o x i m a t i o n t o t h e o n s e t t i m e r e s i d u a l s w o u l d i n c l u d e 

h i g h e r o r d e r t e r m s o n t h e r i g h t - h a n d s i d e o f 3 ( v i ) . However , t h e 

a d d i t i o n a l t e r m s w o u l d be s m a l l a n d w o u l d c o m p l i c a t e any i n t e r ­

p r e t a t i o n o f t h e s t r u c t u r e b e n e a t h the a r r a y f r o m the se c o r r e c t i o n s 

( C o r b i s h l e y , 19^9) • I n . p a r t i c u l a r , 3 ( v i ) can be t a k e n as an a p p r o x ­

i m a t e r e p r e s e n t a t i o n o f t h e anomaly a s s o c i a t e d w i t h a d i p p i n g l a y e r 

u n d e r n e a t h t h e s e i s m o m e t e r s . The d i p a t each i n s t r u m e n t may be 

o b t a i n e d f r o m t h e phase ang le E ^ . As s i n ( Z ^ + E^) i s a maximum 

when t h e a z i m u t h Z^. t a k e s t h e v a l u e (90 - E ^ ) , t h e n t h e p i t . c o r r ­

e c t i o n i s a maximum when t h e a z i m u t h i s i n t h e d i r e c t i o n o f d i p . 

We can compute £±]£ f o r each event b y s u b s t i t u t i n g t h e 

l e a s t squares v a l u e s o f ( d T / d A ) ^ , C^. and ^ i n t h e e x p r e s s i o n 

f o r t h e o b s e r v e d minus t h e c a l c u l a t e d onse t t i m e s i n 3 ( v ) . E q u a t i o n 

3 ( v i ) i s t h e n s o l v e d b y l e a s t squares f o r a l l e v e n t s and a compute r 

programme has been w r i t t e n f o r t h i s . 

3 . 2 . 2 * D i s c u s s i o n o f S i t e C o r r e c t i o n s . 

The s i t e c o r r e c t i o n t e r m s A ^ , and E ^ a re g i v e n i n 

T a b l e 6 w i t h 9f^o c o n f i d e n c e l i m i t s , and t h e o n s e t t i m e r e s i d u a l s 

a r e p l o t t e d f o r each s e i s m o m e t e r i n F i g s . 1 4 - 1 8 . S u p e r i m ­

p o s e d on t h e s e g raphs a r e t h e c u r v e s f i t t e d t o t h e r e s i d u a l s . 

S i t e c o r r e c t i o n s a r e g e n e r a l l y a t t r i b u t e d t o inhomogen-

e i t i e s i n t h e E a r t h , bu t i t i s n o t easy t o e s t a b l i s h w h i c h p a r t 

o f t h e E a r t h i s c h i e f l y r e s p o n s i b l e . I t i s assumed he re t h a t 
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any l a t e r a l var ia t ions i n deep structure, f o r instance i n the 
upper mantle, w i l l manifest themselves as values of slov/ness 
lower or higher than expected, but as these values are then 
used to compute the residuals, there w i l l be l i t t l e e f f ec t on 
the time corrections at i nd iv idua l seismometers. . Thus the chief 
cause of the s i te corrections should be near the surface. 

The values of A . , B- and E. (Table 6 ) are calculated 

using a l l events as there i s no marked e f f e c t on the onset time 

residuals due to the d i f f e r e n t epicentral distances involved. I n 

general, A^ and are f a i r l y small and of the same order as those 

estimated f o r other arraysof comparable size (Corbishley, 1 9 7 0 ) . 

The constant terms A i do not exceed + 0 . 0 2 seconds, except f o r 

that associated wi th p i t Y 3 . Hence, there do not seem to be any 

large l a t e r a l var ia t ions i n near surface structure across the array. 

This conclusion i s i n accord wi th geological evidence as a l l seis­

mometers are set on a substantial depth of phonolite which probably 

does not show large var ia t ions i n composition immediately beneath 

the array (Jennings, 1 9 6 4 ) . I n addit ion, these D.C. terms do not 

exhib i t any simple t rend across ei ther arm of the array ( P i g . 1 9 ) , 

and do not correlate w e l l w i th the elevations of ind iv idua l seis­

mometers ( P i g . 2 0 . ) . Thus, the corrections applied to the onset 

times (Section 3 . 1 . 7 ) before least squares analysis probably allow 

adequately f o r d i f f e r i n g s i t e heights. . 

The terms are a l l below + 0 . 0 2 seconds and, therefore, do 

not indicate any systematic anisotropy i n wave propagation, which 

would tend to cause the azimuthally varying term to be large. The 

absence of regular azimuthal va r i a t ion i s confirmed by the scatter 

i n the values f o r the phase angle E^. 



TABLE 6 

ARRAY SITE CORRECTIONS 

PIT A. (sees) B (sees) E. (degrees! 

Y1 • -0.005 +'0.015 0.008 + 0.017 319.8 

Y2 0.016 + 0.019 ' 0.011 + 0.022 39.9 

Y3 0.029 + 0.021 0.014 + 0.024 250.7 

Y4 -0.017 + 0.019 0.016 + 0.020 24.3 

Y5 -0 .007+0 .011 0.008+0.012 '205.0 

R1 -0 .020+0 .012 0 .008+0.014 174.7 

R2 0.00 + 0.010 0.012 + 0.012. 180.4 

R3 0.011 + 0.021 0.018 + 0.022 . 105.8 

R4 0.010 + 0.015 0.005 + O.O16 . 323.5 

R5 -0.014 + 0.022 0.009 + 0.024 ' 276.2 

Errors are 95/" confidence l i m i t s . 
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CHAPTER k 

HEASlIKSiEIlT 03? P-WAVE DELAY TIi,.'ES 

4 . 1 . In t roduct ion 

Considerable v a r i a t i o n has been observed i n the t r ave l times 

of earthquake signals crossing d i f f e r e n t parts of A f r i c a , indicat ing 

l a t e r a l variat ions i n s t ructure . L i l w a l l and Douglas ( 1 9 7 0 ) computed 

the t ravel - t ime corrections f o r several Af r i can stations using the 

Jo in t Epicentre Method. A study of the DC component of these corr­

ections shows tha t , i n general, the stations w i t h i n the r i f t system 

have pos i t ive corrections whereas outside the system, such correc­

t ions are smaller, p a r t i c u l a r l y i n southern A f r i c a where negative 

values are common. This indicates a "slowing-down" of waves crossing 

the r i f t valleys r e l a t ive to the rest of A f r i c a . These ' results are 

s imi l a r to those from less extensive studies by Herr in and Taggart 

(19^8) and Cleary and Hales ( 1 9 6 6 ) . 

Fairhead (1968), again using the Joint Epicentre Method, found 
o o 

that f o r epicentre! distances of 0 - 30 , A f r i c a n t r ave l times 

d i f f e r e d s i g n i f i c a n t l y from the Je f f r i e s -Bu l l en times, but such 

departures were ' reduced though not eliminated by using Herr in ' s 

tables as an a l ternat ive standard. Also, work on s ta t ion correc­

t ions f o r events w i t h i n t h i s smaller distance range confirm the 

conclusions drawn from the resul ts above. The shield regions of 

A f r i c a have negative corrections, but those w i t h i n the r i f t system 

have pos i t ive ones, indicat ive of anomalously low ve loc i t i es beneath. 

This does not seem to be the case between the Eastern and Western 

R i f t s (Fairhead and Gird ler , 1 9 7 1 ) • 
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Sundaralingam (1971) measured the P-wave t ravel- t ime 

delays f o r East A f r i c a n stations re la t ive to Bulawayo (BUL) 

using Herr in et a l ' s tables and events only i n the distance -
o o 

range 25 - 90 . He discovered large posi t ive delays at Addis 

Abbaba (AAE) and Nairobi (NAl) , . but a smaller posi t ive value at 

Lwiro (LWI) i n the Western. R i f t (Table 3 ) . This method uses 

the d i f ference between residuals from standard t ravel- t ime tables 

f o r given events at a pa i r of s ta t ions, i n t h i s case Bulawayo 

being a standard i n each of the three above cases. This proced­

ure w i l l be used here and i s examined i n d e t a i l i n the next section. 

Delay Time Analysis 

Long and M i t c h e l l ( 1 9 7 0 ) have shown that the difference 

between the observed and expected t r ave l times i s given by the 

residual R, where: 

. R = T 0 + T E + T t + T s + E 4 ( i ) 

T 0 arises from errors i n the earthquake focal data. 

T-g i s due to anomalies at source. 

T^ i s the er ror i n the calculated t r ave l time due to inaccurate 

tabulated values. 

T s i s the delay caused by anomalies beneath the s ta t ion . 

E i s the error from poor t iming and misreading of seismograms. 

The two-sta t ion method, by taking the difference between 

residuals f o r given events at a s ta t ion pa i r , attempts to isolate 

the T s terms by cancellat ion or reduction of the other factors i n 

order tha t the resu l t ing r e l a t i ve delay provides a d i rec t measure 

of the crust and upper mantle differences beneath the two stat ions. 



Each term i n the above expression w i l l be considered i n tu rn . 

( 1 ) Errors i n f o c a l data T 0 can arise from an inadequate 

or non-symmetrical d i s t r i b u t i o n of locat ing stat ions, or from 

s t a t i o n or source anomalies. This term w i l l vary f o r d i f f e r e n t 

regions hence f o r d i f f e r e n t epicentral distances and azimuths* and 

also f o r events of d i f f e r i n g magnitudes from the same region. When 

considering the re la t ive delay between two stat ions, any errors i n 

o r i g i n time w i l l cancel, but the varying curvature of the t r a v e l -

time curve implies that incorrect distance can give a r t i f i c i a l 

delays. A l l the epicentres and foca l depths here were determined 

by the NOAA and a l l but two have magnitudes of 4 . 8 or greater. Prom 

section 3 . 1 . 7 . , we have assumed that epicentral co-ordinates are not 

i n e r ro r by more than 25 km and foca l depths less than 75 km. The 

er ror i n epicentral distance i s a func t ion of distance and also of 

the pos i t i on of an epicentre w i t h respect to the two stat ions. For 

the events i n the range 2 5 ° - 9 9 ° , calculations show that the r e l ­

at ive delays could be er ror by as much as 0 .8 seconds from assuming 

incorrect distance alone. This i s a maximum f o r events along a 

great c i r c l e bisecting and perpendicular to a l i ne j o in ing the 

stat ions and f o r a mislocation perpendicular to t h i s great c i r c l e . 

The con t r ibu t ion towards T 0 from miscalculating the focal-depth 

is most pronounced f o r deep and close events along a great c i r c l e 

j o i n i n g the pa i r of s ta t ions . For a locat ion error of 75 km f o r 

a surface focus' event, a maximum error of about 0 . 7 seconds would 

resul t f o r t h i s study. 

However, the actual e r ror i n each measurement' of re la t ive 

delay depends on the d i r ec t ion of the error i n f oca l pos i t ion . 

Because of the lack of deta i led information f o r a l l the seismic 
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regions concerned, only the above maximum figures are presen­

ted . 

( 2 ) i s caused by anomalies i n the crust and upper mantle 

at the source of an earthquake. The use of re la t ive delay f o r 

a s t a t i o n pa i r should resul t i n considerable reduction of t h i s 

term, as the e f f e c t at source i s l i k e l y to be i n the same sense 

f o r both s t a t ion paths and of s imi la r magnitude unless the stations 

are f a r apart. However, t h i s does not hold i f there i s a large 

degree of inhomogenieity near the source. For instance, the 

proposal that the descent of cold plates of oceanic material into 

hot mantle material beneath i s land arcs could lead to "fast" planes, 

would suggest negative t ravel- t ime residuals f o r rays t r a v e l l i n g 

along t h i s d i r e c t i o n (Davies and McKenzie, "19^9) • These would 

tend t o cancel out f o r r e la t ive delay at two stations very close 

together but as rapid l a t e r a l var ia t ions i n structure and seismic 

v e l o c i t y are implied, t h i s might not hold f o r we l l separated s tat ions. 

Such character is t ics might be expected f o r the earthquakes i n th i s 

study from the Phi l ippines and the Celebes-Borneo area and t h i s 

w i l l be discussed i n a l a t e r section ( 4 . 5 0 • 

( 3 ) T̂ . i s the er ror i n the expected t r a v e l time calculated 

from standard tables. Unless epicentral distances are.the same 

f o r both s ta t ions, which i s not usually the case, then inaccuracies 

i n the tables should not cancel. Herr in et a l ' s ( 1 9 ^ 8 ) tables . 

show much less scatter over many distances than the J e f f r i e s - B u l l e n 

tables (Long and M i t c h e l l , 1970 ; Fairhead, 1968) and have a s imi la r 

shape to other tables ( L i l w a l l and Douglas, 1970; Cleary and Hales, 

1 9 6 6 ) . Thus the main difference i s a small DC component which 
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w i l l cancel w i th the s ta t ion pa i r method. By using Herrin* s 

tables , we can probably neglect the T-fc term. 

( 4 ) T s i s the delay caused by c]rast and upper mantle anom­

al ies beneath the s ta t ions, and i s the quantity we normally 

wish to i so l a t e . The re l a t ive delay between the two stations, 

due to t h i s t e rm( r s - T s i ) can act as a comparison betv/een the 

structures beneath the two stat ions. 

( 5 ) E i s due to misreading of the seismograms. This can be 

due to f o u r types of errors (Freedman, 1 9 6 8 ) : 

(a) Miscounting: due to incor rec t ly observing the seconds, 

minutes or even hours on the output time codes. . Obviously 

large errors w i l l be easy to detect and a second reading of the 

a r r i v a l time w i l l l a rge ly eliminate any differences greater than 

a few tenths of a second. 

(b) M i s i d e n t i f i ca t ion : t h i s arises largely through the 

signal onset being obscured by background noise. I n pract ice , 

many records were discarded as onsets were indistinguishable t o 

a precis ion bet ter than about h a l f a second or more. I n marginal 

cases the onsets f o r adjacent seismometers were measured and i f , 

a f t e r allowance f o r the propagation lags, the estimates d i f f e r e d 

by more than 0 . 5 seconds, then the record was rejected. 

I t has been suggested that some delays are "caused" by 

consistent la te reading of records (Stefansson, 19^4 ) w i t h onsets 

l o s t i n noise. Also, onsets picked from processed records tend 

to be e a r l i e r than those from unprocessed signals. The chosen 

signals were played out both unprocessed and processed by an 
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electronic band-pass f i l t e r . The f i l t e r e d signal was used 

as a check, but the a r r i v a l time was taken o f f the u n f i l t e r e d 

channel, as the f i r s t break was usually clearer. 

.(c) Instrumental Errors : these are caused by variat ions 

i n instrumental response, recording or playout speed, and clock 

errors . 

Instrumental error i s probably neg l ig ib le . The playouts 

were on paper wi th one second equivalent to 1 centimetre, ensuring 

that most onsets remained reasonably sharp and any variat ions i n 

paper speed were neg l ig ib l e . 

The treatment of clock errors i s more d i f f i c u l t . Log 

sheets are prepared on s i te wi th detai ls of three time checks 

every day, g iv ing the clock er ror wi th respect to GMT. Also, 

Greenwich Mean Time was recorded on the radio channel. However, 

due to clock jumps, some a r r iva l s could not be timed and were 

re jected. Where tijne or radio checks were missing and also when 

the clock had more than a very slow d r i f t , the relevant records 

were not considered. 

(d) Reading errors: even i f the preceding sources of error 

are eliminated, there would s t i l l be a random error term incurred 

i n reading the onset times. With the playout speed used, an 

accuracy of a few tenths of a mil l imetre i s possible, corresponding 

to a time error less than 0.05 seconds. 

A f t e r computation, some extreme values f o r re la t ive delay 

were l e f t which could not be removed by checking measurements and 

calculat ions . Therefore, assuming a normal d i s t r i b u t i o n , a l l 

values outside three standard deviations from the mean were 
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re jected. This was thought to be reasonable as the probab­

i l i t y of observing data outside th i s range i n the normal case 

i s only 0 . 0 0 3 and these values are probably contaminated wi th 

large values of 3 . 

4 . 3 . Corrections 

Although the use of re la t ive delay f o r a s ta t ion pai r 

reduces error terms, corrections have to be considered f o r the 

e f f ec t s of the Earth 's e l l i p t i c i t y , the s t a t ion elevations, and 

the angle o f emergence of rays at the surface. These were 

applied as described below, f o r each event at both s ta t ions. 

1 • E l l i p i c i t y Correction 

Travel times from standard tables apply to a sphere of 

volume equal to that of the Earth - the mean sphere - and allow­

ance has to be made f o r the e l l i p t i c a l shape of the Earth. The 

deviat ion from the mean sphere i s about - 1 4 km at the poles and 

4- 7 l<m at the equator (Bullen, 1 9 & 5 ) . 

The time correct ion dE i s given approximately by: 

f ( A ) i s a f u n c t i o n of distance only, and i s tabulated i n 

Bullen (1950 and Young and Gibbs (19^8). 

epicentre respectively above the mean sphere. I n general t h i s 

i s given by: 

E i s the e l l i p i c i t y of the Earth and R the radius of the mean 

( A ) r h . + h dE 1 

hQ and h>j are the heights of sea l eve l below the s ta t ion and 

h = E.R. ( i - s i n 2 0 ) 
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J 

sphere. 0 i s the geocentric l a t i tude of the s ta t ion or 

epicentre. dS is added to the calculated t r a v e l t ime. 

2 ' Elevation Correction 

A correct ion to delay time f o r a s ta t ion at elevation 

Z can be made by adding to the expected t r a v e l time f o r each 

event a term dL, where: 
"1 / 

dL = Z • cos i^J - tan i Q 

• ~ R 

i i s the angle the ray makes with the normal at the surface 

i n a layer of v e l o c i t y V c . 

V-£ i s the apparent surface ve loc i ty of the ray, chosen f o r the 

appropriate station-source distance. 

Kaptagat and Bulawayo are, respectively, 2 . 3 9 km and 

1 . 3 4 km above sea l e v e l . For Bulawayo, V c . was taken as- 5 . 4 km/ 

sec which has been suggested f o r the top "1.3 km of the crust i n 

the Transvaal (Gane et a l , 1 9 5 6 ; Clark, 1 9 6 6 ) . At Kaptagat, 

several hundred fee t of phonolite overlie the Precambrian base­

ment gneisses (Jennings, 1964) and from density considerations, 

a ve loc i ty of 5 « 5 km/sec was used i n the elevat ion.correct ion. • 

3 . Correction f o r Angle of Emergence 

Usually delay times are interpreted i n terms of plane 

p a r a l l e l layers, so i t i s useful to correct the measured delay ' 

time to give a v e r t i c a l t r a v e l time anomaly Ty. 

T v = T g cos 8 - T g 1 cos 0 

8 i s the angle the ray makes w i th the v e r t i c a l beneath 

S ta t ion S. 
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G i s the angle the ray makes wi th the v e r t i c a l beneath 

S ta t ion S1. 

8 , Q and also i i n Section (2) can be calculated using the. 

ray theory re la t ionship P = R sin i 
V '. 

L c > 1 

Here i relates to^O or 0 and the other symbols are given 

i n section 3.1.7.(3),» 

4 .4 . The Data 

The a r r i v a l times at Kaptagat were read from paper 

playouts of the events stored on magnetic tape. A l l channels 

were played out, but, i n general, the a r r i v a l time was measured 

from channel Y 1 . This was found to be the most re l iab le 

instrument and was also played out f i l t e r e d . I n a few cases Y1 

was not recording c lea r ly f o r otherwise suitable events and an 

adjacent trace was read, a small correction being made f o r the 

propagation delay between the two instruments. The data f o r 

Bulawayo was taken from picking l i s t s prepared at the Goetz 

Observatory, Bulawayo, and obtained from the ISO, Edinburgh. 

A computer program was wr i t t en to f a c i l i t a t e the ca l cu l ­

a t ion of r e la t ive delays. The o r i g i n times, epicentral la t i tudes 

and longitudes, and f o c a l depths of a l l the selected events Y/ere 

assumed from the NOAA data and inputted along wi th the observed 

a r r i v a l times at Kaptagat and Bulawayo. The distances and 

t r a v e l times are computed f o r each event and s ta t ion and delays 

calculated a f t e r applying the above corrections. The delay at 

Kaptagat r e l a t ive to Bulawayo can then be given as output. 
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4«5» Discussion of Results 

Seventy-eight measurements of delay time were made f o r 

Kaptagat r e l a t i ve to Bulawayo and these are given, With source 

parameters, i n Table 7. As wi th the dr /dA data, the d i s t r i b ­

u t i o n of delay time values shows a heavy concentration w i t h i n 

the north-east quadrant and an especially high density of resul ts 

associated w i t h the active regions of Indonesia and the P h i l i p p ­

ines. Of the t o t a l of delays computed, those f a l l i n g outside 

three standard deviations from the mean were rejected and the 

variance f o r the truncated set of seventy-eight was estimated 

using the method of Freedman (19^8) • The delays then have a mean 

of 2.20 seconds and 95/o confidence l i m i t s of 2.00 seconds. 

. Table 8 shows a l l the delays as a func t ion of epicentral 

distance from Kaptagat. Although the group means are not by 

themselves very s i g n i f i c a n t , because of the small numbers of 

measurements and substantial scatter, there does not seem to be 

any v a r i a t i o n w i t h distance above 40° wi th the values f o r smaller 

distances having differences that are not s ign i f i can t at the 6j-/0 

l e v e l . 

A deta i led analysis of delay time va r i a t i on as a func t ion 

of azimuth w i l l be given i n Chapter 6, but a review of values from 

d i f f e r e n t regions does not reveal any large amplitude trends. For 

instance, group means are 2.0 f o r the Hindu Kush region ( f i v e events), 

2.5 f o r the Nicobar Islands (eight events), and 2.6 f o r Sumatra 

(eight events). However, the lack of f u l l c i r c l e coverage l i m i t s 

the r e l i a b i l i t y of such an analysis. The mean f o r the Sumatra group 

and also the means f o r the resul ts from the Phil ippines (2.6 f o r f i v e 

events) and the Celebes region (2.7 f o r eight events) are of in teres t 
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TABLE 8 

KAPTAGAT P-WAVE DELAYS RELATIVE TO BULAWAYO 

D i s t a n c e Mean D e l a y S t a n d a r d Number o f 
( d e g r e e s ) ( seconds ) D e v i a t i o n O b s e r v a t i o n s 

2 0 - 3 0 1 . 3 1 . 2 6 . 

3 0 - 4 0 1 . 9 0 . 7 7 

40 - 3 0 2 . 3 1 . 0 1 3 

5 0 - 6 0 2 . 4 0 . 9 1 5 

6 0 - 7 0 • 2 . 1 0 . 9 9 

7 0 - 80 2 . 4 1 . 2 1 0 

80 - 9 0 2 . 4 0 . 8 1 2 

9 0 - 9 9 2 . 0 0 . 9 6 

TABLE 9 

TWO STATION DELAYS FOR EAST AFRICA " 

KAP - BUL 2 . 2 0 + 2 . 0 0 sees P r e s e n t S t u d y 

N A I - BUL 2 0 3 + O o 3 sees S u n d a r a l i n g a m ( 1 9 7 1 ) 

AAE - BUL 2 . 7 + 0 . 3 se.es 

N A I - BUL 2 . 5 2 + 0 . 7 0 sees L i l w a l l and D o u g l a s ( 1 9 7 0 ) 

AAE - BUL 2 . 7 3 + 0 . 6 7 sees 

AAE - BUL 1 . 5 + 0 . 3 sees O l e a r y and H a l e s ( 1 9 6 6 ) 

http://se.es


4 9 . 

as t h e y a r e f r o m t r e n c h a reas where i t i s presumed t h a t t h e r e 

i s d o w n t h r u s t i n g o f t h e o c e a n i c p l a t e i n t o t h e u p p e r m a n t l e . 

T h i s c o u l d r e s u l t i n an anomalous zone o f t h e o r d e r o f 1 0 0 km 

w i d e i n w h i c h s e i s m i c v e l o c i t i e s may be h i g h e r t h a n n o r m a l 

( C l e a r y , D a v i e s and M c X e n z i e , 1 9 6 9 ) . As the r e l e v a n t 

e a r t h q u a k e f o c i : i n t h e p r e s e n t s t u d y l i e above t h i s zone we 

w o u l d e x p e c t d e l a y s f r o m the se r e g i o n s t o be l e s s fe?^*^ t h a n 

t h o s e f r o m o t h e r a r e a s , p r o d u c i n g v a r i a t i o n s w i t h a z i m u t h and 

d i s t a n c e . However , t h e a p p a r e n t absence o f such e f f e c t s may mean 

t h a t e i t h e r t h e s p e e d i n g - u p o f s e i s m i c waves i s n o t a p p r e c i a b l e f o r 

t h e p a r t i c u l a r s t a t i o n - s o u r c e p a t h s used , o r t h a t t h e t w o - s t a t i o n 

me thod c a n c e l s such t e r m s . A g a i n , however , t h e s c a t t e r o f t h e d a t a 

e n s u r e s t h a t such c o n c l u s i o n s can o n l y be v e r y t e n t a t i v e . 

A l t h o u g h a l l t h e d e l a y t i m e r e s u l t s excep t one a r e p o s i t i v e , 

t h e 95^o c o n f i d e n c e l i m i t s o f + 2 . 0 0 seconds show t h a t t h e r e i s 

c o n s i d e r a b l e s c a t t e r . T h i s , as we have d i s c u s s e d , i s n o t caused 

b y a c u t e a z i m u t h a l o r d i s t a n c e v a r i a t i o n s , a l t h o u g h ( see C h a p t e r 6 ) 

t h e f o r m e r may c o n t r i b u t e t o w a r d s t h i s t o some e x t e n t . A n o t h e r 

s m a l l c o n t r i b u t i o n may be f r o m t h e m i s l o c a t i o n o f e p i c e n t r e s , 

a l t h o u g h t h e r e i s no a p p a r e n t c o r r e l a t i o n be tween t h e d e v i a t i o n o f 

d e l a y t i m e v a l u e s f r o m t h e mean and the number o f l o c a t i n g s t a t i o n s 

u s e d . S y s t e m a t i c m i s l o c a t i o n s u c h as has been s u g g e s t e d can o c c u r 

f o r e a r t h q u a k e s i n t r e n c h r e g i o n s o f u n d e r t h r u s t i n g w o u l d p roduce 

d e l a y v a r i a t i o n s o f t h e same s i g n w h i c h do n o t appear t o be s i g n i f ­

i c a n t and a r e p r o b a b l y l a r g e l y r e d u c e d b y a p p l i c a t i o n o f t h e two 

s t a t i o n a n a l y s i s m e t h o d . 

A s i m p l e s t u d y o f t h e r e l a t i o n between t h e a p p r o x i m a t e 

s i g n a l / n o i s e r a t i o o f t h e e a r t h q u a k e s i g n a l o n s e t s and t h e d e v -



5 0 . 

i a t i o n o f d e l a y s f r o m t h e mean v a l u e a g a i n r e v e a l s no depen ­

dence . I t seems l i k e l y t h a t m i s r e a d i n g o f t h e seismograms 

w o u l d cause g r e a t e r s c a t t e r i n d e l a y t i m e f o r emergent s i g n a l s 

t h a n f o r s h a r p , l a r g e a m p l i t u d e a r r i v a l s . T h i s , however , does 

no t appea r t o be t h e m a i n cause o f t he d i v e r s i t y o f r e s u l t s . 

The p i c k i n g l i s t s f r o m Bulawayo gave a r r i v a l t i m e s o n l y 

t o t h e n e a r e s t s econd , and so an u n c e r t a i n t y o f up t o + 0 .5 

seconds c o u l d be i n t r o d u c e d i n t o t h e c o m p u t a t i o n s and t h i s , 

c o u p l e d w i t h t h e e f f e c t s o f t i m i n g e r r o r s f o r t h e X a p t a g a t 

r e c o r d s , p r o b a b l y c o n t r i b u t e s feag^f?.^; t o w a r d s t h e s c a t t e r . The 

r e j e c t i o n o f K a p t a g a t r e c o r d s because o f s u s p e c t e d p o o r t i m i n g 

was somev/hat s u b j e c t i v e . C l o c k jumps were u s u a l l y o f l a r g e mag­

n i t u d e and hence e a s i l y d e t e c t e d . However , i f t h e b i n a r y t i m e 

code c o u l d n o t be d i r e c t l y and f r e q u e n t l y checked a g a i n s t t h e GMT 

t i m e checks and t h e r a d i o t i m e s i g n a l , and t h e r e was a s low d r i f t 

o f j u s t a f e w t e n t h s o f seconds between such a d j a c e n t c h e c k s , t h e n 

t h i s d r i f t was assumed t o be l i n e a r and a p p r o p r i a t e c o r r e c t i o n s 

a p p l i e d . T h i s may have l e d t o e r r o r s bu t p r o b a b l y o n l y o f a f ew 

t e n t h s o f a s e c o n d . 

4 . 6 . Compar i son w i t h o t h e r s t u d i e s : 

The mean v a l u e f o r d e l a y t i m e a t K a p t a g a t o f 2 . 2 seconds 

i s v e r y s i m i l a r t o t h a t f o u n d b y S u n d a r a l i n g a m ( 1 9 7 . 1 ) f o r N a i r o b i , 

b o t h b e i n g measured r e l a t i v e t o B u l a w a y o . The i n d i v i d u a l v a l u e s 

f o r N a i r o b i , w h i c h i s s o u t h o f K a p t a g a t bu t o n l y 2 5 km e a s t o f t h e 

r i f t e s c a r p m e n t , s h o w e d no s i g n i f i c a n t dependence on d i s t a n c e f 0 r 

a z i m u t h . These two means a re a l s o o f the same o r d e r as t h e d e l a y 

f o r A d d i s Abbaba o f 2 . 7 seconds ( S u n d a r a l i n g a n , 1 9 7 1 ) , as shown i n 

T a b l e 9 . A l s o l i s t e d i n T a b l e 9 a r e v a l u e s o f r e l a t i v e s t a t i o n 
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c o r r e c t i o n s a t t r i b u t e d t o C l e a r y and H a l e s ( 1 9 6 6 ) , and L i l w a l l 

and D o u g l a s ( 1 9 7 0 ) . These r e p r e s e n t t h e d i f f e r e n c e s i n t h e D . C . 

components o f t h e t r a v e l - t i m e c o r r e c t i o n s a t t h e i n d i v i d u a l 

s t a t i o n s t h a t f o r m t h e p a i r s l i s t e d . 



5 2 . 

CHAPTER 5 

INTERPRETATION OF THE ARRAY DATA 

5 * 1 • Cause o f A n o m a l i e s 

L a r g e and s y s t e m a t i c v a r i a t i o n s i n t h e c a l c u l a t e d v a l u e s 

o f d T / d A and a z i m u t h o f app roach f o r t e l e s e i s m i c e v e n t s have 

been f o u n d f o r t h e K a p t a g a t a r r a y . I n s e c t i o n 3 . 1 . 7 . , c o r r e c ­

t i o n s were o u t l i n e d f o r t h e e f f e c t s o f v a r y i n g f o c a l dep ths and 

d i f f e r e n t s e i smomete r p i t e l e v a t i o n s . Errors i n t h e f o c a l d a t a 

u sed and t h e a p p r o x i m a t i o n t o p l a n e w a v e - f r o n t s were f o u n d t o be 

a b l e t o a c c o u n t f o r o n l y s m a l l d e v i a t i o n s i n s lowness and a z i m u t h . ' 

Random r e a d i n g e r r o r s v a r y w i t h t h e a z i m u t h o f approach o f s i g n a l s 

b u t w i l l be random f o r any d i r e c t i o n and a re n o t l a r g e enough t o 

cause t h e o b s e r v e d v a r i a t i o n s . S e v e r a l o t h e r p o s s i b l e causes 

w i l l now be d i s c u s s e d . 

( l ) E r r o r s i n t h e A r r a y Geomet ry 

The maximum e r r o r i n m e a s u r i n g t h e c o - o r d i n a t e s o f t h e 

s e i smomete r p i t s was e s t i m a t e d a t + 3 0 m e t r e s d u r i n g t h e s u r v e y ­

i n g , e x c e p t f o r 1 5 * where t h e p o s s i b l e e r r o r may be as h i g h as 

+ 6 0 m e t r e s . C o n s i d e r an ex t reme case o f an arm o f t h e a r r a y beJLng 

e x t e n d e d b y a t o t a l o f 9 0 m e t r e s . Then t h e obse rved s lowness s h o u l d 

n o t be i n e r r o r b y more t h a n 0 . 2 5 s ec /deg f o r any o f t he e v e n t s u s e d . 

A more d e t a i l e d t r e a t m e n t o f t h i s p r o b l e m has been made by 

M r . P . K . H . M a g u i r e ( p e r s o n a l c o m m u n i c a t i o n ) . Assuming t h a t t h e 

p o s i t i o n o f each p i t i s known t o + 3 0 m e t r e s , t h e i r p o s i t i o n s can 

be v a r i e d s y s t e m a t i c a l l y and enve lopes o f maximum s lowness and 

a z i m u t h e r r o r s computed f o r a l l d i r e c t i o n s o f a p p r o a c h . T h i s 
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a n a l y s i s c o n f i r m s t h a t a l t h o u g h , such e r r o r s i n l o c a t i o n c o u l d 

c o n t r i b u t e t o w a r d s t h e o b s e r v e d a n o m a l i e s , t h e y c o u l d n o t be a ' 

m a j o r cause . 

The l a r g e r e r r o r o n 1 5 i s due t o d i f f i c u l t i e s e n c o u n t e r e d 

when s u r v e y i n g t h i s a r e a . However , the r e s i d u a l s f o r t h i s p i t • 

do n o t sugges t t h a t i t i s s i g n i f i c a n t l y m i s p l a c e d ( T a b l e 6 ) . 

( 2 ) I n h o m o g e n e i t y o f L o c a l S t r u c t u r e 

We c a n e s t i m a t e t h e e f f e c t s o f i n h o m o g e n e i t y i n t h e n e a r -

s u r f a c e s t r u c t u r e b y c o n s i d e r i n g t h e o n s e t t i m e r e s i d u a l s i n 

s e c t i o n 3 . 2 . 1 . Prom t h e p r e v i o u s d i s c u s s i o n , t h e apparen t l a c k 

o f s i g n i f i c a n t t r e n d s i n e i t h e r t h e A o r B t e r m s and t h e i r s m a l l 

m a g n i t u d e a r e n o t c o m p a t i b l e w i t h t h e m a j o r cause o f t h e anoma l i e s 

l y i n g i m m e d i a t e l y b e n e a t h t h e a r r a y . I t i s u s e f u l , t h o u g h , ' t o be 

a b l e t o e s t i m a t e t h e i n h o m o g e n e i t i e s t h a t do e x i s t . We can t h e n 

reduce t h e i r e f f e c t o n t h e measured s lowness and a z i m u t h b y s u b ­

t r a c t i n g f r o m . the o b s e r v e d o n s e t t i m e s t ^ $ , f o r t h e i t h se i smometer 

r e c o r d i n g t h e k t h e v e n t , t h e e x p r e s s i o n A ^ + s i n ( Z ^ + E^) where 

t h e symbols a r e as d e f i n e d i n 3 * 2 . 1 . 

These p i t c o r r e c t i o n s ' have been a p p l i e d and t h e e v e n t p a r a ­

m e t e r s are g i v e n i n T a b l e 1 0 . I n compar i son w i t h T a b l e 5 > f o r t h e 

u n c o r r e c t e d v a l u e s , i t can be seen t h a t t h e mean e r r o r s i n s lowness 

and a z i m u t h a re r e d u c e d by 0 . 2 s e c / d e g and 1 . 6 degrees r e s p e c t i v e l y . 

H o w e v e r , t h e p r o n o u n c e d anoma l i e s r e m a i n . 

I t i s d i f f i c u l t t o e s t a b l i s h how a c c u r a t e l y t hese c o r r e c ­

t i o n s compensate f o r t h e a c t u a l d e v i a t i o n i n s t r u c t u r e b e n e a t h 

t h e a r r a y . I f e v e n t s f r o m a w i d e , range o f a z imu ths a re r e c o r d e d 
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o n a l l s e i smomete r s t h e n a good e s t i m a t e o f p i t c o r r e c t i o n s can 

be o b t a i n e d . I n t h e p r e s e n t s t u d y , t h e l a c k o f f u l l a n g u l a r 

cove rage w i l l , no d o u b t , have i n t r o d u c e d a t l e a s t some b i a s . 

A l s o , i f a l l t e n i n s t r u m e n t s a re no t r e c o r d i n g a u s e f u l s i g n a l 

and i f t h e ones f u n c t i o n i n g o n a l i n e a re bunched t o g e t h e r a t 

one e n d j t h e n a d d i t i o n a l i n a c c u r a c i e s w o u l d be p r e s e n t i n t h e • 

r e s i d u a l s . T h u s , when s e l e c t i n g even t s t o be a n a l y s e d , r e c o r d s 

t h a t f e l l i n t o t h i s c a t e g o r y were r e j e c t e d . 

A check -on' t h e e f f e c t s o f e r r o r s ( 1 ) and ( 2 ) c a n be 

o b t a i n e d i n d e p e n d e n t l y o f t h e t e l e s e i s m i c d a t a . Measurements o f 

t h e v e l o c i t i e s o f r e g i o n a l e a r t h q u a k e a r r i v a l s a t K a p t a g a t have 

been made ( L o n g e t a l , 1 9 7 2 ) and a summary o f t h e s e f r o m wes t o f 

t h e r i f t i s g i v e n i n F i g . 6 . T h e r e are t w o m a i n groups o f e v e n t s 

a s s o c i a t e d w i t h c r u s t a l ( 6 . 5 - 6 . 7 km/sec) and sub-moho v e l o c i t i e s 

( 7 . 8 - 8 . 4 l a n / s e c ) . Each g roup o f mean v a l u e s f o r d i f f e r e n t r e g i o n s . 

shows c o n s i s t e n c y and t h e r e i s no s y s t e m a t i c a z i m u t h a l v a r i a t i o n i n 

v e l o c i t y as e x h i b i t e d b y t h e t e l e s e i s m i c s i g n a l s . T h i s sugges t s 

t h a t t h e l a t t e r t r e n d i s n o t caused by e r r o r s i n t h e a r r a y geomet ry 

o r b y l o c a l p e r t u r b a t i o n s i n t h e n e a r - s u r f a c e g e o l o g y . Thus a l t h o u g h 

t h e y may c o n t r i b u t e t o w a r d s t h e a n o m a l i e s , t h e y cannot be a m a j o r 

c a u s e . 

I n t h e subsequent s e c t i o n s , the s lowness and a z i m u t h v a l u e s 

used i n t h e i n t e r p r e t a t i o n a r e t h o s e computed f r o m o n s e t t imes , 

a d j u s t e d by p i t c o r r e c t i o n s ( T a b l e 1 0 ) . 

5 . 2 . E f f e c t o f D i p p i n g I n t e r f a c e s 

The a z i m u t h a l dependence shown b y t h e t e l e s e i s m i c d a t a 

i n F i g * 1 2 and F i g . 1 3 m i g h t be e x p e c t e d f o r a d i p p i n g bounda ry 

b e n e a t h t h e a r r a y . T h i s has been sugges ted t o e x p l a i n s i m i l a r 
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v a r i a t i o n s o b s e r v e d a t o t h e r a r r a y s ( C o r b i s h l e y , 1970; N i a z i , 

1966 ; O t s u k a 1966a , 1966b; G r e e n f i e l d and Sheppard , 1 9 6 9 ) , a l t h o u g h 

t h e m a g n i t u d e s o f t h e a n o m a l i e s seen a t K a p t a g a t are u n u s u a l l y h i g h . 

N o n - u n i f o r m l a y e r i n g c o u l d be i n f e r r e d f r o m t h e s t r u c t u r a l complex­

i t y s u g g e s t e d f o r t h e E a s t e r n R i f t ( G r i f f i t h s e t a l t 1 9 7 1 ; Khan: and 

M a n s f i e l d , 1 9 7 1 ; S u n d a r a l i n g a m , 1 9 7 1 ) • T h i s concep t w i l l be d e v e l ­

oped i n t h e f o l l o w i n g s e c t i o n . 

The p r o b l e m o f t h e r e f r a c t i o n o f a s e i s m i c r a y a t a d i p p i n g 

i n t e r f a c e w i t h a v e l o c i t y c o n t r a s t has been t r e a t e d b y Q t s u k a (1966b) 

The t h e o r y i s g i v e n i n A p p e n d i x A a l o n g w i t h d e t a i l s o f t h e comput ­

a t i o n a l p r o c e d u r e . A summary o f t h e r e s u l t s can be g i v e n w i t h 

r e f e r e n c e t o F i g . A 1 . 

F o r a s e i s m i c r a y i n c i d e n t o n a s l o p i n g boundary w i t h an 

a p p a r e n t s l o w n e s s v e c t o r 3?i and an apparen t s lowness v e c t o r a f t e r 

r e f r a c t i o n P r we can d e r i v e : 

Er = ^ + R 5( 

where R = (J \ S r \ 2 - \ S ^ \ 2 s i n 2 i - l S i \ c o s i J ^ A n J s k 5( 

\ S^\ , l S r ^ a r e t h e s lownesses be low and above t h e i n t e r f a c e , 

n i s t h e n o r m a l t o t h e d i p p i n g i n t e r f a c e and k d e f i n e s the v e r t i c a l , 

i i s t h e a n g l e ' o f i n c i d e n c e o f t h e r a y a t t h e d i p p i n g i n t e r f a c e , 

and can be d e t e r m i n e d i f n i s known ( A p p e n d i x A ) . 

F r o m t h e d e f i n i t i o n s o f P r and P i , 

S lowness Anomaly dS = | P r | - | I . 

A z i m u t h Anomaly <3A = angQp^.pp) 

We can e x t e n d 5 ( i ) t o c o v e r r e f r a c t i o n a t s e v e r a l l a y e r s , 

each w i t h d i f f e r e n t d i p s , s i m p l y b y summing t h e anomaly v e c t o r s 
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f o r e a c h l a y e r . ( A p p e n d i x A ) . 

R, t h e anomaly v e c t o r , w i l l be p e r p e n d i c u l a r t o t h e s t r i k e 

o f t h e d i p p i n g i n t e r f a c e . The a z i m u t h o f t h e i n c i d e n t s lowness 

i s t a k e n f r o m t h e NOAA d a t a and i t s magni tude f r o m H e r r i n e t a l ' s 

( 1 9 6 8 ) t a b l e s , f o r t h e a p p r o p r i a t e d i s t a n c e . I n t h e i n t e r p r e t ­

a t i o n , we use t h e p r i n c i p l e o f l e a s t s q u a r e s . The v e l o c i t i e s o n 

e i t h e r s i d e o f t h e i n t e r f a c e (hence [ S^l and j S r \ ) a re assumed 

and t h e d i r e c t i o n o f d i p and t h e ang le o f d i p v a r i e d t h r o u g h a 

range o f v a l u e s , f o r each o f w h i c h t h e o r e t i c a l anoma l i e s a re c a l ­

c u l a t e d f o r a l l o f t h e d a t a p o i n t s . The r o o t mean square d e v ­

i a t i o n o f t h e o b s e r v e d p o i n t s f r o m the c a l c u l a t e d anoma l i e s can 

t h e n be mapped o v e r t h e range o f t h e v a r i a b l e s and a minimum 

d e d u c e d . F o r a t w o - l a y e r case , t h e a n g l e s o f d i p f o r b o t h boun­

d a r i e s and t h e i r d i r e c t i o n a re v a r i e d . F i n a l l y d i f f e r e n t v e l o c i t y 

c o n t r a s t s c a n be assumed and t h e dependence o f t h e f i t o n these 

p a r a m e t e r s i n v e s t i g a t e d . 

5 . 3 . L o c a t i o n o f S t r u c t u r a l F e a t u r e s 

( 1 )• D i p p i n g Moho 

A s l o p i n g Moho c o u l d be i n f e r r e d f r o m s e i s m i c and g r a v i t y 

r e s u l t s . To t h e w e s t o f t h e G r e g o r y R i f t t h e s t r u c t u r e o f t h e 

c r u s t and t o p m o s t u p p e r m a n t l e seems t o be s i m i l a r t o t h a t i n 

s h i e l d a r e a s . The v e l o c i t i e s o f r e g i o n a l ea r thquake a r r i v a l s 

measured a t K a p t a g a t ( F i g . 6 . ) show v a l u e s o f 6 . 5 - 6 . 7 km/sec f o r 

e p i c e n t r e s l e s s t h a n 2 0 0 km away and v a l u e s o f 7 . 8 - 8 . 4 km/sec 

f o r more d i s t a n t e v e n t s . The l a t t e r a r e s i m i l a r t o t h o s e f o u n d 

b y r e f r a c t i o n s t u d i e s i n t h e T r a n s v a a l (Gane e t a l , 1 9 5 6 ; H a l e s 

and Sachs , 1 9 5 9 ; W i l l m o r e e t a l , 1 9 5 2 ) w h i c h were between. 7 . 9 6 km/sec 
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and 8 .27 km/sec f o r t h e P n phase . The K a p t a g a t d a t a f o r c l o s e 

e v e n t s a r e f o r e a r t h q u a k e s w i t h f o c a l d e p t h s o f about 20 km, 

p r o b a b l y f r o m w i t h i n an i n t e r m e d i a t e c r u s t a l l a y e r . These 

c o n c l u s i o n s sugges t a model w i t h c r u s t and sub-Moho P-wave v e l ­

o c i t i e s s i m i l a r t o t h o s e i n t h e AFRIC mode l o f Gumper and Pomeroy 

( 1 9 7 0 ) w h i c h i s t a k e n t o r e p r e s e n t t he s t a b l e r e g i o n s o f A f r i c a * 

They a r e a l s o i n a c c o r d w i t h t h e body wave r e s u l t s o f 

Gumper and Pomeroy and t h e s a t i s f a c t o r y p r o p a g a t i o n o f t h e 

phase be tween t h e E a s t e r n and W e s t e r n R i f t s ( M o l n a r and O l i v e r , 

1969). 

However , f r o m t h e r e f r a c t i o n s t u d y o f G r i f f i t h s e t a l (1971) 

a l o n g t h e a x i s o f t h e G r e g o r y R i f t 5 a body o f m a t e r i a l w i t h P-wave 

v e l o c i t y 7 . 5 km/sec i s f o u n d t o be w i t h i n 20 km o f t h e r i f t f l o o r . 

T h i s i s presumed t o be anomalous uppe r m a n t l e . Khan and M a n s f i e l d 

(1971) have i n t e r p r e t e d t h e p o s i t i v e Bouguer anomaly a l o n g t h e 

r i f t a x i s i n t e r m s o f t h i s body and p o s t u l a t e d a wedge t h i n n i n g 

away f r o m t h e r i f t ( F i g . 5 . ) . T h i s c o u l d t h e n i n d i c a t e a Moho 

d i p p i n g t o w a r d s t h e f l a n k s o f t h e r i f t o v e r l y i n g t h e h i g h d e n s i t y 

and , p r e s u m a b l y , h i g h v e l o c i t y m a t e r i a l . However , t h i s w o u l d g i v e 

a h i g h v e l o c i t y wedge t h i n n i n g away f r o m t h e r i f t w h i c h w o u l d g i v e 

r i s e t o t e l e s e i s m i c a n o m a l i e s a t K a p t a g a t - o f t h e o p p o s i t e s i g n t o 

t h o s e o b s e r v e d . ' From F i g . A 2 . , i t can be seen t h a t f o r s e i s m i c r a y s 

t r a v e l l i n g u p - d i p b e f o r e h i t t i n g a s l o p i n g Moho, t h e s lowness 

anomaly i s n e g a t i v e . The t e l e s e i s m i c anomal i e s are n o t ; t h e r e f o r e , 

caused b y a s l o p e o n t h e Moho. 

( 2 ) T h i n n i n g Low V e l o c i t y Zone w i t h i n t h e Upper M a n t l e 

The 7 . 5 km/sec v e l o c i t y f r o m G r i f f i t h s e t a l (197-1) 

p r o b a b l y r e p r e s e n t s t h e u p p e r , s u r f ace o f t h e l o w v e l o c i t y zone 
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s u g g e s t e d t o e x p l a i n t h e l o n g w a v e l e n g t h n e g a t i v e - B o u g u e r 

anomaly o v e r t h e G r e g o r y R i f t . S e a r l e ( 1 9 7 0 ) and S o w e r b u t t s 

( 1 9 6 9 ) showed t h a t t h i s body appears t o e x t e n d f o r some d i s t a n c e 

away f r o m t h e r i f t . ' T h i s i s o n l y c o m p a t i b l e w i t h t h e r e g i o n a l 

e a r t h q u a k e d a t a f r o m K a p t a g a t i f t h e zone deepens w e s t w a r d t o 

g i v e way t o ' n o r m a l 1 Sub-Mono m a t e r i a l o f v e l o c i t y 7 . 8 - 8 . 4 

Ion/sec . T h i s c o u l d t h e n r e s u l t i n a s l o p i n g boundary o v e r t h e 

low v e l o c i t y zone w h i c h w o u l d g i v e t e l e s e i s m i c anomal i e s o f t h e 

c o r r e c t s i g n t o e x p l a i n t h e s lowness and a z i m u t h d a t a i n t h i s 

s t u d y . -

A n i n t e r p r e t a t i o n o f t h e a r r a y d a t a was a t t e m p t e d i n t e rms 

o f a s i n g l e s l o p i n g uppe r bounda ry t o t h e low v e l o c i t y z o n e . The 

v e l o c i t y above t h e i n t e r f a c e , ' 5 T 2 , w h i c h g i v e s l S r \ ^ was f i x e d a t 

8 . 1 km/sec , t h e mean f o r t h e ? n phase a t K a p t a g a t . The v e l o c i t y 

V1 f o r t h e u n d e r l y i n g l o w v e l o c i t y zone, t h e d i p on the i n t e r f a c e 

D1 and t h e d i r e c t i o n o f d i p were a l l v a r i e d t h r o u g h a w i d e range 

o f v a l u e s b u t no minimum c o u l d be f o u n d f o r f i t s t o e i t h e r t h e 

s lowness o r a z i m u t h a n o m a l i e s . T h i s was because , i n o r d e r t o 

e x p l a i n t h e l a r g e o b s e r v e d a n o m a l i e s , e x t r e m e l y s teep d i p s and 

l a r g e v e l o c i t y c o n t r a s t s w o u l d be r e q u i r e d and under t h e s e c o n ­

d i t i o n s i t was f o u n d t h a t some r a y s t r a v e l l i n g up d i p w o u l d h i t 

t h e i n t e r f a c e ^ a t a n g l e s g r e a t e r t h a n t h e c r i t i c a l v a l u e d e f i n e d 

b y V1 and V 2 , and w o u l d be i n t e r n a l l y r e f l e c t e d . T h i s i s more 

p ronounced f o r e v e n t s a t s h o r t d i s t a n c e s , w i t h r e l a t i v e l y l a r g e 

a n g l e s o f •' i n c i d e n c e i t o t h e i n t e r f a c e . Thus a s i n g l e s l o p i n g 

bounda ry o v e r a l o w v e l o c i t y zone , w i t h sha rp v e l o c i t y c o n t r a s t s , 

i s i n a d e q u a t e t o e x p l a i n t h e a n o m a l i e s . 

A subsequent i n t e r p r e t a t i o n was a t t e m p t e d i n t e r m s o f two 
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l a y e r s w i t h s l o p e s o f t h e same s ign , b u t w i t h v e l o c i t y c o n t r a s t s 

a c r o s s b o t h , w h i c h were s e l e c t e d t o r e p r e s e n t a g r a d a t i o n i n 

v e l o c i t y f r o m a l o w v a l u e V1 f o r the anomalous upper m a n t l e t o 

t h e 8 . 1 km/sec f o r V3> t h e v e l o c i t y above t h e zone ( F i g . 2 1 . ) 

T h i s d i d n o t overcome t h e p r o b l e m o f i n t e r n a l r e f l e c t i o n and 

a g a i n no t r u e minimum c o u l d be f o u n d . 

( 3 ) Low V e l o c i t y Wedge 

A n i n t e r p r e t a t i o n o f t h e obse rved anomal i e s i n t e rms o f 

a s i n g l e uppe r b o u n d a r y t o t h e l o w v e l o c i t y zone does no t seem 

p o s s i b l e . A more u s e f u l model i s o b t a i n e d when t h e s l o p e o f t h e 

l o w e r b o u n d a r y o f t h i s zone i s a l s o c o n s i d e r e d . A l o w e r i n t e r ­

f a c e d i p p i n g t o w a r d s t h e r i f t i s presumed t o o v e r l i e m a t e r i a l 

h a v i n g a h i g h e r s e i s m i c v e l o c i t y , t h u s r e i n f o r c i n g t h e anomal i e s 

a r i s i n g f r o m r e f r a c t i o n a t t h e u p p e r b o u n d a r y . A somewhat s i m i l a r 

m o d e l has been u sed t o f i t g r a v i t y measurements (Khan and M a n s f i e l d , 

1 9 7 l ) . F o r a mode l o f t h i s t y p e ( F i g . 2 l ) , V3 was assumed a t 8 .1 

km/sec f r o m t h e a r r a y d a t a and V i t a k e n as 8.3 km/sec f r o m t h e 

AFRIC m o d e l , t h e s e b e i n g f i x e d d u r i n g t h e c o m p u t a t i o n s . The 

d e p t h t o t h e l o w e r i n t e r f a c e was t a k e n a t 1 5 0 km, t o c a l c u l a t e 

t h e r a d i u s R t o t h i s l e v e l ( t h i s s c a l a r q u a n t i t y i s d i s t i n c t f r o m 

t h e anomaly v e c t o r R ) . However , t h e t h e o r e t i c a l anoma l i e s a re 

n o t v e r y s e n s i t i v e t o changes i n R of t h e o r d e r o f 1 0 0 km. 

The two i n t e r f a c e s a r e t r e a t e d as l y i n g i n t h e same 

v e r t i c a l p l a n e so t h a t t h e two s lowness c o n t r i b u t i o n s peak i & a 

t h e same d i r e c t i o n . The d i r e c t i o n o f t h e n e g a t i v e peak , t h a t 

i s , t h e d i r e c t i o n o f t h e maximum t h i c k e n i n g o f t h e wedge, U> , 

i s v a r i e d , w i t h t h e t w o a n g l e s o f d i p , D1 and D 2 , t o f i n d a 

min imum. I n i t i a l l y , V2 i s f i x e d a t 7 . 5 km/sec ( G r i f f i t h s e t a l , 

1 9 7 1 ) . 
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Two s e t s o f models a re d e r i v e d , t h e f i r s t w i t h b o t h 

s l o w n e s s and a z i m u t h d a t a f i t t e d , and t h e second u s i n g s lowness 

d a t a o n l y . 

5.4. The Mode l s 

(1) M o d e l 1 

The s lowness and a z i m u t h anomal ies were b o t h used i n f i t t i n g 

M o d e l 1, and t h e RfciSD !s f o r t h e two se t s o f o b s e r v e d p o i n t s f r o m 

t h e i r computed v a l u e s c o m b i n e d . I n f i t t i n g b o t h s i m u l t a n e o u s l y , 

t h e RMSD's f o r each were w e i g h t e d i n v e r s e l y i n t h e r a t i o o f t h e i r 

mean m a g n i t u d e s and e r r o r s o f o b s e r v a t i o n . 

C o n s t r a i n i n g t h e wedge v e l o c i t y 72 t o 7-5 km/sec , t h e f i t s 

o b t a i n e d f o r b o t h s lowness and azimuth, are shown i n P ig .22 and 

P ig .23 r e s p e c t i v e l y . The v e r t i c a l bars i n d i c a t e 95/-0 c o n f i d e n c e 

l i m i t s o n t h e o b s e r v e d p o i n t s and t h e s o l i d c i r c l e s a re t h e t h e o ­

r e t i c a l a n o m a l i e s . I t i s i m p o r t a n t t o r e a l i s e t h a t because we a r e 

c o n s i d e r i n g r a y s f r o m d i f f e r e n t d i s t a n c e s , t h e y w i l l be i n c i d e n t 

o n t h e d i p p i n g b o u n d a r i e s a t d i f f e r e n t ang le s so t h a t t h e computed 

a n o m a l i e s a re dependent on d i s t a n c e as w e l l as a z i m u t h and c o n ­

s e q u e n t l y t h e computed anoma l i e s do no t l i e on a smooth c u r v e . I t 

c a n be more i n f o r m a t i v e t o p l o t t h e r e s i d u a l s o f t h e o b s e r v e d p o i n t s 

f r o m t h e v a l u e s c a l c u l a t e d f o r t h e m o d e l . These are shown f o r 

s l o w n e s s and a z i m u t h , r e s p e c t i v e l y , i n P ig .24 and P i g . 2 5 . 

The mode l f o r a wedge o f v e l o c i t y 7-5 km/sec i s t h a t w i t h 

a l o w e r s l o p e o f 36° and an u p p e r s l o p e o f - 26°. The d i r e c t i o n 

o 

o f maximum t h i c k e n i n g o f t h e wedge i s 125 e a s t o f n o r t h . Prom 

t h e g raphs o f t h e f i t t e d a n o m a l i e s i t appears t h a t t h e v a l u e s f o r 

s lowness w o u l d show a b e t t e r ma tch i f t h e wedge ang l e s were l a r g e r . 

Prom P i g . 2 4 t h o s e e v e n t s f r o m az imu ths 0° - 35° show p r e d o m i n a n t l y 
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V2. Explanation on pages 61 - 2. 
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pos i t ive residuals whereas those betv/een 50 ~ 90° east of north 

are mainly negative. A change of sign of the theore t ica l anom­

al ies between these two groups suggests that one or both of the 

boundaries should be dipping more steeply. For the azimuth anomalies, 

which should have a negative peak w i t h i n the north-east quadrant 
o 

and change sign at 125 east of north, less steep dips would 

probably give a bet ter f i t . Although the residuals (Fig.25.) 

do not show the marked t rend evident f o r slowness, the s l igh t 

predominance of pos i t ive residuals between great c i r c l e azimuths 

80° - 120° and 330° - 36O0 favours smaller values of D1 and/or 

D2. A dis turbing feature of the f i t to both sets of data is the 

number of points deviat ing from the computed anomalies, by more 

than t h e i r confidence l i m i t s . This is i n part due to the apparent 

compromise i n the best f i t f o r the two anomalies i f considered 

separately but seems mainly to r e f l e c t the scatter of the data. 

This i s also evident i f we plo t the weighted EivISD as a func t ion 

of the two angles of d ip . Fig.26 shows th i s mapped over the 

parameter space defined by D1 and D2. I t shows that adjustments 

can be made to the dips w i th r e l a t i v e l y small e f f e c t on the RMSD. 

I n pa r t i cu la r , the contours are open-ended, which implies, that 

D2 i s .ve ry poorly determined. 

We have i n i t i a l l y considered the wedge ve loc i ty V2 to be 

7.3 km/sec as from r e f r a c t i o n resul ts . However, as this, may only 

represent the top surface of the anomalous mantle material we have 

f i t t e d s j jn i l a r models w i th other values f o r V2. A summary of these 

i s provided by Fig.27. This gives a plot of t o t a l wedge angle 

(\D1\ + lD2l ) against the ve loc i ty w i t h i n , - f o r a best f i t t o 

the data. At each of the values corresponding to ve loc i t i es of 6.5, 

7.0 and 7.5 km/sec, the ind iv idua l values of D1 and D2 are shown i n 
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brackets, w i t h , to the l e f t of the graph, the weighted HvlSD of 

the observed points from those computed f o r the model. Although 

the KviSD decreases as V2 decreases f o r these f i t s , the wedge 

v e l o c i t y i s also indeterminate as, presumably,. from consideration 

merely of the s t a t i s t i c a l f i t , the preferred model would be a very-

t h i n wedge of u n r e a l i s t i c a l l y low P-wave ve loc i t y . Thus i t 'appears 

that any lowering of the ve loc i t y between the two interfaces can be 

compensated by decreasing the angle between them and we cannot from 

the slowness and azimuth data alone dist inguish between the d i f f e r ­

ent models represented i n Fig .27 . 

I n a l l the models i n t h i s group the d i rec t ion of maximum 

t h i c k e n i n g , ^ , was about 125° east of north as derived f o r the 

model w i t h V2 = 7-5 km/sec. 

(2) Model 2 

This in t e rp re t a t ion used the slowness data only. From 

Fig .28, the correspondence between the computed and observed slow­

ness anomalies f o r a wedge of ve loc i t y 7.5 km/sec i s much bet ter 

than f o r Model 1. As might be expected, the azimuth anomalies 

appropriate to t h i s model show a worse f i t (F ig .29 . ) . This wedge 

requires slopes of 46° and -26° on the lower and upper boundaries 

respectively w i th a d i rec t ion Vr °? 1-23 east of north. This means 

a steeper dip on the lower interface than f o r the model from the 

combined data. We can see (Fig.30) that the trend i n the slowness 

residuals f o r Model 1 from predominantly posi t ive to negative from 

0° to 90° has. disappeared. However, again, several of the computed 

slowness values f a i l outside the' confidence l i m i t s on the observed 

po in t s . The azimuth residuals (Fig.31.) f o r t h i s model have a more 

pos i t ive trend which f o r the expected negative peak:, i n the nor th-
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east sector implies less steep dips are required to f i t these 

data alone. 

The d i r e c t i o n of the wedge shows that i t i s thickening 
o 

most r ap id ly f o r an angle of 123 east of north, which is not 

s i g n i f i c a n t l y d i f f e r e n t from that 1 f o r Ivlodel 1. The p lo t of the 

HMSD f o r various-values of D1 and D2 (Fig. 32) shows- tha t , again, 

i nd iv idua l dips are r e l a t i v e l y indeterminate. A s imi lar plot to 

Pig.27 shows the v a r i a t i o n i n parameters f o r d i f f e r e n t wedge v e l ­

o c i t i e s f o r the Model 2 group (Pig.32), w i t h the same characteris­

t i c s evident ' - general lowering of the HviSD as decreasing values 

of V2 are accompanied by less severe dips* The ro t a t ion i s as 

f o r Pig .27, w i t h ind iv idua l dip angles i n brackets and the BMSD 

values f o r the slowness data to the l e f t of the curve. 

5-5« Discussion 

J 

Prom a comparison of Models 1 and 2 i t would appear that 

the slowness anomalies, require more extreme values f o r the dips and/ 

or the wedge v e l o c i t y than do the azimuth anomalies. Obviously, i n 

the ideal case both sets of data, taken ind iv idua l l y , should y i e l d 

an i den t i c a l range of possible models. I t has been found elsewhere 

(Niaz i , 1966) that azimuth anomaly can be unreliable as the errors can 

be of a magnitude comparable w i t h the values themselves. This i s not 

the case here, however, as the anomalies are large i n comparison wi th 

the 95̂ o confidence l i m i t s , but there is inconsistency i n values even 
o 

f o r events from s imi la r di rect ions - a range of almost 1+0 between 

great c i r c l e azimuths 80° and 100° east of north* Thus slowness 

anomaly i s probably more usefu l i n in te rpre ta t ion i n t h i s study. 

The scatter of values f o r both sets of data i s probably due to 

rapid var ia t ions i n structure and seismic ve loc i ty , deviating 



64. 

l o c a l l y from the simple model that has been suggested. Pairs' 

of events (Table 10). from almost the same regions - 13 and 14, 

17 and 19, 20 and 21 - have s imi l a r azimuth and slowness anomalies 

w i t h i n the confidence l i m i t s but can d i f f e r considerably.from values 

f o r s l i g h t l y less adjacent earthquakes. 

No formal errors have been determined f o r the f i n a l values 

of the variables, D1, D2 and V2. The plots of RMSD f o r the two 

angles of dip (Fig.26" and Fig.32) provide a simple two-dimensional 

representation of the d i f f i c u l t i e s involved. I f we consider jus t 

these two variables, and estimate the range of values f o r each> 

corresponding to one standard deviation from the minimum, then some 

of the models thus described would not resemble a wedge. This does 

not mean that a wedge i s not a suitable f i t but i t does mean that 

i t i s h igh ly non-unique. 

As a consequence of t h i s non-uniqueness, before we can 

reduce the number of possible models, addit ional data are. needed 

as constraints . Thus a range of models only i s given, represented 

by F igs . 26, 32, 27 and 33. 

Although a l l the models have sharp ve loc i ty contrasts across 

t h e i r boundaries, t h i s does not rule out the p o s s i b i l i t y of more 

complex structures giving comparable f i t s to the data. Similar 

anomalies could arise i f the sides of the wedge were gradations 

i n ve loc i t y t o a value at least as low as V2 somewhere w i t h i n the 

wedge. As we cannot exclude the p o s s i b i l i t y of complexity w i t h i n • 

the wedge, the ve loc i ty measured at the top of the zone (e .g . by 

seismic r e f r a c t i o n studies) might not give an appropriate value 

of V2. 
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Prom a p lo t of HMSD f o r the minima at various values of 

the angle ^ , the standard error i n determining the d i rec t ion 

of the wedge i s about + 30° f o r both Models 1 and-2. The angle 

4̂  , as defined previously, gives the d i rec t ion of the maximum 

thickening of the wedge. The value obtained from Model 1 i s 125° 

east of north and t h i s can be related to the tectonics of the r i f t 

i n Kenya: North of Kaptagat, from 2.0°N to O.^^J^the r i f t val ley 

trends 20° east of north whereas from 0.5°N to 1.0°S i t s d i rec t ion 
o o _ 

i s 20 west of nor th . South of 1.0 S i t i s again aligned 20° east 

of nor th . This has been taken as shov/ing confirmation of KcKenzie 

et a l ' s (1970) pole of r o t a t i o n f o r the opening of the East Afr ican 

R i f t Val leys . Searle (1970b) calculates that t h i s would involve 

r e l a t i ve motion of the two plates i n Kenya i n a d i rec t ion 12^° east, 

of nor th . The angle 4/ can be correlated wi th other features, 

although only approximately. The wedge appears to thicken towards 

the area of p a r t i c u l a r l y impressive u p l i f t marked by the Aberdare and 

Nyambi Ranges. This i s also a region of recent volcanism wi th Quat­

ernary basalt eruptions and Upper Pliocene and Lower Eleistocene 

basalt-phono l i t e - t r a c h y t e volcanoes (Baker and Wohlenberg, 1971; 

Wright, 1970) . 

For the wedge models we do not know the thickness .of the 

crust or the depth at which normal mantle gives way to anomalous 

mater ia l . Bonjer, Puchs and Wohlenberg (1970)» have studied the 

crust a l structure over East A f r i c a and found thicknesses of 39 km 

at Addis Abbaba, 4-3 km at Na i rob i , and 35 km at Lwiro. The AFRIC 

model of Gumper and Pomeroy (1970), derived f o r A f r i c a as a v/hole, 

•has a 36.2 km crust , i n the absence of any f i r m evidence as to 

t h i s value beneath Kaptagat we w i l l assume that f o r AFRIC. I f the 

boundary between the crust and the 8.1 km/sec layer i s hor izonta l , 
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we can estimate the minimum slope on the top of the anomaly i n 

order that at some hor izonta l distance up-dip from Kaptagat t h i s 

zone i s - s t i l l over la in by normal mantle mater ia l . Assuming the 

a x i a l structure of G r i f f i t h s et a l (197*1) > the top of t h i s 7»5 km/sec 

zone must dip at more than 35° to give way to the 8.1 km/sec layer at 

a hor izonta l distance of 17 km from Kaptagat. This distance would be 

associated wi th a seismic s ignal recorded at Kaptagat coming from a 

d i r e c t i o n f and h i t t i n g the Mono at an angle of incidence of 30° . 

This would give about 12 km of the 8.1 km/sec material below Kaptagat. 

A th inner crust w i t h , therefore , upper mantle material nearer the 

surface, would mean that such a slope would not need to be as great 

as 33° . 

This i s a l i m i t i n g case i n the sense that i f the top of the 

anomalous zone cut in to the crust instead of the mantle, the ve loc i ty 

contrast would be reversed and a contr ibut ion made to the slowness 

and azimuth anomalies that would contradict the observed var ia t ions . 

This need not be c r i t i c a l , as i t could be compensated by ve loc i ty 

gradations below the top of the anomaly, or a steeper slope on the 

lower boundary but i t would suggest that rays from short distances 

( large angles of incidence) would f e e l less of the cause of the 

anomalies. A s imi la r problem could occur at the lower in terface , 

but i s more d i f f i c u l t to t rea t quant i ta t ive ly . The gravi ty i n t e r ­

p re t a t ion of Khan and Mansfield (1971) suggests that the anomalous 

zone i s roughly symmetrical about the r i f t axis which means that i t 

i s deepest below the centre of the r i f t . Even i f t h i s i s only an 

approximation, f o r small ve loc i ty contrasts and hence steep dips on 

the wedge sides, a ray moving westward under the anomaly could h i t 

the lower boundary of the zone to the east of i t s deepest point , 
; > 

resu l t ing i n such rays missing the r e f r ac t ing edge presumed to cause 

the slowness and azimuth var ia t ions . This problem would lessen wi th 
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larger ve loc i ty contrasts and less steep dips (these consider­

ations '.osume that the t o t a l thickness of the zone can be p a r t l y 

cont ro l led by some parameter such as delay t ime) . 

Whether or not these e f f ec t s are appreciable i s d i f f i c u l t 

to (.establish, but to give an ind ica t ion , those events wi th ep i -

centra l distances greater than 60° from Kaptagat have been f i t t e d 

separately to a wedge Model 3. These correspond to rays wi th f a i r l y 

small angles of incidence, although the d iv i s ion of events was some­

what a r b i t r a r i l y f i x e d at t h i s pa r t i cu la r distance value-. Only 

slowness anomalies were f i t t e d so that the Model 3 i s to be compared 

w i t h Model 2. The 18 events tha t were used give a very good f i t , 
o o 

w i t h values of 44 and - 38 f o r D1 and D2 respectively f o r V2 = 

7.5 km/sec (F ig ,34 ) . The HMSD i s 0.454 which confirms that the 

residuals are low (F ig .36) , although azimuth again does not f i t w e l l 

(Figs.35 and 37). The preferred d i rec t ion of the wedge i s s l i g h t l y 

changed, w i th the maximum thickening occurring at 118° east of north. 

Two points are of pa r t i cu la r in teres t . One i s that an 

improved f i t i s obtained, (F ig .38) , mainly i t seems because the 

scat ter on the observed points i s less. Secondly th i s model, f o r 
o 0 

the same value of V2, has t o t a l dips of 82 compared wi th 72 f o r 

Model 2. This supports the idea of a wedge having gradations i n 

v e l o c i t y from the outer boundaries to some very low value w i t h i n . 

Although close events appear to su i t -a model less extreme than that 

f o r those more d i s tan t , the former s t i l l show large systematic 

var ia t ions i n slowness and azimuth, which must indicate that they 

undergo appreciable de f l ec t ion at dipping interfaces . A model 

consist ing of gradations i n ve loc i t y can be considered as several 

wedges inside each other. Thus close events might miss some of the 

wedges at the v e r t i c a l extremities of the anomalous zone. However, 
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the f a c t t h a t events even f o r these small e p i o e n t r a l dis tances 

experience the e f f e c t s o f a l a rge anomaly would tend t o favour 

a ve ry low v e l o c i t y t h i n wedge r a t h e r than one much t h i c k e r w i t h 

sma l l v e l o c i t y c o n t r a s t s . 

The s e v e r i t y o f the models suggested here , w i t h v e r y steep 

slopes and low v e l o c i t i e s , i s unusual . S i m i l a r , but gene ra l ly less 

extreme s t r u c t u r e s have been suggested f o r an anomalous upper mantle 

zone beneath the western U n i t e d S ta tes . Slopes o f the order o f 30° 

f o r a P-wave v e l o c i t y o f 7.2 km/sec have been proposed by N u t t l i and 

B o l t (1969) and Otsuka (1966b), w i t h greater' d ips f o r h i g h e r channel 

v e l o c i t i e s . An a l t e r n a t i v e i n t e r p r e t a t i o n would be t h a t the anom-r 

a lous m a t e r i a l has almost zero r i g i d i t y (Hales and B loch , 1.969), w i t h 

a P-wave v e l o c i t y o f about 6.0 km/sec and much reduced th ickness and 

angles o f d ip ( N u t t l i and B o l t , 1969). 
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CHAPTER 6 

INTERPRETATION OF P-WAVE DELAY TB/iES 

6.1 • I n t r o d u c t i o n 

IP7wave delay t imes r e l a t i v e t o Bulawayo (BUL) were meas-

u red f o r Kaptagat (Chapter k) 9 w i t h a mean o f 2.20 + 2.00 seconds, 

where the e r r o r s are SJjfQ conf idence l i m i t s . The i n d i v i d u a l delays 

have been co r r ec t ed f o r angle o f emergence t o f a c i l i t a t e i n t e r p r e t ­

a t i o n i n terms o f p l ane , p a r a l l e l l a y e r s . The cause o f the .delays 

w i l l be discussed i n r e l a t i o n t o such a s t r u c t u r e and then w i t h 

r ega rd t o the type o f model suggested t o e x p l a i n the anomalies i n 

slowness and azimuth o f approach. 

6.2. Cause o f Delays 

The s u b s t a n t i a l p o s i t i v e delay at Kaptagat w i t h respect t o 

Bulawayo i n d i c a t e s the exis tence o f anomalously low v e l o c i t y m a t e r i a l 

beneath the a r r a y s t a t i o n . From the array ana lys i s o f r e g i o n a l 

earthquake a r r i v a l s and surface wave d i spe rs ion r e s u l t s f o r the 

AAE-NAI pa th (Sundaraiingam, 1971), i t appears t h a t the c r u s t a i 

s t r u c t u r e away f r o m the r i f t ax i s i s s i m i l a r t o t h a t f o r the s tab le 

p a r t s o f A f r i c a , as represented by the AFRIC model. I f then , 

AFRIC i s t y p i c a l o f the c rus t and upper mantle beneath Bulawayo, 

i t i s l i k e l y . t h a t Kaptagat and Bulawayo are upon s i m i l a r c r u s t a i 

s t r u c t u r e s . The re fo re , the cause o f the delays does not l i e 

w i t h i n the c rus t and i t w i l l be taken t h a t the e n t i r e 2.20 seconds 

i s a r e s u l t o f d i f f e r e n c e s w i t h i n the upper mantle underneath the two 

s t a t i o n s . I t may be t h a t the c r u s t a i s t ruc tu re f o r Bulawayo would 

be more accu ra t e ly represented by, f o r ins tance , the SASD 2 model 
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o f B l o c h , Hales and Landisman (19^9), shown i n Table 2, o r t h a t 

the c r u s t a t Kaptagat i s s i m i l a r t o t h a t suggested f o r the N a i r o b i 

area by Borger , Fuchs and Wohlenberg (1970), i n P i g . 2 . C a l c u l ­

a t ions show, however, t h a t the use o f these a l t e r n a t i v e models 

does not g r e a t l y a f f e c t the value o f the mean delay t ime a t t r i b ­

u tab le t o the upper mant le . 

Prom the a r ray ana lys i s o f r e g i o n a l e vents , i t has been 

concluded t h a t an unknown depth of ' normal ' mantle m a t e r i a l o f P-

wave v e l o c i t y 8.1. km/sec e x i s t s beneath Kaptagat . Assuming t h a t 

t h i s l i d t o the anomaly i s t h i n and does not s i g n i f i c a n t l y a f f e c t 

delays r e l a t i v e t o an AFRIC-type s t r u c t u r e , -a1 mean v e l o c i t y w i t h i n 

the anomalous mantle zone o f 7»5 km/sec ( G r i f f i t h s et a l , 1971) 

would i m p l y t h a t a th ickness o f 207 + 188 Ian i s r e q u i r e d ' t o e x p l a i n 

the mean de lay t ime f o r Kaptagat . I n the presence o f such la rge 3J/o 

conf idence l i m i t s , any conclusions t o be drawn f rom t h i s r e s u l t must 

n e c e s s a r i l y be t e n t a t i v e but the th ickness i s o f the same order as 

those suggested f o r l o w - v e l o c i t y zones beneath Addis Abbaba and 

N a i r o b i (Sundaralingam, 197l)> I c e l a n d j a n d the M i d - A t l a n t i c Ridge 

(Tryggvason, 19^4; F r a n c i s , 19&9)* and the V/estern U n i t e d States 

( N u t t l i and B o l t , 19^9) when s i m i l a r v e l o c i t i e s are assumed. I f , 

a l t e r n a t i v e l y , a lower mean v e l o c i t y i s used t o e x p l a i n the Kaptagat 

measurements, the zone would be t h i n n e r - 114 + 103 km f o r 7.0 km/sec 

and o n l y 74 + 67 km f o r 6.5 k m / s e c » We cannot, at the moment, d e t e r ­

mine the mean v e l o c i t y f o r the anomalous zone. 

The e f f e c t o f a f i n i t e th ickness o f h i g h v e l o c i t y mantle 

m a t e r i a l (P-wave v e l o c i t y 8.1 km/sec) o v e r l y i n g the channel can be 

es t ima ted . For ins tance , f o r a 20 km l i d , the th ickness o f the anomaly 

f o r a mean v e l o c i t y of 7.5 km/sec i s on ly decreased b y 7 ^ > w i t h even 
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smal le r a l t e r a t i o n s i f a lower v e l o c i t y i s used. 

6.3. Az imutha l Dependence o f Delay Times-

I n the previous s e c t i o n , p a r a l l e l l aye r s have, been assumed. 

However, the p r e f e r r e d model: f o r the low v e l o c i t y zone as de r i ved 

f r o m slowness and azimuth anomalies hasste<?ply d ipp ing boundaries. 

For t h i s type o f s t r u c t u r e , i t would be expected t h a t r e l a t i v e 

delay t imes would va ry w i t h azimuth (Otsuka, 1966b; N u t t l i and 

B o l t j 1969) assuming t h a t the l a y e r i n g beneath the standard s t a t i o n 

( B U L ) i s r o u g h l y p a r a l l e l . Anomalies here i n l a y e r i n g o r v e l o c i t y 

beneath Bulawayo cou ld complicate the p a t t e r n o f r e l a t i v e delays 

at Kaptaga t . 

I n Chapter 4, a crude ana lys i s revealed no s i g n i f i c a n t 

az imuthal v a r i a t i o n s , and t h i s w i l l be i n v e s t i g a t e d now i n more 

d e t a i l . We can represent de lay t ime as being composed of constant 

and a z i m u t h a l l y v a r y i n g terms ( H e r r i n and Taggar t , 1968; B o l t 

and N u t t l i , 1967; L i l w a l l and Douglas, 1970) by f i t t i n g a sine 

curve t o the delays: 

T = A, + B , s i n (Z + U j 6 
j k 3 J . j k j 

where T i s the delay t ime r e l a t i v e to Bulawayo f o r the k t h 

event i n . the j t h d is tance range, Z^y, i s the great c i r c l e azimuth 

o f the k t h event , and A j , B^ and are constants d e f i n i n g the 

de lay t ime f o r the j t h dis tance range. This equat ion can be 

solved by l e a s t squares i n the presence o f e r r o r s on i n essen­

t i a l l y the same way as f o r equa t ion 3 (v i ) and a s i m i l a r computer 

program t o KESFIT i s used. 

I n o rder t o i n t e r p r e t the delays i n terms o f a s t r u c t u r e 
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w i t h d i p p i n g l aye r s ( s e c t i o n 6 .4.) , the i n d i v i d u a l values are 
not co r r ec t ed f o r angle o f emergence at the sur face . 

I f a l l the da ta are f i t t e d s imul taneously , t h a t i s , o n l y 

one d is tance range i s considered, then the appropr ia te fo rm o f 

6 ( i ) i s : 

2.36 + 0.34 s i n ( Z j k + 284) 6 ( i i ) 

T h i s implies a f u n c t i o n o f ampli tude 0.34 + 0.41 seconds and the 

phase angle gives the d i r e c t i o n o f the maximum p o s i t i v e de lay as 

166° + 72° east o f n o r t h . Hence the azimuthal term i s not s i g n i f ­

i c a n t at the 95̂ o l e v e l . 

I f the delays are d i v i d e d i n t o two groups about an e p i c e n t r a l 

d is tance f r o m Kaptagat o f 6o°; there i s s u f f i c i e n t azimuthal cov­

erage i n each t o al low separate i n t e r p r e t a t i o n s . The r e l a t i v e 

delays f o r events f r o m dis tances l e s s than and grea ter than 60° 

are shown i n Pig.40 and Fig.41 r e s p e c t i v e l y , w i t h the s o l i d l i n e s 

g i v i n g the computed f i t s t o the data. The A terms are not s i g n i f ­

i c a n t l y d i f f e r e n t f o r the two groups, which suggests a l a c k o f 

d is tance dependence f o r the constant pa r t o f the delay t ime f u n c t i o n . 

However, whereas f o r the sho r t e r dis tances there i s no marked 

az imuthal v a r i a t i o n - B i s 0.32 + 0.80 seconds - Fig.41 shows t h a t 

delays f o r events f r o m dis tances g rea te r than 60° change systemat­

i c a l l y w i t h the d i r e c t i o n o f approach. The amplitudes o f the sine 

curve i s O.96 +. 0.68 seconds and the d i r e c t i o n o f the maximum p o s i t i v e 

de lay i s 177°+ 29° east o f n o r t h . 

6.4. Delays f 0 r D i p p i n g I n t e r f a c e s 

A s t r u c t u r e such as t h a t shown i n Pig.42, w i t h s l o p i n g 
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.4-2. Crust and upper mantle model used to 
compute the azimuthal va r ia t ion i n 
delay time due to a low ve loc i ty (V2) 
wedge "beneath the s ta t ion at E. 
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boundaries t o a low v e l o c i t y zone, w i l l produce r e l a t i v e 

de lay t imes t h a t are a c y c l i c f u n c t i o n o f azimuth which i s no t , 

i n genera l , s i n u s o i d a l ( N u t t l i and B o l t , 1969). However, i f i t 

i s assumed t h a t the s t r i k e d i r e c t i o n s f o r both the upper and 

lower i n t e r f a c e s t o the anomalous zone are the same, the d i f f ­

erence i n de lay t imes r e l a t i v e t o BUL f o r l e f t - g o i n g and r i g h t -

going rays pe rpend i cu l a r t o the s t r i k e at Kaptagat (Fig.42) f o r 

events f r o m the same dis tance can be determined. This w i l l be 

approximate ly t w i c e the amplitude o f the c y c l i c delay t ime 

f u n c t i o n . 

F u r t h e r s i m p l i f y i n g assumptions are made w i t h reference 

to F ig .42 . I t i s assumed t h a t the s t r u c t u r e beneath BUL cons i s t s 

o f p a r a l l e l l a y e r s so t h a t any azimuthal v a r i a t i o n i n de lay t ime 

would be due t o e f f e c t s i n the r e g i o n o f Kaptagat . The c rus t f o r 

Kaptagat i s t aken as hav ing the same th ickness as t h a t f o r the 

AFRIC model , but w i t h a mean v e l o c i t y o f 6.4 km/sec. The t h i c k ­

ness o f the high, v e l o c i t y l i d to the anomaly i s not known so i t i 

t aken as being almost n e g l i g i b l y t h i n f o r a l e f t - g o i n g r a y at G 

(Fig.42) and t h i c k e n i n g westward. Thus a ray at G experiences 

. r e f r a c t i o n due t o t h i s l a y e r but the t r a v e l t ime w i t h i n i t i s 

d i s regarded . The th ickness o f the anomaly d i r e c t l y beneath Kap­

tagat , H , i s c a l c u l a t e d f r o m the mean delay t ime f rom s e c t i o n 6.2. 

f o r a g iven v e l o c i t y w i t h i n the wedge. 

The d i f f e r e n c e &T i n de lay time f o r a l e f t - g o i n g and a 

r i g h t - g o i n g r a y , bo th pe rpend icu la r t o the s t r i k e d i r e c t i o n f o r 

the wedge model, t hen f o l l o w s f r o m Fig.42. 
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XF) , dC 
d A . 

The two rays are taken as hav ing the same angle of incidence 

i t o the v e r t i c a l i n the 8.3 km/sec l a y e r , and dT/dA i s the 

slope o f the t r a v e l t ime curve f o r the appropriate d i s t ance . 

To es t imate £ T f o r the wedge models f i t t e d t o the slownes 

and azimuth anomalies, the values .of V2, D1 and D2 are taken f o r 

Model 1 (Chapter 3) • An approximate mean e p i c e n t r a l distance of 

60° i s assumed. From Fig.43 the q u a n t i t y b i s h a l f &T> t h a t i s , 

rough ly the ampli tude o f the de lay t ime v a r i a t i o n . Also p l o t t e d 

i s the value o f B f r o m s e c t i o n 6.2. f o r a l l the data, wi th- the 

hatched area g i v i n g the 95î  confidence l i m i t s . The. dashed ho r ­

i z o n t a l l i n e i n d i c a t e s the value o f the azimuthal term f o r the 

o 

d i r e c t i o n 123 East o f n o r t h , which corresponds t o the d i r e c t i o n 

o f the maximum t h i c k e n i n g o f the wedge anomaly f o r Model 1. 

I f o n l y the events f o r dis tance greater than 60° are 

considered, and the parameters adopted f rom Model 3 f o r slowness 

anomalies o n l y , the computed values o f b are as shown i n F ig .44 . 

The angle o f incidence i r e q u i r e d t o compute b i s taken f o r an 

e p i c e n t r a l d is tance o f 8 0 ° . Here the dashed l i n e i s appropr ia te 

t o a d i r e c t i o n o f 188° East o f N o r t h f r o m the optimum f i t f o r the 

wedge d i r e c t i o n f . 

For bo th i n t e r p r e t a t i o n s , a l a r g e r assumed distance and 

hence a smal le r angle o f incidence t o the v e r t i c a l give smal le r 

delay t ime v a r i a t i o n s , and v i c e versa . 

6.3. Discuss ion 

Equa t ion 6 ( i i ) g ives the f i t o f the r e l a t i v e delay t i n e s 

S T = F G H - E G - A B - B C - C D - D E 
V2 6.4 8.3 V2 8.1 1T74 (AX -



6-5 7*0 7-5 
V 2 ( k m / s e c ) 

V a r i a t i o n i n amplitude o f azi inuthal delay time term 
due t o low v e l o c i t y wedge model 3 w i t h d i f f e r i n g values 
o f wedge v e l o c i t y V2 (curved l i n e ) . Hatched area gives 
95>o confidence l i m i t s on observed amplitude of ' az imuthal 
t e rm ( s o l i d h o r i z o n t a l l i n e ) f o r events at d is tances 
g rea t e r t h a n 60° f rom Kaptagat . Dot ted l i n e gives 

observed ampli tude a t angle ^ f o r model 3. 
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f o r a l l events, i n terms o f constant and az:imuthally v a r y i n g 

te rms. The. value o f the fo rmer , g iven by A s 2.36 seconds 3 

i m p l i e s t h a t a s u b s t a n t i a l mantle anomaly i s experienced by 

events f r o m a l l azimuths. The value o f A i s de r ived f o r delays 

uncor rec ted f o r angle o f emergence and i s a l i t t l e h ighe r than 

i f such a c o r r e c t i o n had been made. The f a c t o r B « s i n ( 2 . , + UO 
J ^ j k 0 y 

i s ve ry smal l and f o r the data taken as a whole, the v a r i a t i o n 

w i t h azimuth i s not s i g n i f i c a n t . 

However, f o r a wedge such as Model 1, f o r instance w i t h 

a v e l o c i t y o f 7.5 km/sec f o r the anomalous mantle m a t e r i a l , the 

d i f f e r e n c e i n delays f o r rays t r a v e l l i n g i n opposite d i r e c t i o n s 

can be as great as 3.0 seconds f o r events a dis tance o f 60° f rom 

Kaptagat . Th i s occurs f o r rays perpendicular to the s t r i k e o f 

the wedge and decreases f o r smal le r values o f V2. Assuming we 

can approximate a s i nuso id t o the delay t ime v a r i a t i o n then the 

amplitude o f the azirauthal t e rm b computed f o r Model 1 i s g r ea t e r 

t h a n the observed amplitude B even f o r a v e l o c i t y V2 as low as 

6.5 km/sec ( P i g . 4 3 ) . The absence o f a l a rge B value imp l i e s t h a t 

a wedge o f v e r y low v e l o c i t y and moderately steep dips i s r e q u i r e d 

f o r the observed delay t imes t o be compatible w i t h the type o f 

s t r u c t u r e represented by Model 1 . 

I n cons ide r ing a low v e l o c i t y zone w i t h s l o p i n g boundaries, 

the e f f e c t s o f rays be ing d e f l e c t e d i n a h o r i z o n t a l plane have 

been ignored . Because rays are dev ia ted i n t h i s p lane , they w i l l 

t e n d t o t r a v e l f u r t h e r than the dis tance between an epicent re and 

the s t a t i o n measured a long a great c i r c l e . This w i l l cause an 

a d d i t i o n a l de lay r e l a t i v e t o the standard s t a t i o n . I f we assume 
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t h a t the wedge e x i s t s f o r a distance o f the order o f 100 km 

i n every d i r e c t i o n f r o m Kaptagat , and t h a t the maximum azimuthal 

d e f l e c t i o n s u f f e r e d by rays f r o m a distance o f 6o° i s 25°, t hen 

the de lay in t roduced can be as great as 0.6 seconds r e l a t i v e t o 

Bulawayo. Th i s f a c t o r w i l l be zero perpendicu la r to the s t r i k e 

d i r e c t i o n o f the wedge, but elsewhere w i l l always be p o s i t i v e . 

Th i s w i l l g ive an a d d i t i o n a l c y c l i c v a r i a t i o n o f a d i f f e r e n t . 

' shape t o t h a t due t o d e f l e c t i o n o f rays i n the v e r t i c a l p lane . 

F o r v/edge Model 1, however, the d i f f e r e n c e i n r e l a t i v e delay t imes 

f o r rays t r a v e l l i n g i n opix>site d i r e c t i o n s pe rpend icu la r t o the 

s t r i k e d i r e c t i o n should s t i l l be as great as shown i n Fig.43 f o r 

any g iven value o f V2. 

From a comparison o f Fig.4Q and Fig.41 the constant terms 

are v e r y s i m i l a r but t he re i s a s i g n i f i c a n t azimuthal term o n l y 

f o r the g rea te r d i s t ances . Al though the phase angle U f o r t h i s 

group o f events gives the d i r e c t i o n of • the maximum de lay as 177° 

East o f N o r t h (Fig.41-0 , whereas t h a t d e r i v e d f r o m the slowness 

anomalies i s 118° East o f N o r t h , t h i s d i f f e r e n c e i s not c r i t i c a l 

i n v iew o f the l a rge e r r o r s i n v o l v e d . I t i s again the case t h a t 

the magnitude o f the az imuthal v a r i a t i o n i n observed delay t ime 

r e q u i r e s v e r y low, v e l o c i t i e s w i t h i n the anomalous zone i n order 

t o be compatible w i t h the wedge model f o r the slowness anomalies. 

For the simple wedge model i n Fig .42, rays f r o m la rge 

d is tances w i l l e x h i b i t smal le r azimuthal v a r i a t i o n s i n delay 

t ime than those f o r rays f r o m shor t d is tances , assuming t h a t 

the same model appl ies t o a l l events . Th i s i s the opposite o f 

the observed t r e n d s , which would imply t h a t the nearer rays 

a r r i v i n g w i t h l a r g e angles t o the v e r t i c a l miss some o f the 



77. 

anomaly and s u f f e r l e s s ex t r eme d e f l e c t i o n s . T h i s i s b r o a d l y 

i n agreement w i t h t h e i d e a o f v e l o c i t y g r a d a t i o n s r a t h e r t h a n 

s h a r p c o n t r a s t s a r i s i n g f r o m t h e i n t e r p r e t a t i o n o f s lowness 

a n o m a l i e s , where more ex t reme wedge models were r e q u i r e d t o 

f i t d a t a f o r e v e n t s f r o m l a r g e e p i c e n t r a l d i s t a n c e s . H o w e v e r , 

t h i s i s d i f f i c u l t t o r e c o n c i l e w i t h t h e s i m i l a r i t y o f t h e 

c o n s t a n t d e l a y t i m e A t e r m s f o r d i f f e r e n t d i s t a n c e r a n g e s . 
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CHAPTER 7 

INTERPRETATION Off SURFACE WAVE DISPERSION 

7.1« I n t r o d u c t i o n 

The p r e f e r r e d mode l f r o m t h e a n a l y s i s o f t e l e s e i s m i c 

a r r i v a l s i s t h a t o f s h i e l d - t y p e topmos t m a n t l e t h i n n i n g t o w a r d s 

t h e r i f t a x i s t o g i v e way t o m a t e r i a l o f a n o m a l o u s l y l o w v e l o c i t y . 

S u n d a r a l i n g a m ("197*1) has s t u d i e d s u r f a c e wave d i s p e r s i o n b e n e a t h 

E a s t A f r i c a and f r o m R a y l e i g h wave phase and group v e l o c i t y d a t a 

he d e r i v e d a mod,el o f t h e c r u s t and upper m a n t l e f o r t h e i n t e r -

s t a t i o n p a t h N a i r o b i ( N A l ) t o A d d i s Abbaba ( A A E ) ( T a b l e 11). The 

N A I - A A E p a t h f a l l s o f f t h e r i f t a x i s f o r much o f i t s l e n g t h . I f 

t h e m a n t l e l o w v e l o c i t y zone a t t e n u a t e s t o t h e eas t as has been s u g g ­

e s t e d i t does t o t h e w e s t , t h e n i t w o u l d be e x p e c t e d t h a t s u r f a c e wave 

s a m p l i n g a l o n g t h i s p a t h m i g h t show ev idence o f t h i s i n t h e f o r m o f a 

h i g h v e l o c i t y l i d o v e r t h e anomalous m a n t l e zone . To t e s t w h e t h e r 

t h i s s t r u c t u r a l f r a m e w o r k i s c o m p a t i b l e w i t h t h e d i s p e r s i o n d a t a o f 

S u n d a r a l i n g a m , a new i n t e r p r e t a t i o n w i l l be s u g g e s t e d . 

7.2. The D a t a 

S u n d a r a l i n g a m d e t e r m i n e d R a y l e i g h wave phase and g roup 

v e l o c i t i e s f o r t h e NAI-AAE p a t h f r o m t h e ea r thquakes l i s t e d i n 

T a b l e 12. These were s e l e c t e d as h a v i n g e p i c e n t r e s c l o s e t o t h e 

g r e a t c i r c l e betv/een t h e s t a t i o n s , and a l l are s h a l l o w f o c u s e v e n t s 

w i t h c l e a r , w e l l d i s p e r s e d wave t r a i n s . The R a y l e i g h wave phase v e l ­

o c i t i e s were d e t e r m i n e d b y t h e F o u r i e r A n a l y s i s M e t h o d used b y S a t o 

(1958) and Toksoz and Ben-Menahem (19&3). The M u l t i p l e F i l t e r T e c h ­

n i q u e ( D z i e w o n s k i e t a l , 19^9) i s used t o c a l c u l a t e t h e g roup v e l ­

o c i t i e s . 



TABLE 11 

MODEL EA1 ( S u n d a r a l i n g a m , 1971) 

H(lon) C* ( lan /sec) p (km/sec ) P ( W o e 

0.86 ' 3.50 2.00 2.77 
7»o 5.90 3.4-0 2.67 

10.5 6.15 3.55 2.77 

.1?-? 6.90 ?.96 2.98 

81.0 7.35 4.22 3.24 

99.0 7.89 4.5? 3.30 

100.0 8.30 4.65 . 3.53 

8.70 4.85 3.70 

P a r a m e t e r s u n d e r l i n e d were t a k e n as a c t i v e . 



TABLE 12 

EARTHQUAKES USED FOR SURFACE WAVE INTERPRETATION 

L o c a t i o n 

S o u t h A f r i c a 

S o u t h A f r i c a 

S. I r a n . 

D a t e 

S o u t h A f r i c a 5.1.1964 

P r i n c e Edward '25'.2.1964 
I s l e 

19.3.1966 

19.3.1966 

20.4.1966 

O r i g i n Time 
H r . M i n . S e o s . 

23 46 10.7 

00 34 32,0 

14 51 49.4 

17 16 40.9 

16 42 3.7 

C o - o r d i n a t e s 
( d e g r e e s ) 

52.26S 28.3E, 

Vf.6CS 37.34E 

52.7CS 19.8 E 

52.7GS 19.9 E 

41.7 N 48.2 E 

TABLE 13 

?RIAL MODEL FOR PARTIAL DERIVATIVES 

H(3sm) 

7.0 

10.5 

18.7 

• 30.0 

30.0 

1 0 0 . 0 

1 0 0 . 0 

0£ (km/sec ) 

5.90 

6.15 

6.60 

7.4 

7.4 

•7.4 

8o30 

8.70 

j£ ( km/sec ) 0̂ (@n/cc) 

3.35 

3.55 

3.72 

4.3 

4.3 

4.3 

4.65 

4.85 

2.67 

2.77 

2.98 

3.24 

3.24 

3.30 

3.53 

3.70 

http://Hr.Min.Seos
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The phase v e l o c i t y measurements c o v e r t h e p e r i o d range 

1 4 - 5 9 seconds and t h e g roup v e l o c i t y v a l u e s a s l i g h t l y s m a l l e r 

range o f 16 - 48 seconds ( F i g . 4 5 ) . The e f f e c t i v e d e p t h o f p e n ­

e t r a t i o n o f R a y l e i g h waves i s about 0.45 o f t h e w a v e l e n g t h , so 

t h e d a t a p r o v i d e s i n f o r m a t i o n o n t h e c r u s t and u p p e r m a n t l e f r o m 

20 t o 105 Ism.- T h e r e a r e two i m p o r t a n t g e n e r a l f e a t u r e s o f t h e 

c u r v e s . A t s h o r t e r p e r i o d s t h e cu rves t e n d t o merge w i t h t h o s e 

f o r t h e AFRIC mode l (Gumper and Pomeroy, 1970) i n d i c a t i n g some 

u n i f o r m i t y i n t h e c r u s t t h r o u g h o u t A f r i c a . H o w e v e r , . . a t l o n g e r . 

p e r i o d s , t h o s e f o r t h e NAI-AAE d i s p e r s i o n show much l o w e r v e l o c ­

i t i e s , p r e s u m a b l y due t o m a t e r i a l o f low shea r v e l o c i t y a t d e p t h . 

The phase v e l o c i t y c u r v e i s f a i r l y smooth a t s h o r t p e r i o d s 

b u t f o r l a r g e r v a l u e s t h e s c a t t e r i s as much as 0.04 km/sec . The 

g roup v e l o c i t y c u r v e shows c o n s i d e r a b l y worse s c a t t e r , up t o 0.25 

k m / s e c . I t i s , howeve r , d i f f i c u l t t o make a m e a n i n g f u l e s t i m a t e o f 

t h e a c c u r a c y o f t h e d a t a . A f t e r c o n s i d e r i n g e r r o r s due t o r e f r a c ­

t i o n , e p i c e n t r a l m i s l o c a t i o n , m i s r e a d i n g s'eismograms and u n c e r ­

t a i n t y l n : i n s t r u m e n t a l r e s p o n s e , S u n d e r a l i n g a m deduced t h a t t h e 

o v e r a l l e r r o r i n t h e R a y l e i g h wave phase v e l o c i t y measurements i s 

o f t h e o r d e r o f 0.03 km/ sec , a l t h o u g h t h e e r r o r i n g roup v e l o c i t y 

w o u l d seem, f r o m t h e o b s e r v e d d i s p e r s i o n cu rve ( F i g . 4 5 ) , t o be 

s e v e r a l t i m e s l a r g e r t h a n t h i s and may be as much as 0.1 - 0.15 

k m / s e c . 

The e f f e c t s o f l a t e r a l r e f r a c t i o n can be i m p o r t a n t , and 

t h e y c a n i n t r o d u c e s y s t e m a t i c e r r o r s and an i n c r e a s e i n v e l o c i t i e s . 

I n t h i s c a se , t h e i n t e r s t a t i o n p a t h i s sampled f r o m b o t h d i r e c t i o n s 

and d a t a p o i n t s f r o m d i f f e r e n t e v e n t s show c l o s e agreement so i t i s 

u n l i k e l y t h a t t h e c u r v e s a re s t r o n g l y a f f e c t e d by r e f r a c t i o n o r 

o t h e r e f f e c t s o u t s i d e t h i s p a t h . 
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7»3« I n t e r p r e t a t i o n T e c h n i q u e s 

The methods Esssi t o r e - i n t e r p r e t t h e S u r f a c e wave d a t a 

use as a c r i t e r i o n f o r f i t t i n g a t h e o r e t i c a l mode l t he r o o t mean 

square d e v i a t i o n (KMSD) o f t h e o b s e r v e d c u r v e s f r o m t h o s e c a l c u l ­

a t e d f o r t h e m o d e l . A h o r i z o n t a l l y l a y e r e d s t r u c t u r e i s d e r i v e d 

u s i n g as p a r a m e t e r s shea r and c o m p r e s s i o n a l wave v e l o c i t i e s s d e p t h , 

and d e n s i t y . C e r t a i n s e l e c t e d pa rame te r s are v a r i e d so as t o o b t a i n 

a minimum v a l u e o f t h e EMSD w i t h i n t h e space d e f i n e d b y t h e s e v a r ­

i a b l e s . A n o n - l i n e a r o p t i m i s a t i o n t e c h n i q u e i s u sed i n c o n j u n c t i o n 

w i t h t h e mapp ing o f t h e RMSD w i t h i n the p a r a m e t e r space* 

(1) The P o w e l l C o n j u g a t e D i r e c t i o n Method 

A f u l l m a t h e m a t i c a l t r e a t m e n t i s g i v e n b y P o w e l l ( l 9 & f > 19^5) 

and S u n d a r a l i n g a m (1971) • A d e s c r i p t i o n o f t h e g e n e r a l p r i n c i p l e s o n l y 

w i l l be g i v e n h e r e . 

Assume we w a n t t o m i n i m i s e some f u n c t i o n F ( x ) . We can c a l ­

c u l a t e i t t o be f ^ a t some base p o i n t , w h i c h c o r r e s p o n d s t o o u r 

i n i t i a l m o d e l , and t h e n t o be f £ a t some p o i n t where x 2 = x-j + S. 

S i s t h e s t e p - s i z e w h i c h i s s p e c i f i e d t o c o n t r o l t h e a c c u r a c y and 

s w i f t n e s s o f t h e s e a r c h . J?(x) c a n t h e n be e v a l u a t e d a t a t h i r d 

p o i n t X T J , s uch t h a t : 

x ^ = x 1 + 2S i f f - j ^ f 2 

x_3 = s>| - S i f f ^ < f 2 

I t can be shown t h a t t h e opt imum 2^ o f a q u a d r a t i c p a s s i n g t h r o u g h 

t h e t h r e e p o i n t s i s g i v e n b y : 

2 2 2 2 2 2 
: % = J. 0 ( x 2 - x ^ ) tA + ( x 2 - x 1 ) f 2 + (x^ - x p ) f 3 

( x 2 - x ^ ) f-, + ( x ^ - x n ) f 2 + ( x 1 - x 2 ) f ^ 
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I f x m and w h i c h e v e r o f x ^ , x ^ o r x g i v e s t h e s m a l l e s t v a l u e 

o f F ( x ) d i f f e r b y l e s s t h a n t h e r e q u i r e d a c c u r a c y , w h i c h i s a l s o 

s p e c i f i e d , t h e n t h e minimum i s f o u n d . I f t h i s i s n o t t h e c a se , 

t h e n one o f x^9 X £ , x ^ i s d i s c a r d e d , t h i s b e i n g t h e one c o r r e s ­

p o n d i n g t o t h e l a r g e s t v a l u e o f F ( x ) . Then t h e Q u a d r a t i c . i n t e r ­

p o l a t i o n c o n t i n u e s u s i n g t h e r e m a i n i n g two f u n c t i o n v a l u e s and 

t h a t f o r % . 

The f u n c t i o n t o be m i n i m i s e d P ( x ) i s g i v e n b y : 

F ( x ) = n 0 (RMSD) 2 

where n i s t h e number o f a c t i v e p a r a m e t e r s , t h a t i s , t h o s e t h a t 

a re v a r i e d i n o r d e r t o f i n d t h e minimum. These p a r a m e t e r s can be 

c o n s t r a i n e d w i t h i n s p e c i f i e d l i m i t s , and t h e c u r r e n t v a l u e o f t h e 

p a r a m e t e r i s X , where 

X = X t + ( x u - X n ) s i n X . 

X,j and X u a re t h e l o w e r and u p p e r bounds o f the v a r i a b l e r e s p e c ­

t i v e l y , and Y i s t h e i n i t i a l v a l u e . 

T h i s non l i n e a r method o f o p t i m i s a t i o n has s e v e r a l advan­

tages . , . . , Convergence i s r a p i d e s p e c i a l l y nea r t h e op t imum, where 

t h e f u n c t i o n i s w e l l a p p r o x i m a t e d b y a q u a d r a t i c . A l l p a r a m e t e r s u sed 

i n t h e mode l can be d e s i g n a t e d a c t i v e o r p a s s i v e , and t h e f o r m e r , 

as v a r i a b l e s , can be c o n s t r a i n e d w i t h i n r easonab le l i m i t s , such as 

t h o s e d e f i n e d b y g e o l o g i c a l p l a u s a b i l i t y . T h i s i s u s e f u l as i t c an 

be u s e d t o a v o i d u n r e a s o n a b l e v a r i a t i o n s i n t h e a c t i v e p a r a m e t e r s . 

(2) M a p p i n g 

The f i t o f models t o t h e d i s p e r s i o n d a t a i s a l s o i n v e s -
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t i g a t e d b y c a l c u l a t i n g t h e EMSD f o r d i f f e r e n t v a l u e s o f t h e 

a c t i v e p a r a m e t e r s and t h e n t a k i n g a s u c c e s s i o n o f t w o - d i m e n s i o n a l 

s e c t i o n s o f t h i s p a r a m e t e r space . T h i s can be used t o g i v e an 

a p p r o x i m a t e p o s i t i o n f o r t h e r e q u i r e d minimum w h i c h w i l l s e r v e 

as a s t a r t i n g p o i n t f o r t h e P o w e l l o p t i m i s a t i o n . - T h i s s h o r t e n s 

t h e c o m p u t i n g t i m e needed . A f t e r the o p t i m i s e d v a l u e s o f t h e 

v a r i a b l e s have been d e t e r m i n e d , t h e v a r i a t i o n o f t h e RMSD w i t h i n 

t h e v i c i n i t y o f t h e minimum can be mapped. T h i s shows t h e shape 

o f t h e min imum, w h i c h can be h i g h l y v a r i a b l e , and t h e u n c e r t a i n t y 

w i t h w h i c h we can d e f i n e t h e f i n a l p a r a m e t e r v a l u e s . 

The PV7 compu te r p rog ram o f J . Dorman i s used t o c a l c u l a t e 

t h e g roup and phase v e l o c i t i e s f o r a g i v e n m o d e l . T h i s i s c o u p l e d 

w i t h s t a t i s t i c a l and o p t i m i s i n g r o u t i n e s f o r b o t h t h e P o w e l l and 

m a p p i n g p r o c e s s e s , g i v e n by S u n d a r a l i n g a m (1971) • The PV7 program 

a l s o c o r r e c t s f o r t h e e f f e c t s o f E a r t h c u r v a t u r e . The a p p r o x i m ­

a t i o n o f B o l t and Dorman (1961) i s used f o r R a y l e i g h wave phase 

v e l o c i t i e s and t h a t o f K n o p o f f and Sohwab (1968) f o r g roup 

v e l o c i t i e s . 

7 . 4 . L i m i t s o n . I n t e r p r e t a t i o n 

Backus and G i l b e r t (19^8) have shown t h a t t h e r e i s a 

f u n d a m e n t a l l i m i t t o t h e d e t a i l o f e a r t h s t r u c t u r e t h a t can be 

d e r i v e d f r o m g r o s s e a r t h d a t a , and t h i s r e a s o n i n g has been a p p l i e d 

t o s u r f a c e wave i n v e r s i o n . D e r , Masse and Land i sman (1970) have 

shown t h a t t h e r e s o l u t i o n o f t h e d a t a can be e x p r e s s e d as a minimum 

t h i c k n e s s o f a zone o v e r w h i c h v e l o c i t y may be d e t e r m i n e d t o a g i v e n 

a c c u r a c y . Thus t h i c k n e s s e s w i t h i n a mode l can be chosen so as t o 

d e t e r m i n e shea r v e l o c i t i e s w i t h i n s a t i s f a c t o r y l i m i t s . I f we 

choose l a y e r t h i c k n e s s e s t o be t o o s m a l l , t h e n we l o s e a c c u r a c y 

i n t h e ' d e t e r m i n a t i o n o f t h e shea r v e l o c i t y o v e r t h a t t h i c k n e s s . 
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A l s o , r e s o l u t i o n dec reases w i t h i n c r e a s i n g d e p t h . The i n t e r ­

f a c e s be tween l a y e r s a r e no t s t r u c t u r a l b o u n d a r i e s b u t d e f i n e 

l i m i t s o v e r w h i c h a mean v e l o c i t y v a l u e i s d e r i v e d . 

K n o p o f f (1969) has o b t a i n e d t h e f o l l o w i n g e x p r e s s i o n s f o r 

t h e i n t e r s t a t i o n phase and g r o u p v e l o c i t i e s as a f u n c t i o n o f 

d i s t a n c e : 

c f *2 
d x / x 1 

c and u a re t h e i n t e r s t a t i o n phase and g roup v e l o c i t i e s , r e s ­

p e c t i v e l y , w h i c h c o n s t i t u t e t h e d i s p e r s i o n d a t a . 

o ( x ) and u ( x ) a r e t h e phase and g roup v e l o c i t i e s a t d i s t a n c e x • 

a l o n g t h e i n t e r s t a t i o n p a t h , t h e l i m i t s o f w h i c h a re and x £ . 

I t ' f o l l o w s t h a t t h e r e c i p r o c a l s o f t h e measured v e l o c i t i e s , t h e phase 

and g roup s l o w n e s s e s , a r e t h e d i s t a n c e averages o f t h e s e q u a n t i t i e s 

be tween t h e s t a t i o n s . T h e r e f o r e any model we d e r i v e f r o m t h e d a t a 

r e p r e s e n t s a mean s t r u c t u r e b e n e a t h the i n t e r s t a t i o n p a t h . 

I n t h e i r s t u d y o f s u r f a c e wave p r o p a g a t i o n benea th t h e 

Canad i an s h i e l d , Brune and Dorman (1963) drew some g e n e r a l c o n ­

c l u s i o n s c o n c e r n i n g , i n v e r s i o n o f t h e d i s p e r s i o n d a t a . They f o u n d 

t h a t i t i s c r i t i c a l t o s e l e c t t h e p r o p e r f r a m e w o r k f o r a mode l i n 

t e r m s o f t h e number and t h i c k n e s s e s o f l a y e r s and t o d e s i g n a t e 

p a r a m e t e r s a c t i v e o r p a s s i v e . T h i s s h o u l d be done by c o n s i d e r i n g t h e 

amount o f i n f o r m a t i o n c o n t a i n e d i n t h e d a t a , by e x a m i n i n g p a r t i a l 

d e r i v a t i v e s and b y d e r i v i n g t r i a l models u n d e r c o n s t r a i n t s . A l l o w i n g 
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t o o much o r t o o l i t t l e f r e e d o m r e s u l t s i n e i t h e r un reasonab le 

f i n a l v a l u e s f o r p a r a m e t e r s o r a n o n - c o n v e r g i n g sys t em. 

I n p a r t i c u l a r t h e y f o u n d t h a t i f d e n s i t y and shea r v e l o c i t y 

were v a r i e d w i t h i n t h e same d e p t h range t h e n l a r g e and un rea sonab l e 

v a r i a t i o n s i n t h e s e q u a n t i t i e s c o u l d o c c u r w i t h o u t s i g n i f i c a n t 

improvement i n t h e f i t . I f t h e number o f l a y e r s i n any d e p t h range 

was t o o g r e a t , shea r v e l o c i t y and d e p t h c o u l d v a r y e r r a t i c a l l y w i t h 

a d j a c e n t l a y e r s a l s o d e v e l o p i n g w i l d l y h i g h o r low v e l o c i t i e s . A l s o , 

where t h e s h e ^ r v e l o c i t y c o n t r a s t ac ross an i n t e r f a c e i s s m a l l ; t h e 

d e p t h t o t h a t b o u n d a r y canno t be a c c u r a t e l y d e t e r m i n e d . 

I f we o n l y v a r y shea r v e l o c i t y t h e n we can r e c o v e r a f i n a l 

v a l u e t o some p a r t i c u l a r a c c u r a c y . I f we a l s o v a r y d e p t h s , t h e n 

we may n o t be a b l e t o o b t a i n such a h i g h degree o f p r e c i s i o n i n 

v e l o c i t y . F r o m P e r e t a l (1970) t h i s l o s s c o r r e s p o n d s t o a p r o p ­

o r t i o n a l change i n l a y e r t h i c k n e s s e s . I t i s o f t e n u s e f u l , t h e r e f o r e , 

t o f i x t h e t o t a l d e p t h range o f a model and v a r y t h e i n d i v i d u a l 

t h i c k n e s s e s w i t h i n t h i s f r a m e w o r k . 

7.5* P r e v i o u s W o r k 

S u n d a r a l i n g a m (197^) d e r i v e d a t r i a l model t o use i n t h e 

c a l c u l a t i o n o f p a r t i a l d e r i v a t i v e s ( T a b l e 1 3 ) . The f r a m e w o r k o f 

t h e m o d e l i s v e r y s i m i l a r t o t h a t o f t he AFRIC model' f o r t h e A f r i c a n 

c o n t i n e n t (G-umper and Pomeroy , 1970), b u t w i t h l o w e r v e l o c i t i e s i n 

wha t c o r r e s p o n d t o t h e t o p two u p p e r m a n t l e l a y e r s f o r AFRIC. 

The p a r t i a l d e r i v a t i v e s f o r phase ( c ) and group v e l o c i t y 

( u ) w i t h r e s p e c t t o shea r v e l o c i t y are shown i n P i g . 4 6 and F i g . 4 7 

r e s p e c t i v e l y . F r o m t h e s e c u r v e s a check on t h e l a y e r i n g can be made. 
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I f t h e number o f l a y e r s i s t o o g r e a t , t h e n i t s h o u l d be p o s s i b l e 

t o combine two o f t h e c u r v e s t o . a p p r o x i m a t e a t h i r d (Brune and 

Dorman," 1963). However , t h i s does no t seem t o be t h e case f o r t h e 

t r i a l mode l u sed h e r e and t h e l a y e r i n g i s r o u g h l y c o r r e c t . From 

t h e p a r t i a l d e r i v a t i v e c u r v e s , we can a l s o deduce t h a t t he shear 

v e l o c i t i e s most a f f e c t i n g t h e d i s p e r s i o n p u r v e s are t h o s e f o r l a y e r s 

3 - 5 . These c a n be combined t o g i v e a s i n g l e uppe r m a n t l e l a y e r 

( T a b l e 1 1 ) , u n d e r t h e l o w e r c r u s t a l l a y e r . 

P a r t i a l d e r i v a t i v e s w i t h r e s p e c t t o t h e o t h e r p a r a m e t e r s , 

a l t h o u g h no t shown h e r e , r e v e a l t h a t the phase and g roup v e l o c i t y 

d a t a a re n o t s e n s i t i v e e i t h e r t o d e n s i t y , p , o r t o c o m p r e s s i o n a l 

wave v e l o c i t y , ot> and i n d e r i v i n g t h e EA1 mode l o n l y shear v e l o c i t i e s 

and dep ths were v a r i e d . A s h a l l o w s e d i m e n t a r y l a y e r was i n t r o d u c e d 

and t h e s h e a r v e l o c i t i e s o f t h e b o t t o m two c r u s t a l l a y e r s and t h e t o p 

two m a n t l e l a y e r s a l l o w e d t o change. Depths were g e n e r a l l y n o t w e l l 

d e t e r m i n e d b y t h e s e d a t a b u t t h e t h i c k n e s s o f t h e l o w e r c r u s t a l l a y e r 

was a l s o t a k e n as an a c t i v e p a r a m e t e r . 

Prom T a b l e s ,11 .and 1 we can compare t h e EA1 and APRIC models 

as t h e i r f r a m e w o r k s a r e v e r y s i m i l a r . I f APRIC i s t a k e n t o r e p r e s e n t 

t h e c r u s t and u p p e r m a n t l e f o r t h e A f r i c a n c o n t i n e n t o u t s i d e t h e r i f t 

zones , t h e n t h e p a t h A d d i s Abbaba (AAE) - N a i r o b i ( N A l ) i s c h a r a c t e r ­

i s e d b y a n o m a l o u s l y l o w v e l o c i t y m a t e r i a l i n t he uppe r m a n t l e . The 

c r u s t a l s t r u c t u r e s a re s i m i l a r w i t h the e x c e p t i o n o f t h e l o w e r c r u s ­

t a l l a y e r w h i c h , a l t h o u g h b e i n g o f r o u g h l y t h e same t h i c k n e s s as 

t h a t f o r APRIC, has a h i g h e r s h e a r v e l o c i t y . 

7.6. The L i d M o d e l 

I f we t a k e t h e s t r u c t u r e sugges t ed b y G r i f f i t h s e t a l (.1971) 

as t y p i c a l o f t h a t be low t h e r i f t a x i s , w i t h a c r u s t o n l y 20 km 
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t h i c k , t h e n t h i s i s much d i f f e r e n t f r o m t h a t t h o u g h t t o l i e 

b e n e a t h N a i r o b i t o t h e eas t o f t h e r i f t . B o n j e r , Fuchs and 

W o h l e n b e r g (1970) deduced t h a t a t w o - l a y e r c r u s t a l model r e q u i r e d 

a t h i c k n e s s o f 43 km be low N a i r o b i . T h i s sugges t s t h a t t h e s u r f a c e 

o f t h e u p p e r m a n t l e anomaly does s i n k eas twward away f r o m t h e r i f t 

a l t h o u g h n o t n e c e s s a r i l y a t t h e same r a t e as t o t h e w e s t . • The 

i n t e r s t a t i o n p a t h AAE - N A I i n g e n e r a l l i e s o f f t h e a x i s o f t h e r i f t 

so i t i s p o s s i b l e t h a t t h e p a t h as a whole i s c o m p a t i b l e w i t h a l i d 

o f n o r m a l A F R I C - t y p e u p p e r m a n t l e o v e r l y i n g t h e anomalous zone . 

F o r t h e p a t h N A I - AAE, a f r a m e w o r k s i m i l a r t o t h a t f o r t h e 

AFRIC mode l w i l l be assumed. T h r e e t y p e s o f l i d model w i l l be u s e d . 

M o d e l s u¥1 and LG1 have a l i d o f n o r m a l m a n t l e i m m e d i a t e l y be low and 

above t h e AFRIC Mono l e v e l r e s p e c t i v e l y , w h i l e mode l GM.1 i n c o r p o r ­

a t e s b o t h . these f e a t u r e s . 

The P o w e l l C o n j u g a t e D i r e c t i o n M e t h o d r e q u i r e s t h e s e p a r a t i o n 

o f t h e mode l p a r a m e t e r s i n t o t h e c a t e g o r i e s a c t i v e o r p a s s i v e , t h e 

f o r m e r b e i n g u s e d as v a r i a b l e s i n t h e o p t i m i s a t i o n . The d e p t h o f 

p e n e t r a t i o n o f R a y l e i g h waves i s about 0.45 A where X i s t h e wave­

l e n g t h , w h i c h g i v e s a d e p t h range o f 20 - 105 km. T h i s i m p l i e s t h a t 

t h e d i s p e r s i o n c u r v e s a r e s e n s i t i v e t o p a r a m e t e r s f o r t h e l o w e r c r u s t a l 

l a y e r and t h e t opmos t u p p e r m a n t l e l a y e r . T h i s can a l s o be seen f r o m 

t h e p a r t i a l d e r i v a t i v e s where t h e s e two l a y e r s c o r r e s p o n d t o l a y e r s 

3, 4 and 5 f o r t h e t r i a l models ( T a b l e 13). I n p r a c t i c e , t h r e e p a r a ­

m e t e r s were v a r i e d ' f o r t h e l i d m o d e l s ; t h e t h i c k n e s s o f t h e l i d and 

t h e s h e a r v e l o c i t i e s f o r one l a y e r o n e i t h e r s i d e , these- b e i n g 

a p p r o x i m a t e l y comparab le t o l a y e r s 4 and 5 f o r t h e EA1 m o d e l . 

Because t h e s e d a t a do n o t d e t e r m i n e dep ths w e l l , t h e t o t a l 

d e p t h o f each mode l was f i x e d and o n l y t h e i n d i v i d u a l t h i c k n e s s e s 

w i t h i n t h i s f r a m e w o r k were v a r i e d . The c o n g r e s s i o n a l wave 
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v e l o c i t y f o r t h e l i d was f i x e d a t 8.1 km/sec f r o m t h e K a p t a g a t 

a r r a y measurements . 

The. p a r a m e t e r s f o r l a y e r s o u t s i d e the range o f t h e d a t a 

w e r e - g e n e r a l l y f i x e d a t t h e AFRIC v a l u e s . Thus t h e second u p p e r 

m a n t l e l a y e r - l a y e r 6 i n t h e EA1 model - was a s s i g n e d a shear 

v e l o c i t y f i x e d a t 4.78 km/ sec . The d a t a are i n s e n s i t i v e t o changes' 

i n d e n s i t i e s and c o m p r e s s i o n a l wave v e l o c i t i e s . T h e r e f o r e d e n s i t i e s 

were t a k e n a t t h e AFRIC v a l u e s excep t where t he se appeared t o be 

i n a p p r o p r i a t e t o E a s t A f r i c a , when t h e y were deduced f r o m t h e g r a v i t y 

i n t e r p r e t a t i o n o f S e a r l e (1970). F o r t h e two l a y e r s i n w h i c h shear 

v e l o c i t y p was v a r i e d , t h e P-wave v e l o c i t y , • oC , was c a l c u l a t e d 

u s i n g t h e r e l a t i o n OC = 1.74J2 ( A n d e r s o n , 1%5). T h i s was a l s o 

a p p l i e d t o t h e l i d , g i v i n g a s h e a r v e l o c i t y o f 4.66 km/sec f o r a 

P-wave v e l o c i t y o f 8 .1 k m / s e c . 

Because t h e e r r o r s o n t h e group v e l o c i t y measurements a r e 

g r e a t e r t h a n t h o s e f o r phase v e l o c i t y , a w e i g h t i n g p r o c e d u r e was 

u s e d . The RMSD's were c a l c u l a t e d f o r t h e two c u r v e s and t h e n 

combined w i t h a w e i g h t i n g i n v e r s e l y p r o p o r t i o n a l t o t h e i r a p p r o x ­

i m a t e RhiSD's f o r t h e EA1 m o d e l . T h i s meant t h a t phase v e l o c i t y had 

u n i t w e i g h t i n g b u t was f a v o u r e d more t h a n i f t h e RMSD's h a d m e r e l y 

been summed. 

7.7, M o d e l s f r o m P o w e l l C o n j u g a t e D i r e c t i o n M e t h o d 

The f i n a l mode l f o r UM1 i s shown i n f u l l i n T a b l e 14, 

w i t h l a y e r s 4 - 7 f o r LC1 and CM1 a l s o shown. The p a r a m e t e r s 

u n d e r l i n e d were v a r i e d . UM1 has a l i d be low t h e Moho w i t h t h i c k ­

ness H(5) and t h e t h i c k n e s s o f t h e topmos t m a n t l e l a y e r i s H(6) 

= 8 0 . 0 - H(5) . S i m i l a r l y , f o r L C I , H(4) was c o n s t r a i n e d t o be 

18.7 - H ( 5 ) . These t w o l i d f e a t u r e s were combined f o r GM/T 



TABLE 1 4 

MODEL IM1 

L a y e r K(km) fc<f (km/sec ) p (km/ sec ) ^(gpi/co) 

1 0.86 3.5 2.0 2.77 

2 7.0 , 5.9 3.35 2.67 

3 10.5 6.15 3.55 2.77 

18.7 6.81 ,3.91 2.85 

5 16.0 8.1 4.66 3.3 

6 64.0 6.96 4 .00 3.22 

7 100.0 8.2 4 . 7 8 3.44 

8 100.0 8.3 4.65 3.53 

W e i g h t e d M S D = 0.028 km/sec (WSD phase = 0.015 km/sec) 

MODEL LC1 

4 8.5 6.27 ,5.60 2.85 

5 10.2 8.1 4.66 . 3 . 3 

6 8 0 . 0 6.15 4.11 3.22 

7 100.0 8.2 4.78 3.44 

W e i g h t e d BMSD = 0.033 km/sec (RMSD phase = 0.019 km/sec) 

MODEL CM1 

4 12.4 6.47 .J5.72 2.85 • 

5 8.1 4.66 3.3 

6 70.8 7.06 4.06 3.22 

7- 100.0 8.2 4.78 . 3 . 4 4 

W e i g h t e d KMSD = 0.030 lan/sec (EMSD phase o n l y = 0.017 km/sec) 

P a r a m e t e r s u n d e r l i n e d were t a k e n as a c t i v e . 



so t h a t : 

H ( 4 ) = 1 8 . 7 - ^ ( 5 ) andH(6) . = 8 0 . 0 - H 2 ( 5 ) , where 

H(5) = H (5) + H 2 ( 5 ) . The i n d i v i d u a l t h i c k n e sses h e r e were 

b o t h v a r i e d and h a d f i n a l v a l u e s o f 6.3 lan and 9.2 km. 

I n a l l t h r e e o f t h e m o d e l s , t h e l i d i s t h i n , about 16 km f o r 

UM1 and CM1 and o n l y 8.6 km f o r L G 1 . The e f f e c t o f i n t r o d u c i n g t h e 

l i d i s t o depress t h e shea r v e l o c i t i e s i n t h e l a y e r b e n e a t h , where 

t h e shea r and c o m p r e s s i o n a l wave v a l u e s a re i n t h e ranges 4 . 0 0 - 4 . 1 1 

km/sec and 6.96 - 7.15 km/sec r e s p e c t i v e l y . These compare w i t h t h e 

EA1 v e l o c i t i e s f o r t h e t o p m o s t man t l e l a y e r o f 4 .22 km/sec and 

7.35 k m / s e c . One w o u l d a n t i c i p a t e t o o t h a t i f t h e l i d i s o m i t t e d , 

i t w o u l d have t h e e f f e c t o f r a i s i n g the shea r v e l o c i t y o f t h e l ov / e r 

c r u s t a l l a y e r a l s o . I n models LC1 and CM1, i n f a c t , t h e v a l u e s are 

l o w e r t h a n f o r EA1 and c o r r e s p o n d more c l o s e l y t o t h e s h e a r v e l o c i t y 

o f 3*72 km/sec f o r t h i s l a y e r i n t h e APRIO m o d e l . . However , t h e s e 

s h e a r v e l o c i t i e s , and t h e ccmipress iona l wave v e l o c i t i e s c a l c u l a t e d 

f r o m 0 6 = 1.74 p , a re l o w e r t h a n those s u g g e s t e d f o r an i n t e r ­

m e d i a t e l a y e r i n t h e c r u s t f r o m s e i s m i c r e f r a c t i o n w o r k i n t h e . 

T r a n s v a a l ( W i l l m o r e e t a l , 1952; H a l e s and Sachs , 1959). M o d e l 

Ulvl1 shows P - and S-wave v e l o c i t i e s o f 6.81 km/sec and 3.91 km/sec 

f o r t h i s l a y e r , more i n agreement w i t h t h e r e f r a c t i o n w o r k bu t 

h i g h e r t h a n t h o s e f o r AFRIG. 

F o r EA1 t h e combined EMSD f o r phase and g roup v e l o c i t y d a t a 

was 0.039 km/sec (RMSD f o r phase o n l y was 0.020 k m / s e c ) , u s i n g t h e 

same w e i g h t i n g f o r t h e i n d i v i d u a l J&iSD's (7 : 1) as f o r t h e l i d 

m o d e l s . F o r t h e l a t t e r b o t h i n d i v i d u a l B i S D ' s f o r t h e phase and 

g r o u p v e l o c i t y a r e l o w e r ( T a b l e 14) and t h i s can be seen q u a l i t a t ­

i v e l y f r o m F i g . 4 8 , s h o w i n g t h e computed d i s p e r s i o n c u r v e s f o r t h e 

t h r e e l i d models and f o r E A 1 . 
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F o r phase v e l o c i t y , t h e l i d models sugges t a s t e e p e r g r a d i e n t 

a t s h o r t p e r i o d s ^ w h i c h i s m a r g i n a l l y a p o o r e r f i t t h a n t h a t f o r EAjt 

b u t a t l o n g e r p e r i o d s t h e e f f e c t o f t h e l o w e r shear wave v e l o c i t i e s 

i n t h e u p p e r m a n t l e l a y e r f o r t h e l i d models g i v e s a shape c l o s e r 

t o t h a t o f t h e o b s e r v e d p o i n t s . F o r p e r i o d s g r e a t e r t h a n about 50 

seconds , t h e computed c u r v e s t e n d t o r e a c h h i g h e r v a l u e s t h a n t h o s e 

f o r t h e o b s e r v e d p o i n t s . 

Howeve r , t h e c h i e f d i f f e r e n c e s i n t h e d i s p e r s i o n p r o d u c e d b y 

a l i d mode l and t h a t f o r E A l c an be seen i n t h e group v e l o c i t y 

c u r v e . The v e l o c i t i e s f o r s h o r t ' p e r i o d s r i s e much more s t e e p l y 

t h a n f o r E A l and f i t t h e o b s e r v e d d a t a more c l o s e l y . The m a i n f e a t u r e 

o f t h e c u r v e i s t h e n e g a t i v e s l o p e a t l o n g p e r i o d s f o r a l i d . T h i s 

w o u l d seem t o be c h a r a c t e r i s t i c o f a h i g h v e l o c i t y c h a n n e l , and has. 

a l s o been o b s e r v e d f o r phase v e l o c i t y cu rves unde r t he se c o n d i t i o n s 

( K n o p o f f , S c h l u e , and Schwab, 1970; B e r r y and K n o p o f f , 1967). T h e r e 

i s some c o n f i r m a t i o n o f t h i s s i g n change i n t h e obse rved c u r v e , • 

a l t h o u g h t h e p o i n t s a re r e l a t i v e l y f e w and q u i t e w e l l s c a t t e r e d . 

I n g e n e r a l , ' t h e shape o f t h e o b s e r v e d group v e l o c i t y c u r v e © i s more 

c o m p a t i b l e w i t h t h o s e computed f o r t h e l i d models t h a n f o r E A l . 

7 . 8 . M a p p i n g and t h e P r o b l e m o f Non-Uniqueness 

To e s t i m a t e t h e r e l i a b i l i t y o f t h e i n v e r s i o n r e s u l t s f o r t h e 

l i d models we can map t h e RMSD o v e r ranges o f t h e a c t i v e p a r a m e t e r s . 

These maps a re p r e s e n t e d f o r t h e model Ulvil, a l t h o u g h t h e two o t h e r 

models show e s s e n t i a l l y s i m i l a r f e a t u r e s . They are g i v e n as a s e r i e s 

o f t w o - d i m e n s i o n a l p l o t s f o r t h e t h r e e v a r i a b l e s , and t h e c o n t o u r s 

shov/n c o r r e s p o n d t o one and t w o HMSD's f r o m t h e minimum v a l u e f o r 

t h e m o d e l , a l l u s i n g t h e combined , • w e i g h t e d HviSD f o r phase and group 

v e l o c i t y . 
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A c h a r a c t e r i s t i c o f a l l t h r e e RMSD maps, ' F i g s . 49, 50 and 

5 1 , i s t h a t t h e c o n t o u r s a r e i n c l i n e d t o t h e axes and e l o n g a t e d . 

More s p e c i f i c a l l y , f r o m F i g . 4 9 , t h e change i n RMSD f o r u n i t change 

i n t h e s h e a r v e l o c i t y f o r l a y e r 4 i s o n l y t w o - t h i r d s o f t h e EMSD 

change f o r a s i m i l a r change i n t h e shear v e l o c i t y f o r l a y e r 6. I f 

t h e changes i n RMSD were e q u a l , t h e n t h e c o n t o u r s w o u l d be c i r c u l a r . 

The i n c l i n a t i o n and e l o n g a t i o n o f t h e c o n t o u r s seem t o c h a r ­

a c t e r i s e i m p o r t a n t c o n t r i b u t i o n s t o w a r d s n o n - u n i q u e n e s s . I f t h e 

c o n t o u r s were s m a l l c i r c l e s , t h e n each o f t h e t w o q u a n t i t i e s c an be 

s p e c i f i e d w i t h i n f a i r l y na r row l i m i t s and one q u a n t i t y c a n n o t , f o r 

i n s t a n c e , be i n c r e a s e d away f r o m t h e inindmum and t h e r i s e i n RMSD 

d i m i n i s h e d , even i n p a r t , b y a change i n t h e o t h e r q u a n t i t y . I f 

t h e c o n t o u r s a re e l l i p t i c a l and r o u g h l y p a r a l l e l t o one 6 f t h e axes 

t h e n t h e q u a n t i t y a l o n g t h e m a j o r a x i s i s b a d l y d e t e r m i n e d b y t h e d a t a 

b u t a change i n t h i s canno t be s i g n i f i c a n t l y compensated b y a change 

i n t h e v a r i a b l e a l o n g t h e m i n o r a x i s o f t h e e l l i p s e . However, i n t h e 

p r e s e n t s t u d y , t h e c o n t o u r s a re i n c l i n e d and e l o n g a t e d . T h u s , f r o m 

F i g . 4 9 , an i n c r e a s e i n ^ ( 4 ) away f r o m t h e minimum produces a r i s e 

i n EMSD t h a t c an be p a r t l y r e d u c e d by d e c r e a s i n g t h e v a l u e o f (3 (6 ) . 

The i n c l i n a t i o n , t h e n , i s a r e p r e s e n t a t i o n o f t h e a u t o - c o r r e l a t i o n 

f u n c t i o n o f t h e t w o l a y e r s 4 and 6. The c o n s i d e r a b l e e l o n g a t i o n o f 

c o n t o u r s i n F i g s . 50 and 51 a l s o sugges t s t h a t dep ths are n o t w e l l 

d e t e r m i n e d b y t h e d a t a . 

F rom t h e maps we can see t h a t UlvI1 - t h i s a l s o a p p l i e s t o LC1 

and GM1 - i s h i g h l y n o n - u n i q u e . There appears t o be i n t e r f e r e n c e 

be tween l a y e r s 4 , 5 and 6 and i n t h i s s i t u a t i o n t h e a s s i g n i n g o f 

c o n f i d e n c e l i m i t s t o t h e v a r i a b l e s becomes d i f f i c u l t . I f we n e g l e c t 

t h e p r o b l e m o f i n t e r f e r e n c e we can c a l c u l a t e e r r o r s b y , f o r i n s t a n c e , 
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F i g . 5 1 . C o n t o u r e d w e i g h t e d HMSD ( i n km/sec) f o r model UM1 f o r 
v a r y i n g t h i c k n e s s o f l a y e r 5 and shear v e l o c i t y i n 
l a y e r 6. 
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f i n d i n g what s i g n i f i c a n c e a s h i f t dv o f t h 4 d i s p e r s i o n cu rves 

has o n each p a r a m e t e r s e p a r a t e l y , where dv d e f i n e s some a c c e p t ­

a b l e range ( B e r r y and K n o p o f f , 19^7) . S i m i l a r l y , i f t h e c o n t o u r s 

were p e r f e c t c i r c l e s , we c o u l d c o n s i d e r each a c t i v e p a r a m e t e r i n 

t u r n and f i n d i t s e x t r e m e v a l u e s f o r , say , one'HMSD f r o m t h e m i n ­

imum f o r t h e m o d e l . T h i s i s n o t a s a t i s f a c t o r y p r o c e d u r e i n t h e 

p r e s e n t case , w i t h i n t e r f e r e n c e between t h e l a y e r s , and we cannot 

t r e a t one a c t i v e p a r a m e t e r i n i s o l a t i o n f r o m t h e o t h e r s . 

I n t h i s s i t u a t i o n , i t may be more c o n s t r u c t i v e t o g i v e ranges 

o f p o s s i b l e m o d e l s . To t h i s e n d , t h e RMSD mapping t e c h n i q u e i s "used 

t o c o m p i l e F i g . 5 2 , w h i c h r e p r e s e n t s extreme v a l u e s o f t h e v a r i a b l e s , 

b u t w i t h a l l s o l u t i o n s f a l l i n g w i t h i n one EiuSD o f t h e minimum. We 

c o u l d have t a k e n as a c r i t e r i o n o f acceptance t w o EivISD's f r o m t h e 

min imum, i n w h i c h case more ex t reme models w o u l d be p o s s i b l e . . I n 

p a r t i c u l a r , t h e s e w o u l d h a v e : i n c l u d e d t h e p o s s i b i l i t y o f h a v i n g no 

h i g h v e l o c i t y l i d w i t h a s h e a r v e l o c i t y f o r t h e anomalous m a n t l e 

l a y e r o f 4 .1 - 4 .3 k m / s e c . A l s o , f o r model L G 1 , t h i s p o s s i b i l i t y 

e x i s t s even f o r an RIviSD o f l e s s t h a n O.O56 km/sec f o r l a r g e v a l u e s 

o f ^ ( 4 ) . T h i s i s i n some ways a l e s s f l e x i b l e f r a m e w o r k t h a n t h a t 

f o r UM1, as t h e l i d t h i c k n e s s i s e f f e c t i v e l y c o n s t r a i n e d t o 18 .7 km. 

From F i g . 5 2 , (2(4) c an be as low as 3.75 km/sec w h i c h i s very-

s i m i l a r t o t h e v a l u e f o r t h e AFRIG model and i s a l s o seen f o r LC1 

and GIvll. A l s o t h e r e i s t h e p o s s i b i l i t y o f h a v i n g u l t r a - l o w - v e l o c ­

i t i e s i n t h e anomalous m a n t l e zone , i f t h e l i d i s t h i c k . Such a 

s m a l l s h e a r v e l o c i t y w i t h a s i m i l a r t h i c k n e s s has been p r o p o s e d t o 

e x p l a i n s u r f a c e wave d i s p e r s i o n r e s u l t s f r o m t h e E a s t P a c i f i c R i s e 

( K n o p o f f , S c h l u e and Schwab, 1 9 7 0 ) , a l t h o u g h w i t h a t h i c k e r l i d . 
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P i g . 5 2 . E x t r e m e models f o r UM1 a l l w i t h i n one EMSD o f t h e 
min imum, c o m p i l e d f r o m P i g s . 4-9 - 51 • L i n e s o f same 
t y p e i n d i c a t e t h e e x t r e m i t i e s a l l o w e d by v a r y i n g any 
two £ ( 4 ) , p ( 6 ) 6 r H ( 5 ) . Number ing i n d i c a t e s t h e 
c o n t i n u i t y o f one e x t r e m e model o f each o f such p a i r s . 
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A l l t h e s o l u t i o n s f r o m F i g . 5 2 i n v o l v e a zone i n t h e m a n t l e 
w i t h a s h e a r v e l o c i t y much l o w e r t h a n t h a t f o r t he e q u i v a l e n t 
d e p t h range f o r t h e AFRIC m o d e l . 

We c a n use t h e RMSD mapping t e c h n i q u e t o check t h e e f f e c t 

o f i n t r o d u c i n g a second anomalous uppe r m a n t l e l a y e r , t h a t i s , 

v a r y i n g t h e shea r v e l o c i t y f o r t h e l a y e r 7 i n t h e l i d m o d e l s . I f 

we t a k e t h e UlvH model and i n t r o d u c e p ( 7 ) as a f o u r t h v a r i a b l e , 

t h e b e s t f i t i s f o r a mode l UM2 w i t h a l i d 12 km t h i c k unde r a 

c r u s t o f s h e a r v e l o c i t y 3.91 km/sec (P-wave v e l o c i t y 6.83 km/sec) 

and o v e r l y i n g t h e two anomalous m a n t l e l a y e r s 6 and 7 w i t h shea r 

v e l o c i t i e s 4 . 0 8 km/sec and 4.59 l<m/sec (P-wave v e l o c i t i e s 7 .10 

Ian/sec and 7«99 k m / s ^ c ) r e s p e c t i v e l y . The o n l y marked change i n 

t h e a c t i v e p a r a m e t e r s i s t h a t f o r [2(7) w h i c h i s l o w e r t h a n t h e 

c o n s t r a i n e d Va lue o f 4.78 km/sec i n TJM1. The d i s p e r s i o n c u r v e s 

( F i g . 5 5 ) show s l i g h t d e v i a t i o n f r o m t h o s e f o r t h e t h r e e - p a r a m e t e r 

l i d m o d e l s , w i t h a s m a l l d e p r e s s i o n i n phase v e l o c i t y a t l o n g 

p e r i o d s b u t an i n c r e a s e i n g roup v e l o c i t y f o r t h e same' r e g i o n . 

V7e c a n check t h e r e l e v a n c e o f t r e a t i n g p ( 7 ) as a v a r i a b l e 

b y e x a m i n i n g t h e RMSD c o n t o u r s f o r ^ ( 6 ) ' a g a i n s t ^ ( 7 ) . From 

F i g . 5 4 , t h e RMSD f o r a v a l u e o f 4.59 km/sec i s n o t s i g n i f i c a n t l y 

d i f f e r e n t f r o m t h a t f o r j£ (7 ) = 4.78 km/sec . ' The c o n t o u r s a re 

open-ended even f o r one RMSD f r o m the minimum i n d i c a t i n g t h a t p ( 7 ) 

c o u l d t a k e on a l a r g e range o f a c c e p t a b l e v a l u e s . Thus i t cannot 

be a c c u r a t e l y d e t e r m i n e d f r o m t h e p r e s e n t d a t a . 

7 . 9 . D e l a y T imes 

S u n d a r a l i n g a m (1971) has measured P-wave d e l a y t i m e s f o r 

A d d i s Abbaba and N a i r o b i r e l a t i v e t o Bulawayo u s i n g t h e m e t h o d 

o u t l i n e d i n C h a p t e r 4 , and o b t a i n e d mean v a l u e s o f 2.7 and 2.3 



u 

CD 

\ 
£ 

o 
o 
— I 
LU 
> 

M O D E L UM 2 

P E R I O D ( s e e s 

30 40 60 

F i g . 5 3 . Obse rved R a y l e i g h wave phase ( d o t s ) and group 
v e l o c i t i e s ( c r o s s e s ) f o r t h e AAE - NAI p a t h . 
S o l i d c u r v e s a re t h o s e computed f o r model 11-12 
w i t h t h e s h e a r v e l o c i t y o f l a y e r 7 v a r i e d . 
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seconds f o r t h e two s t a t i o n s ( T a b l e 9 )« 

I f we assume Bulawayo i s o n a s t r u c t u r e s i m i l a r t o t h a t 

g i v e n b y t h e AFRIC m o d e l we can c a l c u l a t e t h e d e l a y f o r t h e 

R a y l e i g h wave models f o r AAE-NAI r e l a t i v e t o BUL. T h i s g i v e s 

p o s i t i v e d e l a y s f o r t h e models UM1, L01 and QvI1 o f 1.39, 1.28 and 

1.33 seconds r e s p e c t i v e l y . These are l o w e r t h a n the 1.53 seconds 

a s s o c i a t e d w i t h mode l E A 1 , w i t h two low v e l o c i t y l a y e r s i n t h e 

u p p e r m a n t l e . However , t h e y a re a l so mor$ t h a n 1 second s m a l l e r 

than<";£he mean o f t h e o b s e r v e d d e l a y s a t AAE and N A I . The re a re 

a number o f p o s s i b l e e x p l a n a t i o n s f o r t h i s . 

( 1 ) Some o f t h e anomaly may be o u t s i d e t h e range o f t h e d a t a . 

As t h e l i d models o n l y i n c o r p o r a t e one l o w v e l o c i t y m a n t l e l a y e r 

w i t h r e s p e c t t o t h e AFRIC m o d e l , t h i s g i v e s a maximum o f 80 km f o r t h e 

anomaly t h i c k n e s s b u t i t i s q u i t e p o s s i b l e t h a t anomalous m a t e r i a l 

e x t e n d s w e l l be low t h i s . I f , f o r i n s t a n c e , t h e zone was 100km • 

t h i c k e r t h i s w o u l d i n v o l v e l a y e r 7 i n t h e l i d models h a v i n g a P -

wave v e l o c i t y o f about 7.4 km/sec and a s h e a r wave v e l o c i t y o f 

4.25 k m / s e c . T h i s w o u l d be l o w e r t h a n as d e r i v e d f o r t h e c o r r e s ­

p o n d i n g l a y e r 6 , f o r E A 1 , and a l s o f o r t he l i d model UM2 w i t h ^ (7) 

v a r i a b l e , b u t as t h e phase and g roup v e l o c i t i e s are n o t s e n s i t i v e 

t o s h e a r v e l o c i t y v a r i a t i o n s a t such d e p t h s , v/e cannot a c c u r a t e l y 

d e t e r m i n e t h e s e • v a l u e s . 

( 2 ) The s t r u c t u r e a l o n g t h e i n t e r s t a t i o n p a t h c o u l d be c o m p l e x . 

S u r f a c e waves sample t h e w h o l e o f t he p a t h be tween N A l and AAE and 

so t h e v e l o c i t i e s and dep th s d e r i v e d r e f e r t o some mean s t r u c t u r e 

a l o n g t h a t l i n e . On t h e o t h e r hand , r e l a t i v e P-wave d e l a y s , i t 

i s assumed, a re r e l e v a n t t o t h e c r u s t and u p p e r m a n t l e i m m e d i a t e l y 

b e n e a t h t h e s t a t i o n s . The i n t e r s t a t i o n p a t h l i e s w e l l t o t h e e a s t 



94. 

o f t h e r i f t i n n o r t h e r n K e n y a . From g r a v i t y measurements t h e 

n e g a t i v e 3 o u g u e r a n o m a l i e s a re g r e a t e r a t N A I and AAE' b y about 

60 - 80 mgals t h a n n e a r L a k e R u d o l f . Thus t h e c e n t r a l s e c t i o n 

o f t h e i n t e r - s t a t i o n p a t h may have l e s s m a n t l e anomaly t h a n e x i s t s 

be low t h e t w o s t a t i o n s , where t h e r e are s i m i l a r l a r g e Bouguer 

a n o m a l i e s . I f , t h e r e f o r e , t h e s t r u c t u r e b e n e a t h t h e N A I and AAE 

s e c t i o n s i s more t y p i c a l o f ABTRIC t h a n t h a t a c t u a l l y be low t h e 

s t a t i o n s , t h e mean m a n t l e anomaly e x p e r i e n c e d b y ' s u r f a c e waves 

w i l l be l e s s t h a n t h a t r e v e a l e d b y the . r e l a t i v e d e l a y s f o r t h e two 

s t a t i o n s . 

(3) The e s t i m a t e s o f c o m p r e s s i o n a l wave v e l o c i t i e s may be i n 

e r r o r . The r e l a t i o n s h i p oC = 1.74j$ i s u s e d t o e v a l u a t e P-wave 

v e l o c i t i e s f r o m t h e d e r i v e d S-wave v a l u e s . F o r t h e c r u s t , a 

b e t t e r f i g u r e m i g h t be 1.73 w h i l e , a l t h o u g h t h i s r a t i o g e n e r a l l y 

i n c z c a s e s w i t h d e p t h , v a l u e s as s m a l l as 1.71 - 1.72 have been f o u n d 

f o r t h e u p p e r m a n t l e ( A n d e r s o n , 1965). However , a m o r e . d i r e c t e s t ­

i m a t e o f t h e . r e l a t i o n s h i p be tween 06 and | i f o r t h e s t r u c t u r e benea th 

2 2 
t h e r i f t s m i g h t be mad4 b y a p p l y i n g the f o r m u l a oi = 4 S + k 

3 f> 

• u s i n g t o d e r i v e k / p t h e o< and p measured by s e i s m i c r e f r a c t i o n 

( G r i f f i t h s e t a l a 197l). C o n s i d e r i n g t h e anomalous u p p e r m a n t l e 

l a y e r 6 i n t h e l i d m o d e l s , f o r t h e optimum s h e a r v e l o c i t y v a l u e s 

t h e c o r r e s p o n d i n g c o m p r e s s i o n a l wave v e l o c i t i e s t h e n become 

7.07 - 7.13 k m / s e c . These a re s l i g h t l y h i g h e r t h a n t h o s e u s i n g 

o c = 1.74 p and w o u l d t e n d t o g i v e t h e models even s m a l l e r d e l a y 

t i m e s . 

7.10 D i s c u s s i o n 

The t y p e o f mode l s u g g e s t e d i n t h i s s t u d y , t h a t o f a 

c r u s t and topmos t u p p e r m a n t l e v e r y s i m i l a r t o t h a t f o r AFRIO 



95. 

b u t u n d e r l a i n b y a l o w v e l o c i t y l a y e r , g i v e s a good f i t t o t h e 

d a t a . I t i s d i f f i c u l t t o e s t i m a t e r e l i a b l y t h e e r r o r s o n t h e 

o b s e r v e d v e l o c i t i e s , a l t h o u g h t h e MSD f o r phase o n l y o f 0.015 -

0.019 km/sec compares f a v o u r a b l y w i t h S u n d a r a l i n g a m ' s f i g u r e o f 

0.03km/sec f o r t h e o v e r a l l e r r o r o f o b s e r v a t i o n f o r t h e phase 

v e l o c i t i e s . Group v e l o c i t y i s l e s s a c c u r a t e i n t h i s case w i t h 

t h e u n w e i g h t e d EMSD f o r t h i s a l o n e b e i n g 0.094 - 0.101 lan/sec. 

F rom a c o n s i d e r a t i o n o f t h e EMSD's f o r t h e m o d e l s , t hose ' ' 

w i t h a l i d seem t o g i v e a m a r g i n a l l y b e t t e r f i t t o t h e d a t a t h a n 

E A 1 . T h i s does n o t mean t h a t one o f the l i d models r e p r e s e n t s t h e 

b e s t f i t t o t h e o b s e r v e d c u r v e s , b u t t h a t f o r t h e f r a m e w o r k chosen , 

each mode l c o r r e s p o n d s t o an RMSD minimum w i t h i n t h e p a r a m e t e r 

space d e f i n e d , b y t h e r a n g e s o f t h e v a r i a b l e s . A l t h o u g h t h e c h o i c e 

o f a l i d - t y p e model appears t o match more c l o s e l y t h e shape o f t h e 

o b s e r v e d c u r v e s , we can o n l y say t h a t t h e s e f i n a l models are com­

p a t i b l e w i t h t h e d a £ a and no t t h a t one o f them r e p r e s e n t s u n i q u e l y 

t h e s t r u c t u r e benea th t h e s t a t i o n p a t h . Because t o a c e r t a i n e x t e n t 

t h e d e p t h s t o t h e l a y e r i n t e r f a c e s were p r e - s e l e c t e d t h e s e a r e n o t 

s t r u c t u r a l models and t h e v e l o c i t i e s a re means o v e r t h e l a y e r t h i c k ­

ne s se s . A n e x c e p t i o n t o t h e f o r m e r was t h a t one o r b o t h o f t h e 

b o u n d a r i e s , o f t h e l i d were v a r i e d t o g ive , some i d e a o f i t s t h i c k n e s s . 

A l t h o u g h we cannot d e t e r m i n e t h e d e p t h e i t h e r t o t h e t o p o r t h e 

b o t t o m o f t h e l i d , t h e p r e f e r r e d s o l u t i o n s i n d i c a t e a f a i r l y t h i n 

l a y e r w i t h a l o w e r c r u s t a l l a y e r above i t t h a t may a l s o have v e l ­

o c i t i e s s i m i l a r t o t h o s e i n t h e s t a b l e s h i e l d r e g i o n s o f A f r i c a . 

The anomalous m a n t l e b e n e a t h t h e l i d i s , o f c o u r s e , s t i l l p r e s e n t , 

b u t s h o w i n g l o w e r v e l o c i t i e s t h a n the model w i t h o u t such a l i d . 

A l t h o u g h t h e shea r v e l o c i t i e s are mean v a l u e s d e t e r m i n e d 



96. 

o v e r t h e l a y e r t h i c k n e s s e s , t h i s does n o t e x c l u d e t h e p o s s i b ­

i l i t y o f c o m p l e x i t y w i t h i n l a y e r s , and v e l o c i t i e s c o u l d change 

b y g r a d a t i o n s i n v o l v i n g a t some p o i n t a v a l u e l o w e r t h a n t h e 

mean, and hence v e l o c i t i e s f o r t h e f i n a l models c o u l d f a l l 

be low t h e means o f 6.96 ~ 7.15 km/sec somewhere w i t h i n t h e 

c h a n n e l . . The s u i t e o f p o s s i b l e models w i t h i n one RMSD o f t h e 

m i n i m a (P ig .52) f o r UM1 i n c l u d e s a s t r u c t u r e w i t h an u l t r a - l o w 

v e l o c i t y c h a n n e l b e n e a t h a t h i c k l i d o f n o r m a l uppe r m a n t l e 

m a t e r i a l . Such low s h e a r v e l o c i t i e s have been sugges t ed f r o m 

R a y l e i g h wave phase v e l o c i t y d i s p e r s i o n f o r p a t h s c r o s s i n g t h e 

E a s t P a c i f i c R i s e ( K n o p o f f , S c h l u e and Schwab, 1970), a l t h o u g h a 

c h a n n e l o f v e l o c i t y as l ow as 5.5 kVsec l i e s benea th a much t h i c k e r 

l i d , - w h i c h i s r e q u i r e d t o e x p l a i n h i g h e r phase v e l o c i t y v a l u e s t h a n 

f o r t h e AAE-NAI p a t h i n t h e p e r i o d range 25 - 40 seconds ( T a b l e 15). 

A n a l t e r n a t i v e m o d e l , f o r a l m o s t i d e n t i c a l phase v e l o c i t i e s f r o m t h e 

W e s t e r n M e d i t e r r a n e a n B a s i n , i s a l s o shown i n T a b l e 15 ( B e r r y and . 

K n o p o f f , 1967). The computed phase v e l o c i t y cu rves f o r t he se mode l s , 

and t h a t f o r t h e M i d - A t l a n t i c R i d g e ( F r a n c i s , . 1969) a re shown i n 

P i g . 5 5 , t h e m a n t l e l a y e r s b e i n g o v e r l a i n b y assumed AFRIC c r u s t . 

The h i g h e r phase v e l o c i t i e s i n t h e p e r i o d range 20 -45 seconds 

f o r t h e M e d i t e r r a n e a n B a s i n and t h e E a s t P a c i f i c R i s e i l l u s t r a t e 

t h e e f f e c t s o f a t h i c k l i d , whereas t h e o n l y model w i t h o u t t h i s 

f e a t u r e , t h a t f o r t h e M i d - A t l a n t i c R i d g e , has phase v e l o c i t i e s l o w e r 

t h a n f o r UM1. 

The u p p e r m a n t l e b e n e a t h t h e c e n t r a l p a r t o f t h e i n t e r -

s t a t i o n p a t h ( s e c t i o n 7.6.) may be c l o s e r t o t h e AFRIC t y p e o f 

s t r u c t u r e t h a n t h a t u n d e r l y i n g t h e two s t a t i o n s . As t h e s u r f a c e 

waves g i v e v e l o c i t i e s r e l e v a n t t o t h e p a t h as- a w h o l e , w i t h t h e 

a p p a r e n t phase and g roup s lownesses b e i n g t h e d i s t a n c e averages 



TABLE 1 5 

UPPER MANTLE MODELS 

EAST PACIFIC RISE - LAP ( 1 ) ( K n o p o f f , Schwab and S c h l u e , 1 9 7 0 ) 

H(km) Cxf ( k m / s e c ) j2 ( lan/sec) p ( g m / c c ) 

8 6 8 . 0 4 . 4 5 3 . 4 4 

4 6 7 . 9 5 3 . 5 0 3 . 4 4 

4 7 8 . 2 3 4 . 5 4 3 . 4 4 

100 8 . 4 9 4 . 7 7 3 . 5 3 

9 0 8 . 8 1 4 . 8 9 3 . 6 0 

9 . 3 2 5 . 1 9 • 3 . 7 6 

WESTERN MED., BASIN ( B e r r y and K n o p o f f , 1 9 6 7 ) 

H(km) C< (km/sec ) ( k n ^ s e c ) p (gm/cc ) 

18 7 . 7 0 4 . 4 5 3 . 4 4 

2 0 8 . 1 7 4 . 8 0 3 . 4 4 

1 3 9 8 . 1 7 4 . 1 0 3 . 4 4 

100 8 . 4 9 4 . 7 7 3 . 5 3 

9 0 8 . 8 1 4 . 8 9 3 . 6 0 

9 . 3 2 5 . 1 9 3 . 7 6 

MID-ATLANTIC RIDGE ( F r a n c i s , 1 9 6 9 ) 

H(km) o( ( k m / s e c ) j2 (km/sec ) p ( g n / c c ) 

2 4 0 . 0 7 . 4 4 . 2 0 3 . 2 4 

1 0 0 . 0 8 . 2 , 4 . 5 0 3 . 5 3 

8 . 7 4 . 8 5 3 . 7 0 
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o f t h e phase and g roup s lownesses f o r t h e d i f f e r e n t r e g i o n s 

( K n o p o f f , 1 9 ^ 9 ) i i t m i g h t be more a c c u r a t e t o i n t e r p r e t t h i s 

as a m i x e d p a t h . T h i s w o u l d p r e s u m a b l y r e s u l t i n l o w e r s h e a r 

v e l o c i t i e s w i t h i n t h e l o w v e l o c i t y c h a n n e l f o r t h e s e c t i o n s o f 

t h e p a t h i n c l u d i n g A d d i s Abbaba and N a i r o b i t h a n f o r t h e p a t h as. 

a w h o l e . 

The d e r i v e d mode l s do n o t c o n t r a d i c t t h e s t r u c t u r e o f 

G r i f f i t h s e t a l ( 1 9 7 ^ ) w h i c h r e l a t e s t o t h e a x i a l p a r t o f t h e 

R i f t , bu t t h e y do i m p l y t h a t t h e r e i s r a p i d m o d i f i c a t i o n o f t h e 

c r u s t and u p p e r m a n t l e e a s t w a r d . The v e l o c i t i e s w i t h i n t h e anom­

a l o u s m a n t l e zone f o r t h e s u r f a c e wave models a r e l o w e r t h a n t h o s e 

f o r P and S waves o f 7 . 5 kni /sec and 4 . 5 3 km/sec o b s e r v e d w i t h i n t h e 

R i f t . T h i s c o u l d be due t o l a t e r a l v a r i a t i o n s i n v e l o c i t y o r may 

i n d i c a t e t h a t t h e v a l u e s f r o m t h e r e f r a c t i o n work a r e r e p r e s e n ­

t a t i v e o f t h e t o p s u r f a c e o f t h e anomaly b u t t h a t t h e r e i s a 

dec rease i n v e l o c i t y f o r some d e p t h b e n e a t h . 
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CHAPTER 8 

DISCUSSION AND CONCLUSIONS 

8 . 1 . D i s c u s s i o n 

A n e x p l a n a t i o n has been g i v e n o f t h e a r r a y d a t a f o r 

t e l e s e i s m i c e v e n t s i n t e r m s o f s l o p i n g b o u n d a r i e s a s s o c i a t e d 

w i t h a zone o f a n o m a l o u s l y l o w P-wave v e l o c i t y w i t h i n ' the uppe r 

m a n t l e b e n e a t h K a p t a g a t . A s i m p l e model o f two s l o p i n g i n t e r ­

f a c e s w i t h sha rp v e l o c i t y c o n t r a s t s sugges t s a wedge shape f o r 

t h e zone ( F i g . 5 6 ) , w h i c h c u t s i n t o t h e c r u s t u n d e r n e a t h t h e r i f t 

( G r i f f i t h s , e t a l , 1 9 7 1 ) b u t t h i n s wes tward away f r o m t h e a x i s . 

The anomalous m a t e r i a l t h e n g i v e s way u n d e r n e a t h t h e a r r a y s t a t i o n 

t o t o p m o s t u p p e r m a n t l e s i m i l a r t o t h a t i n t h e s t a b l e a reas o f 

A f r i c a . These d a t a do n o t p r o v i d e i n f o r m a t i o n on t h e s t r u c t u r e 

t o t h e e a s t o f t h e r i f t and any p o s s i b l e t h i n n i n g o f t h e m a n t l e 

anomaly e a s t w a r d . However , R a y l e i g h wave phase and group v e l o c ­

i t i e s f o r t h e i n t e r s t a t i o n p a t h AAE-NAI are c o m p a t i b l e w i t h a l i d 

o f 1 no rmal* m a n t l e m a t e r i a l o v e r l y i n g a l o w - v e l o c i t y c h a n n e l . ' The 

absence o f l a r g e a z i m u t h a l v a r i a t i o n s i n d e l a y t i m e a t .Kap taga t 

i m p l i e s t h a t u l t r a - l o w v e l o c i t i e s are p r e s e n t w i t h i n t h e anomalous 

z o n e . I n s t e a d o f s h a r p v e l o c i t y c o n t r a s t s a t b o u n d a r i e s , a more 

r e a l i s t i c model p r o b a b l y i n v o l v e s a wedge w i t h v e l o c i t y g r a d a t i o n s , 

t h e 7 . 5 km/sec d e t e r m i n e d b y r e f r a c t i o n v/ork w i t h i n t h e G r e g o r y 

R i f t r e p r e s e n t i n g a h i g h e r v e l o c i t y u p p e r s u r f a c e t o t h e anomaly . 

T h e r e appear t o be s t r o n g s i m i l a r i t i e s between t h e s t r u c t u r e benea th 

t h e G r e g o r y R i f t , as d e r i v e d f r o m these and o t h e r g e o p h y s i c a l d a t a , 

and t h a t u n d e r n e a t h b o t h o c e a n i c r i d g e s and some c o n t i n e n t a l f e a ­

t u r e s . The G r e g o r y R i f t i s c h a r a c t e r i s e d by c o n s i d e r a b l e u p l i f t 
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o v e r a w i d e a r e a , as much as 1 , 7 lan s i n c e M i d - T e r t i a r y ' t i m e s ( B a k e r 
and K o h l e n b e r g , 1 9 7 l ) , w i t h a x i a l l y a s h a l l o w c r u s t o f P-wave v e l o c i t y 
6 . 4 krn/sec o v e r l y i n g anomalous m a n t l e w i t h a v e l o c i t y f r o m r e f r a c t i o n 
s t u d i e s o f 7 . 5 km/sec ( G r i f f i t h s e t a l , 1 9 7 1 ) . The o c e a n i c r i d g e s 
g e n e r a l l y s t a n d 2 - 4 km above t h e mean d e p t h o f the oceans and t h e 
w e s t e r n U n i t e d S t a t e s , f o r m i n g an e x t e n s i o n t o t h e u p l i f t o f t h e Eas t 
P a c i f i c R i s e , has been r a i s e d 2 km s i n c e t h e Eocene ( B o t t , 1 9 6 5 ) . O t h e r 
c o n t i n e n t a l f e a t u r e s such as t h e R h i n e Graben and t h e B a i k a l R i f t a l s o 
r e a c h e l e v a t i o n s o f 2 km o r more ( l i l i e s , 1 9 6 9 ) . Prom r e f r a c t i o n s t u d i e s , 
s i m i l a r u p p e r m a n t l e v e l o c i t i e s a re f o u n d b e n e a t h t h e s e r e g i o n s - 7 . 1 - 7 . 5 
km/sec f o r t h e B a i k a l R i f t ( A r t e m j e v and A r t y u s h o v , 1 9 7 1 ) , 7 . 2 - 7 . 7 km/sec 
b e l o w t h e R h i n e Graben ( l i l i e s , 1 9 6 9 ; M u e l l e r e t a l , 1 9 6 9 ) , 7 . 3 - 7 . 4 
km/sec f o r t h e M i d - A t l a n t i c R idge ( B a t h , 1 9 6 0 ; E w i n g and E w i n g , 1 9 5 9 ; 
Le P i c h o n e t . a l , 1 9 6 5 ) and 7 . 3 - 7 . 6 km/sec f o r t h e E a s t P a c i f i c R i s e 
o f f S o u t h A m e r i c a (Le P i c h o n e t a l , 1 9 6 5 ) . V e l o c i t i e s o f 7 . 2 - 7 . 6 -
km/sec have a l s o been s u g g e s t e d f o r t h e uppe r man t l e benea th t h e 
w e s t e r n U n i t e d S t a t e s ( N u t t l i and B o l t , 1 9 6 9 ; O t s u k a , 1 9 6 6 b ) . 

T h e r e a r e some p a r t i c u l a r l y c o m p e l l i n g compar i sons between t h e 

g e o p h y s i c a l models o f t h e G r e g o r y R i f t and t h o s e f o r o c e a n i c r i d g e s . 

The c r u s t a l s t r u c t u r e o f G r i f f i t h s e t a l ( 1 9 7 1 ) , i s v e r y much l i k e t h a t 

s u g g e s t e d b y B a t h ( 1 9 6 O ) f o r I c e l a n d ( T a b l e 1 6 ) . The wedge mode l 

p r o p o s e d he r e f o r t h e m a n t l e anomaly ( P i g . 5 6 ) i s b r o a d l y s i m i l a r i n 

shape n o t o n l y t o t h a t sugges t ed f r o m g r a v i t y s t u d i e s o v e r t h e G r e g o r y 

R i f t ( K h a n and M a n s f i e l d , 1 9 7 1 ; P i g . 5 ) but a l s o t h a t f o r t h e M i d - A t l a n t i c 

R i d g e ( T a l w a n i e t a l , 1 9 ^ 5 ; P i g . 5 7 ) . The l a t t e r a l s o has t h e t o p s u r ­

f a c e o f t h e anomaly s i n k i n g be low n o r m a l m a n t l e away f r o m t h e c e n t r e . 

However , i f t h e v e l o c i t y f r o m r e f r a c t i o n w o r k i s t a k e n as b e i n g a p p r o ­

p r i a t e t o t h e g r a v i t y mode l o f Khan and M a n s f i e l d , t h i s i s i n a d e q u a t e 

t o e x p l a i n t h e l a r g e mean P-wave d e l a y t i m e measured f o r K a p t a g a t 

( C h a p t e r 4 ) and a l s o t h a t f o r N a i r o b i ( S u n d a r a l i n g a m , 1 9 7 1 ) * T h i s 



TABLE 16 

CRUSTAL STRUCTURE OF ICELAND 

FROM SEISMIC. REFRACTION 

B a t h ( l 9 6 0 ) 

Vp (km/ sec ) 
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p r o b l e m can be r e s o l v e d i n two w a y s , b o t h o f w h i c h a r e i n agreement 

w i t h t h e K a p t a g a t d a t a as a w h o l e . F i r s t l y , i f t h e b o u n d a r i e s on 

t h e anomalous m a t e r i a l r e p r e s e n t g r a d a t i o n s i n v e l o c i t y , as s u g g e s t e d 

i n s e c t i o n s 5.5* and 6.5*> and t h e 7.5 tea/sec i s o n l y a p p r o p r i a t e 

t o t h e u p p e r s u r f a c e o f t h e z o n e , t h e r e c o u l d be a decrease i n v e l o c i t y 

f o r some d e p t h be low t h i s , p r o d u c i n g a g r e a t e r d e l a y t i m e t h a n f o r t h e 

case w i t h a v e r t i c a l l y c o n s t a n t v e l o c i t y . S e c o n d l y , i f t h e r e i s p a r ­

t i a l l y m o l t e n m a t e r i a l a t d e p t h , t h e d e n s i t y c o n t r a s t w i t h t h e s u r r ­

o u n d i n g m a n t l e s h o u l d be q u i t e s m a l l ( B o t t , 1965), i m p l y i n g , f r o m 

c o n s i d e r a t i o n o f t h e g r a v i t y f i e l d , a deeper zone t h a n f o r the s o l i d 

c a se . As t h e r i g i d i t y modulus i s z e r o on f u s i o n , p a r t i a l m e l t i n g 

w o u l d cause a s t r o n g e r r e d u c t i o n i n P-wave v e l o c i t y t h a n i n d e n s i t y , 

p o s s i b l y p r o d u c i n g u l t r a - l o w v e l o c i t i e s . A c o m b i n a t i o n o f t h e s e two 

f a c t o r s c o u l d t h e n g i v e a mode l t o s a t i s f y t h e g r a v i t y d a t a w h i c h a l s o 

ag rees w i t h t h e c o n s i d e r a b l e D . C . t e r m and absence o f l a r g e a z i m U t h a l 

t e r m i n d e l a y t i m e , as o b s e r v e d a t K a p t a g a t . 

P a r t i a l m e l t i n g c o u l d t h e n be r e s p o n s i b l e f o r t h e p r o d u c t i o n 

o f l a r g e q u a n t i t i e s o f magna ( G r e e n , Green and Ringwood , 19^7) and 

hence p r o v i d e t h e v o l u m i n o u s v o l c a n i c s in . t h e a r e a , A p a r t i a l l y m o l t e n 

zone a l s o i m p l i e s v e r y l o w s h e a r v e l o c i t i e s . S u r f a c e wave i n t e r p r e t ­

a t i o n £ i v e s s h e a r v e l o c i t i e s g e n e r a l l y about 4.0 km/sec f o r t h e l o w 

v e l o c i t y c h a n n e l b e n e a t h t h e i n t e r s t a t i o n p a t h AAE-NAI and mode l s w i t h 

deepe r zones o f l o w e r v e l o c i t y a re a l s o p o s s i b l e . I n a d d i t i o n , i t may 

be more r e a l i s t i c t o c o n s i d e r t h e i n t e r s t a t i o n p a t h as made up o f t h r e e 

s e c t i o n s , v / i t h t h e m a i n a n o m a l i e s b e i n g a s s o c i a t e d w i t h t he end p o r t i o n s 

Thus t h e s h e a r v e l o c i t y i n t h e u p p e r m a n t l e b e n e a t h N a i r o b i s h o u l d be 

l o w e r t h a n 4.0 k m / s e c . T h i s sugges t s a n u l t r a - l o w v e l o c i t y zone such 

as t h a t b e l o w t h e E a s t P a c i f i c R i s e o f f t h e G u l f o f C a l i f o r n i a . ( K n o p o f f 

S c h l u e and Schwab, 1970; T a b l e 15). 
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I t seems u n l i k e l y t h a t t h le s t r u c t u r e orooosed here i s l i n e a r 

a l o n g t h e l e n g t h o f t h e E a s t A f r i c a n r i f t system* The p o s i t i v e 

Bouguer anomaly a l o n g t h e a x i s o f t he Gregory R i f t , • -which n a r k s anom­

a l o u s m a t e r i a l c u t t i n g i n t o t h e c rus t - , i s known t o s t r e t c h a t l e a s t 

f r o m 1°N t o 1.25°S (Khan and M a n s f i e l d , 1971; S e a r l e , 1970). howeve r , 

t h e E t h i o p i a - K e n y a - T a n z a n i a - M a l a w i r i f t v a l l e y s a r e p h y s i c a l l y d i s ­

c o n t i n u o u s (Le Bas , 1971) and Bake r and K o h l e n b e r g (1971) b e l i e v e t h a t 

d i l a t a t i o n i s much l e s s i n t h e n o r t h e r n and s o u t h e r n e x t r e m i t i e s o f t h e 

Kenya i t i f t t h a n i n i t s c e n t r e . The d i r e c t i o n o f maximum t h i c k e n i n g o f 

o 

the wedge models - 125 e a s t o f n o r t h f o r M o d e l 1 - c o i n c i d e s w i t h t h e 

d i r e c t i o n o f m o t i o n e x p e c t e d f r o m p l a t e t e c t o n i c s i f the L a s t A f r i c a n 

r i f t sys t em can be r e g a r d e d as open ing ' a b o u t a s i n g l e p o l e o f r o t a t i o n 

( M c K e n z i e , D a v i e s and M o l n a r , 1970; S e a r l e , 1970b). F o r the above 

r e a s o n s and o t h e r s t h e r e a re s t r o n g o b j e c t i o n s t o t h i s a s s u m p t i o n . 

The d i r e c t i o n o f t h i c k e n i n g p o i n t s towards a r e g i o n o f c o n s i d e r a b l e 

u p l i f t d e f i n e d by t h e A b e r d a r e and Nyambi r a n g e s and the. shape o f t h e 

anomalous m a n t l e may w e l l be more r e l e v a n t t o l o c a l phenomenon such as • 

' the u p l i f t o f t h e Kenya Dome. 

A l t h o u g h the s t r u c t u r e sugges ted i n t h i s s t u d y i s p r o b a b l y h o t 

c o n t i n u o u s t h r o u g h o u t t h e E a s t A f r i c a n r i f t sys tem, i t does sugges t t h a t 

t h e m a n t l e benea th t h e G r e g o r y R i f t , and p r o b a b l y o t h e r r e g i o n s o f the 

r i f t s y s t e m , i s s i m i l a r t o t h a t benea th oceanic r i d g e s . 

C one l u s i oris 

The a r r a y a n a l y s i s o f t e l e s e i s m i c e v e n t s sugges ts t h a t the 

Gregory i i i f t c o n s i s t s o f a zone o f anomalous l o w - v e l o c i t y m a t e r i a l 

be tween t h i n n i n g l i t h o s p h e r e . The anomalous m a n t l e c u t s i n t o t h e 

c r u s t a l o n g a f a i r l y n a r r o w a x i a l z o n e . U l t r a - l o w v e l o c i t i e s w i t h i n 

t h e m a n t l e such as a re t h o u g h t t o e x i s t be low the B a s t P a c i f i c l i i s e 
I I S i V. 

i 
mmm 

i 6 Al Mil 1973 
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( K n d p o f f , S c h l u e and Schwab, 1970) seem t o be r e q u i r e d . W i t h 

a x i a l l y a c r u s t and t o p m o s t m a n t l e v e r y much l i k e t h a t f o u n d i n 

I c e l a n d , a s t r u c t u r e , s i m i l a r t o t h a t benea th o c e a n i c r i d g e s i s 

i n d i c a t e d . 

Because o f t h e a p p a r e n t r a p i d l a t e r a l v a r i a t i o n s i n s t r u c t u r e 

f o r t h e c r u s t and t o p m o s t m a n t l e , a more e x h a u s t i v e s t u d y o f r e g i o n a l 

e a r t h q u a k e s i s recommended. A n a l y s i s o f f o c a l dep ths and v e l o c i t i e s 

a c r o s s t h e a r r a y c o u l d be u s e d t o g i v e d e t a i l e d s t r u c t u r e t o t h e wes t 

o f t h e r i f t and more i n f o r m a t i o n o n t h e a x i a l zone o f t h e anomaly 

c o u l d be o b t a i n e d f r o m h y p o c e n t r e s t o the e a s t o f t h e r i f t . F a u l t 

p l a n e mechanisms f o r l o c a l e v e n t s w o u l d p r o v i d e i n f o r m a t i o n on t h e 

p r i n c i p a l s t r e s s e s i n v o l v e d i n t h e r e g i o n o f t h e G r e g o r y R i f t and a l s o 

f o r s u c h a reas as t h e K a v i r o n d o G u l f . 

U s e f u l e x t e n s i o n s o f t h e p r e s e n t w o r k w o u l d be t h e c a l c u l a t i o n 

o f r e l a t i v e d e l a y t i m e u s i n g N a i r o b i as a s t a n d a r d and r e - i n t e r p r e t a t i o n 

o f t h e AAE-NAI s u r f a c e wave d i s p e r s i o n i n t e rms o f a m i x e d p a t h . 
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APPENDIX A 

A . 1 . SEISMIC REFRACTION AT A DIPPING INTERFACE 

C o n s i d e r a s e i s m i c r a y o f s lowness i n c i d e n t o n a d i p p i n g 

i n t e r f a c e d e f i n e d b y i t s n o r m a l n , w i t h a r e f r a c t e d r a y o f s lowness 

S r ( F i g . A l ) . 

P i and P r a re a p p a r e n t s l owness v e c t o r s - p r o j e c t i o n s o n t o t h e 

h o r i z o n t a l s u r f a c e o f S± and S r . 

The l e n g t h s o f t h e v e c t o r s a r e p r o p o r t i o n a l td t h e i r s l o w n e s s e s . 

F r o m S n e l l ' s L\aw: 

I S^ I s i n i = | S r | s i n ^ r A ( i ) 

where i i s t h e a n g l e be tween n and S±, and r i s t h e a n g l e between 

n and S . 

S r i s i n t h e same p l a n e as n and S±. We can r e s o l v e S r i n t o 

components a l o n g OA and OB. 

S r - ( S r o n) n + ( n A S±) / \ n 

§ r = ( ~ r • £ + Sj_ ~ (S^ 0 n ) n A ( i i ) 

• . S r = S i + ( S r . n - S i . n ) n 

' - § i + {\Sr\ cos r - \ S i \ cos i ) n 

F r o m S n e l l ' s Law, 

I S r l cos r - | S ± \ cos i = / l S r l ~ | S i | s i n 2 i - 1 ^ 1 cos i = f ( i ) 

T h e n S t = S ± + f ( i ) . n A ( i i i ) 

Now i f we t a k e t h e p r o j e c t i o n s o f S ^ S r on t o t h e h o r i z o n t a l 

p l a n e t o g i v e p . and P r , t h e appa ren t s lowness v e c t o r s , 



k 

t 

N 

W 
h - E 

Ab I 

i l l , 
SURFACE 

n 

ex. 

0 
A B DIPPING / 

I N T E R F A C E 

/ 
/ 

F i g . A . 1 . E f f e c t o f r e f r a c t i o n o f a s e i s m i c r a y a t 
a d i p p i n g i n t e r f a c e , ' 



1 0 4 . 

Ei = Qs A A k = S i - o k ) k A ( i v ) 

Er = ( k A S r ) A k = S r - ( S r . k ) k 

He re k d e f i n e s t h e v e r t i c a l . 

We know S ^ f r o m A ( i i i ) 

P r = S i + f ( i ) n - ( S i c k ) k - f ( i ) ( n k ) k 

= S ± - ( S ± . k ) k + f(i) [ n - ( n . k ) k ] 

P rom A ( i v ) , 

Er = E i + £ ( i S * £ ) A k ] f ( i ) A ( v ) 

We c a n d e f i n e SLOWNESS ANOMALY dS = ( g I - |3? i t ) 

AZIMUTH ANOMALY dA = ang ( P i . P r ) 

A l s o P ^ = P i +R A ( v i ) 

and R = f ( i ) £ ( k A n ) A k j = t h e anomaly v e c t o r . 

A . 2 . ZERO DIP CONDITION 

I f t h e i n t e r f a c e i s h o r i z o n t a l and not d i p p i n g , n i s v e r t i c a l , 

and k A n = T h e r e f o r e , R = 0 w h i c h i m p l i e s t h a t a h o r i z o n t a l 

i n t e r f a c e canno t cause a n anoma ly . 

A.3. ; • MULTIPLE INTERFACES 

I f we have m i n t e r f a c e s , 

2rM\ = Ei> 1 + £ 1 

Er,m ~ Eî m + 3m 
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F o r t h e j t h i n t e r f a c e , R^ = f ( i j ) £ k a r u j a . k 

B u t P. . = P / % .x 

m 

•Hence we c a n e x t e n d t h e p r o b l e m t o c o v e r s e v e r a l l a y e r s so l o n g 

as we know t h e a n g l e o f i n c i d e n c e o f a r a y t o t h e l o w e s t i n t e r f a c e , 

and i t s i n c i d e n t s lowness t h e r e . The anomaly v e c t o r s f o r each l a y e r -

a r e t h e n summed. 

A . 4 . P a r a l l e l D i p p i n g L a y e r s . 

The v e l o c i t y o f a l a y e r w i t h p a r a l l e l b o u n d a r i e s does n o t 

a f f e c t t h e r e s u l t s . 

P rom A ( i i ) , f o r t h e j t h i n t e r f a c e , 

i f we t a k e j = l j ( l + l ) . . . . m . 

- r , m = h , m + ^ r , m • JSm " 2 i , m • ^ ) 

I f t h e i n t e r f a c e s are a l l p a r a l l e l , n ^ = n - ^ = . . . . . 

B u t a g a i n , = S ^ ^ ) 

T h e r e f o r e , i f we add a l l e q u a t i o n s f o r 1 , 1 + 1 , . . . m and a p p l y 

t h e above c o n d i t i o n , 

( 

T h i s does n o t i n c l u d e t h e s lowness f o r l a y e r s between j = 1 and j = m, 

so t h a t , f o r i n s t a n c e , an i n t e r f a c e need n o t be a sharp d i s c o n t i n u i t y 
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b u t can be a g r a d u a l change i n .s lowness be tween p a r a l l e l l a y e r s . 

A . 5 . C o m p u t a t i o n a l P r o c e d u r e 

The a p p a r e n t i n c i d e n t s lowness P. i s assumed f r o m t h e 
— i 

NOAA a z i m u t h and H e r r i n e t a l ' s (1968) t r a v e l t i m e t a b l e s . The 

anomaly v e c t o r R i s i n t h e d i r e c t i o n o f d i p o f t h e • i n t e r f a c e and can 

be seen t o be a f u n c t i o n o f t h e a n g l e o f i n c i d e n c e i o f t h e r a y a t 

t h e i n t e r f a c e . T h i s a n g l e can be c a l c u l a t e d f r o m 

i ^ = 1 / <3T \ 

Ris~T (r*) -4(vii) 

Where i ^ i s t h e a n g l e o f i n c i d e n c e o f the r a y t o t h e v e r t i c a l f r o m 

w h i c h we can c a l c u l a t e i i f t h e a n g l e o f d i p , d e f i n e d b y n , i s known. 

d T / d A i s t h e g r a d i e n t o f t h e t r a v e l - t i m e cu rve f o r t h e r e l e v a n t 

s i g n a l w i t h s l owness a t r a d i u s R t o t h e i n t e r f a c e , where R i s 

a s c a l a r d i s t i n c t f r o m t h e anomaly v e c t o r R . T h i s i s dependent upon 

t h e d e p t h t o t h e i n t e r f a c e w h i c h i s t a k e n a t 50 km. f o r a one l a y e r case 

and 150 lan f o r t w o l a y e r s . These v a l u e s a re o r d e r o f magni tude f i g u r e s 

as t h e t h e o r e t i c a l anoma l i e s a re n o t v e r y s e n s i t i v e t o s m a l l changes 

b o t h i n R, and c o r r e s p o n d i n g l y , i n t h e d e p t h t o t h e l o w e r b o u n d a r y . 

The a n o m a l i e s p r o d u c e d are dependent upon the a n g l e o f i n c i d e n c e , 

i , and , t h e r e f o r e , t h e e p i c . e n t r a l d i s t a n c e , A , o f an e a r t h q u a k e . T h i s 

i s i l l u s t r a t e d i n P i g . A 2 . , w h i c h shows the s lowness and a z i m u t h anom­

a l i e s due t o a d i p p i n g Mono o f v e l o c i t y c o n t r a s t 6.7 t o 8.1 km/sec and 

d i p o f 10°, w i t h a d i r e c t i o n o f d i p o f 90° e a s t o f n o r t h . 

The p r i n c i p l e o f l e a s t squa res i s used t o o b t a i n - a f i t o f t h e 

d a t a t o some t h e o r e t i c a l m o d e l . C o n s i d e r i n g a wedge model as i n P i g . 2 1 , 

w i t h d i p a n g l e s o f D1 and D2 and v e l o c i t y c o n t r a s t s V2 - V1 and V3 - V2 

a t t h e t w o b o u n d a r i e s and w i t h a d i r e c t i o n o f maximum n e g a t i v e s lowness 
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anomaly at some azimuth 4* > the fo l lowing procedure i s used:; 

(a) Values f o r V I , V2 and V3 are assumed and D1, D2 and 4' taken 

as var iables . 

(b) The theo re t i ca l anomalies f o r each event are computed f o r the 

appropriate epicentral distance, and angle i , f o r given ranges of 

the var iables . 

(c) For each value of the variables, the root mean square dev­

i a t i o n of the observed points from the computed theore t ica l values 

i s calculated. 

(d) The HMSD values f o r the combinations of variables are mapped 

and the minimum taken as g iv ing a best f i t to the observed data. 

(e) This can then be repeated f o r d i f f e r en t values of the wedge 

v e l o c i t y V2. 
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COMPUTER PROGRAMS 



PROGRAM 1. ARRAN 

Given the onset times at a specified number of 

seismometers w i t h known co-ordinates, ARRAN computes the 

apparent ve loc i ty and azimuth of approach of the signal 

and the onset time residuals at each p i t . I f the epicentral 

distance i s known, Her r in et a l ' s (1968) apparent ve loc i ty 

i s also found f o r the appropriate distance and th i s can be 

corrected f o r f o c a l depth (see section 3.1.7.) i f the l a t t e r 

i s given as input.~ Si te corrections of the form A + B s in (Az + E) 

can be inputted (sect ion 3 . 2 . 1 . ) . 
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OP T n 5 i 

c r ; 1.1 - i>. A 

51 CrKTTNL 5 " - -
A A 7 ( P ) - C A Z 

W P I T [5 ( t T 2 n <*•! ) M c i V P * P , r A 2 
2 0 0 1 F C R '-'AT ( ' P L £ Y C I T • , I'3 , ' VFLCCTTY= F * « 2 

1 ' A 7 T M | j T H = ' , f 7 a ? ) 
C 
C R E S I C L A L S C O P l ' T F P PY S I F S T T T I T I C N C F P F C F F c S TC N C C F c F I C I £ NT S ' 
C 

C C P = S ( 3 ) 
SLPFF=CoC 
DC 2 * 1 1 = 1 t N P I T 
C ( I ) = 0 « 0 

2 6 1 C C. N T I N; IJ P 
QF = F L r A T ( — ) 
T = ST{N' . - "M 
S U v S C = 0 « C . 
ACD = C-f . 
DC 2? 6 K = i , P • 
r = L ( K ) 

F: { ! ) = A T ( I ) 4 S ( U -Y ( I ) + S ( 2 ) *X ( I ) - 5 (3 ) 
C( I ) = - S ( I ) -Y ( I ) - S ( 2 ) - X U ) + S ( 3 ) 
h R ( N P , I ) = F ( I ) 
CK { f \ P , T ) = C ( I ) 

p t- = e ( i ) 
c o c m 
p p T T _ p j T { | ) 
A C C = A C C + F ( 1 ) 
SLV$C = S I N $ C + F U ) * F ( I ) 

226 CCNTJMUE 
C 
C f C N F I P!- N CP L I M 1 S C P P PI T F P FN 
C. ( ! ) CP? ( A 7P AP ) / V , £ IN { A 7 R A P ) / V A N C C • 
C ( 2 ) V El PC I I Y , A 7 I f ' U F M'C C 
C 

A V $ C = S U V S C / C F 
5 0 = T 5': 5 C P T ( A V 5 0 ) / 2 « n 
F.P° { 1 ) =1>SCP T ( A V S C - D ( 1 ) ) 
PPP (.? ) = T * S CRT { j fVSC^C ( 7 ) ) 
E P P ( ? ) = 1 * S C R K ^ V S C * r ( 2 ) ) 
S IGV = V P A p * V P A P * V ^ A P * S G P T ( ( S ( ' ) »ER^ ( 1 ) ) : ^ 2 + ( S ( 2 ) * !: F - ( 2 ) ) - 2 ) 
S IG A L = P T C t * V e A R * V F A P * SCP T < ( S ( i ) * C F P ( 2 ) * F R ? ('; 1 ) * 2 ) 
[ T r P P 2 ( 3 ) ' 
S P w P = n C 
AS I f A { f \P ) - 5. 1 GAL. ' 
A S I GV { NP } = S IG-V 
CO 112 L t =-1,1 P C 



T A = r L C A T ( L L - I ) 

T C •= F t. H A T { L L ) 
T F- ( C F L OGCO T A 0

 a N T O F R L O L T OTC )0C TC 113 
' 1 ? 2 G C. \ 7 T N L r-

112 V L S = V P P A ( I. L ~ I ) + ( C f L - T A ) * ( F c L - T A ) ( V F P A { L L ) -M fh { ( I . L - 1 ) ) 
GC T C 1 0 0 

K O I COP 1 T f\'LE 2 
C 
C IF M ' F AN=0 f TP FN T F F P f: S I L T S ARE A V F R A G P P F C n ALL THP P|_ AYCIT S 
G P R E C P F I N C * 
C 

I F ( N P c A , \ o N L o O )GC T f T / 3 
M S R = N P 
P C n K = ] . , K P H 
I = L ( * ) 
S I N / V = 0« P 

SU. v FV = OoO 
S l w E A = C v C 
SUV.C { T ) = 0 • C 
S U v R ( I ) = 0 . 0 
0 0 EG N-R = 1 ,'\; SP 
S IT ' ^ ( I ) = SUP'R ( I H E . * ( NP , I ) -

• S L " C ( I ) - S l ^ 0 ( I H C P U R , I ) . 
SL'V V=S l> ' V + VV (NK ) 
5 U w A~ S U M A + A A 7 ( \ ! P ) 
S L y . E V = S l P E H ( AS I G V ( NP ) 
S 0 v ' 2 A = S U ^ F A + A S I G A ( N P ) % * 2 

PC CONTINUE 
F 1 C C N T I M I F 

AVV = SUN'V/F I O AT (NSP ) 
, A V A Z = S U P A / F L. G A T ( N S R ) 

. VEV = SOR 1 (SIP iPV ) / ^ L G A T { N S P ) 
V F I - S Q P T { S L M F A ) / F L 0 A T ( N S P ) 
F i \ S P = F L G A T ( N S P ) 
EAVV=VFV 
E A V A 7 = V E Z 
W R I T - ( f: , 4 C ) 

40 FCFPAT ( / / / / / / / / ) 
WRIT F ( f. , £ 8 ) N M - V F P , \ S F 

. F8 FQP^AT ( 2X t

 1 P VPNT ' 1 1 6 , 2 X , I A , 1 c I. A V C L T 5 » ) 
W R I T P ( 6 , P 4 J ) A V V t F A V V 

£ 4 ! FGP?-'AT ( / / ' ( AL GLL AT PC V F L f C I T Y = » , F p c 2 y « + G R<~ 
W R I T P { e , P 4 2 ) A V A Z , P A V A Z 

P42 FGP'P AT { « C A LCUL AT EC * Z I M U T F = N F S o Z , * ' f F P , 3 ) 
' WPI T P ( r , P 4 4 ) I S G G S 

2 4 4 F C P P A T { « L S C G S A 7 f v u T F = • , F - 0 2 ) 
DC F 3 K = ! , N F I T 
I = L ( K ) 
A VP ( I H S U P P ( I ) / 'FLOAT ( PS!> ) 



A V C ( T ) = S I, ?>• C ( T ) / F L f AT ( P £ F ) 
C A V F = A V R ( I ) 
C A V C - A V C { I ) 
P P P 17 = P I 7 ( I ) 
W P I 7 F ( , 8 5 ) P P r» I T , C A V P , C A V C 

BP r-CPN'AT ( i ) ( , / - A t " X , F ^ S ^ , F 7 0 ^ ) 
&3 C C M I P ' L -

6 7? C F M 1 M L p 
P ! P I 7 F U : , 7 C t c ) F F F 

ICt?. F C r ' M A T ( / / » C fPPECTTNG OfcL AND V FTP F F F 7 P ^ ' ? F 
CALL DAL 7 

? 0 : CCN7IMUE 
CALL P I N . 
T F ( Y I K X , PCoP , 0 )GC 7C K 'C 
S7CF 
p \ ' r 

SLPPCUTIN 'E MPPV ( Y , X T A t N , ?' , TV J P X ) 
O I V P N P I C N Y ( K O , 4 ) ,X ( 3 ) , A (3 , 4 ) 
N C = N + 1 

G C K ' I = 1 , N 
0 H 3 K J = 1 , N C 
A ( I , J ) = 0 c 0 
P C 2 ("' K = 1 , N 
A ( I , J ) = A ( T , J )+Y ( K T n * Y ( K , J ) 

20 C C M I N U E 
I F ( J o E C o N C ) GC 7C 15 
A ( J y T ) =A ( I , J ) 

l c C C M T N U E 
10 C O M TNLE 

RETURN' 
E N P 

C 
G LEAST SOLAPLS. SOLL'7 1'CN' BY P A 1 P 1X TNVEPSTfN . 
C 

S tj P P r U 7 T N E. £ C L V E ( Y , X , A , N , N ? I P 7 P X , P ) 
CIMENS ICf* I^C< ? 2 1 ) ,C < 22 I ) , V ( ICC » 4 ) ,X ( - ) A (3 , A 
C I P F N S IC N P ( 2 ) , P ( 2 ) 

K G ANA. > - 0 . 2 
r jn 2 1 = 1 T

w 

IfvC ( I ) = T ' 
1 F ( A P S { A ( I , 1 ) ) - A P A X ) 2 t 2 , 3 

- APAX = ABS ( A ( I , I ) ) ' 
J F = I 

2 C C N 7 I K L P 
v v = p — 1 
oc i n j = i t f ; v 

1 F ( ! p - J U , t , * 
A I s T r = T \i G ( J > 

I N I ( J > = I N P ( I F ) 
I N'P ( I P ) = T SI C 



C 0 E K = I , N 
5 T r: =;. { i r , K ) 
.A ( 1 F- , K ) = A ( J , K ) 
A ( J , M = S T C 

5 CCNT I M L E ' 
6 A N' A X = H a 0 

n n i i I = J C 7 N 
A ( I , J ) = A ( 1 , J ) / A ( j , J ) 

. nc TO K = j c , w 
' A{ I , K ) = A ( I T K ) -A ( I t J ) * A ( J , K ) 

I f- ( K - J C ) 14 , 1 4 t 10 
I A I F ( A !• S ( A ( I , K ) ) - 4 v A X ) 10 • 10 , 1 7 
•17 AM A X = A PS ( A ( I ,K ) ) 

I F = I 
10 C 0 N T I \J U F. 
I I CONTINUE 
11 CCNIJVIJE 
t.E On 140 10=1 »f'N 

I=f-' + ] - TC 
I T = 1 -1 
CO 4 ] JO = l ' , T T 
J = I T + i - J 0. 
J T = J + 1 
w n = - A ( I , J ) 
I F ( T T - J T ) I 4 : » ^ 3 , 4 3 

4? o n A : K = J T , r i 
wC=W n ~ M K , J ) *C ( K ) 

4.?. CCNTIN'UF 
. 4 1 C ( J ) = W C 

C r \ T I M L r 
DO 4 0 K = ] , I T 
A( I ,v)=C(K ) 

40 CONTINUE 
4 0 CONTINUE 

• DO 1 E0 I C ~ J t ^ 
I = ^ + E - I 0 
I T = I + 3 
W = A ( I , n 

• DO J - ] , N 
I P ( I ~ J ) 5 ? , S ? , 5 4 

c ? u n = c . 0 
GE TO 

E 3 ^ 0 = 1 o 0 ' 
' G O TO 5? 

A ' O ^ A U , J ) 
I F ( 1 0 - 1 ) ? c t , 1 r-e , 5 7 

E 7 D 0 E « K = I T t M 
'/j 0 = V\ N ~ A ( I ? K ) :'' A ( K , J ) 

EE. CENT I M I E 



i r >6 c ( j ) - w r : 
^ C f . N T I M F . 

DH 5-i J = l t ! » 
A ( I , J ) r C { J ) / W 

t r C C V T I ^ I C 
15." C C M U U i r 

n c c ' 1 1 - 1 T N 
' 6 ? I F ( I VO ( T ) - 1 ) 6 1 , 6 c , 6 1 

6 i j = i N n ( 1 ) 
DO 6 2. K = 1 , N 
S I 0 = A ( K , I ) 
M K , I ) = M K , J ) 
A ( K , J ) = ? K 

6 2 C C M T N U F 
I S T C = I N T ( J ) 

I N C ( J ) = . ) 
IN C ( I ) = T S T C 
G C i r M 

6T C C NT I N I F 
o r on I = ) y r , 
9 ( I ) = A ( I T " 4 I ) 

SC. C O M I N'UF . 
CC ^ J = ! , f 
S IC = F , 0 

CO «7 I = l , f 
S T C ^ T f + A (1 T J ) * B ( I > 

6 7 C f N T I N I F . 
X ( J ) = S T C 
C ( J ) = A ( J f J ) 

66 C C M I M F ; 
R FTU F N 
FNF 

C CGSPfcCTS F C 5 FOCAL CE p 7H L S I N G S T PLC!UP F C F r- c j N < ] c ^ R ) 
•SUP- OUT IN F COLT 
C i * F N S I C N V v ( 3 ) , F V ( 2 ) , F F ( 3 ) T F C ( 3 ) , V ( 100 • ) , R ( 2 ) 
C C: |V N r M / 0 A L / 0 f , \ N , V 
CCN'-'-'CN/C A I. T I / F LL t CFP , CCF_l. ,CV 
9 A C = 6 3 7 !. « C 2 n 

P ! - 4 . f U A T A N ( 1 • 0 ) 
9 7 C p - 1 M 0 0 / F T 
FJ T 0 V = F< A G / P T C C 
on r> K » 1 f 3 

F r ( K ) = C « C • 
10 C C M I N I . F. . . . 

C C M K K = 1 , 2 
P ( K K } = P A L - C N ( K K ) 

1 1 CCNTINUF 
PC 12 L = 1 , ] 0 0 
T A = F 1. C A T ( L - l ) 



T O F L P A T ( I. ) 
I P ( P L' L * G I. « 7 A « A K F „ P L: L 0 I T O T F ) G r T f : ;e 

• ? Ci-X'T.TPU-
12 P = P M 7 ( V ( L - 1 ) + ( P f i - T A ) -J (V (L ) - V ( L ~ l ) ) ) 

V L \ = P A P. / P 

p H = p A P - E F r 

I P ( c t P • G 1 o c: P ( i ) ) G p i r ? _ 
x = v w o . ) P / P H 

PP ( I ) = A T A N ( X / S C P T ( ? * n - ( X * X ) ) ) 
PP ( 1 ) = P F P * T AN ( P P ( I ) ) / C T r K 
GCFL=PF:l .+ FF. ( 1 ) ' 
W P IT F ( 6 , 6 4 ) F r ( 1 ) 

.6 4 P• G P M A T ( / ' P P ( 1 ) = • , F 7 „ 3 ) 
GC 7P 2 

3 X = V P ( 1 ) * P / P ( 1 ) 
P P ( 1 ) = AT A N ( X / S C R 7 ( 1 „ 2 - ( X * X ) ) ) 
PC( 1 ) = F P ( 1 ) * T A N ( P F ( 1 ) } / C T f K 
I F ( C r P o G T • C P ( 2 ) ) G r T C 5 
X = V M 2 ) * P / C h 
F p ( 2 ) = AT A M X / S C R T ( 1 , 0 - { X * X ) ) ) 
F P { ? ) = ( P. F P- P * ( ] ) ) * T AN ( P P ( 2 ) ) / P T C K 
C.CFL = C P H F C ( 1 )+FP<2 : ) 
U R I 7 F ( 6 , 6 5 ) F P ( 1 ) , P P ( 2 ) 

6 5 F fi R P A 7 ( / « F D ( I ) = 1 , F 7 • 3 , « F C ( 2 ) = ' » F 7 « 2 ) 
GG 7 P 2 

F d ( 2 ) = AT AN ( X / S G P T ( "i.» 0 - ( X* X ) ) ) 
F C ( 2 ) = ( P P ( 2 ) - P w (3 ) ) *TAN ( r p ( 2 ) ) /CTPK 
X = V P ( 3 ) * F / P F 
F-e ( ? ) = AT t \ ( x /SQR T ( 1 o — ( X*X ) ) ) 
F C ( 3 ) = ( F F F - P P ( 2 ) ) T A N( F F ( 3 ) ) / C T f K 
C C E L •= P E1. + F C { 1) + P H { 2 ) + F C { 3 ) 
'A! R 17 F- ( 6 , 66 ) F C < I ') , F C C 2 ) , F P( ? ) 

66 F C Q N A 7 ( / « F P ( ] ) = ' , F 7 „ 3 , » FP ( 2 ) = F 7 . 2 , ' FF ( ? ) = ' , P 7 0 2 ) 
2 COMTTNUF 

PC 14 l. = i , 102 
7 A = F-1 0 A 7 ( I - 1 ) 
7 G = P L G A T ( L ) 
I F ( G r F L o G F « T A « > A N r * C C E L 0 I T »T C } C- C TP 16 

3 4 CCN'TINipp 
16 C V = V ( L - 1 ) + ( C F F I ~ T A ) * ( V ( L ) - V ( L - 1 ) ) 

• \n P. I T [ •; { t , t P. ) C F L , \ IN 
63 FORMAT ( / HJNCGPP FCTFC C F L = 1 , F 6 „ I , « V = * 9 * i . . \ ) 

WR I T " ( 6 , 6 9 )CPF'L , GV 
6 C FCRP A7 ( ' CCRR FG7 PP C C C L = ' , F 6 . 1 , 1 C V = « y

p A * l ) 
P P TI j P N 
f; N P 

PUNCHES r i 7 , I F PEGLTRFP t R n S I P L A L S ANP EVENT F- A F A ,v c T f -•• S 
SUPRPI IT INE PUN 
P I ^ F N S I P N P T 7 ( ] H ) , AVE (PC ) , AVG (FC ) ,L ( 1 



C n V N T f j / p ? / N N : r v r i y t A V V t l $ C G S , AVAZ ,£AVV ,FAVA7 
G C ^ N C I W F 2 / N P IT , £ V P , A V C , L 
C P '-' P N / G A 1 1 I /G& L ,CEP , C C L L ,CV 
c c r ^ r v / T i / P I T 
CV = ,AVV~C.V 

. C A 7 = A V A Z - I S C G S 
I F ( C A 7. <, GT <,- 1 0 o n o AMG 0 C A Z o L T o *! . cC o G ) G0 TC ~ r 

I F l C A Z o G T o i e O o O G F TF 3 1 
D A I - 3 E 0 „ C + F A 7 
GG TP 2 T • 

31 D A Z = D A Z ~ ^ 0 O G 
3 P CENT I N U F 

w&T T E ( 3 , 1 ) ENEVE^ , CV , TV , I S C G S , C 11 ,CE f.L . C c P t r ^ v v t rAVA 7 
1 FGPf 'AT ( I 6 , F ^ , I , F f c { ] , F 6 * I , F6 • 1 »F6 • I , F 6 . 1 , F 7 « 2 , F E „ 2 ) 

W P I T L ( 2 , 2 ) KP IT t NNF VFi \ . 
2 F C R -v A T ( ? )< , I 3 , 2 X , I 6 ) 

W F< I T Fi ( 2 , 3 ) A VV , A V A 7 , G V , I S G G S , G G F L. 

3 PGP, VAT (3X , F7c 3 , 2 X , Fa 3 3 , 2 X , F6 « 1 , 2.X, F8o3 , 2X , F^ o 1 ) 
o n I ' l K = ] , N P I T 
I = L ( K ) 
P P I T = P I T ( I ) 
R F S = A V R ( I ) 
R F O A V C ( I ) 
A' R I T F: ( 2 , ^ ) F F I T , F F: S , R F f 

4 PQP K AT ( 6 X » A 3 , 3 X , F H • E., 3 X , F 1 C . ) 
11 CONTINUE 

R E T L R N 
ENG 



PROGRAM 2 RESPIT 

RESPIT t a k e s t h e o n s e t t i m e r e s i d u a l s f o r s e v e r a l 

e v e n t s f r o m g i v e n g r e a t c i r c l e az imu ths and f i t s t h e s e d a t a 

t o a c u r v e o f t h e f o r m A + B s i n (Az + E) b y l e a s t s q u a r e s . 

T h i s . i s computed f o r e a c h o f t e n p i t s . The o b s e r v e d r e s i d u a l s 

and t h e computed b e s t f i t c u r v e s c a n be g i v e n as o u t p u t u s i n g 

a g r a p h - p l o t s u b r o u t i n e . He re t h e 'GRAPH' p r o g r a m o f 

M r . P. K. H. M a g u i r e i s u s e d and t h i s i s a v a i l a b l e f r o m t h e 

Durham Geo logy D e p a r t m e n t . 



Q p p r- Q S A V F E S F IT 
r 
C ' P R C G P A V TC F I T P I T P ' F S I C l . Al. c R C I ) T 0 P ( I ) = A + Q * S I f • ( A 7 ( T ) + f • ) 
C . ' r L T PL T P G°APPS PGP FACE P I T >w J7h P U F F R I " PC S F f. C C P D I T P C CUR VPS' 
C ALSO VALLF.S CF A , " , E F G P f. A C Pi P I T 
C 
C REAC I N CN 5 = F R F N . 4 V c 
G 
C . CARP, 1 
C 
C NTCT - TCTAL NCo CF P I T S ( 3 0 ) 
C 
C GAPC 2 
C 
C N F I T - NCo CF P I T S V\ C R K I N C FOR AN EVFNT 
C N E V F N - F V F M i r . E M I F I F P 
C 
C PARC 2 
C ~ ' 
C V - V E L O C I T Y 0 C •' F L T E C FOR E V N T 
C AZ - A Z I P U T P GPPFUTPC FOR E V E N T ' 
C I S C G S - f s G A A A Z I N L T P 
C 
C C A P C ? T C C A R C N P I T + 2 
C 
C A P I T ( J ) - P I T I D E N T I F I E D 
C • P ( J ) - P t S I C L A L F C P F T T £ P I T { J ) 
C 
C C A P F N P J T + 2 . PACK TG C A R C 2 
C 
C IF N^IT=o FNC CP FATA 
C I F N F I T G T 0 PES I C U A L S F C. Q F E X T EVFNT 
G 
C 

C I PEN S ICf\ AP IT ( i.n ) , P ( 1 - } , C ( ) T L G 0 ( ].r ) ,RF S ( I r , ? 0 ' M rFOC ( I C , 2' -1C 
1SCC( 10 , 2 ^ 0 ) , A C { ! 0 ) , P C ( 10 ) ,E ( ] 0 ) ,PTT (1 ^ ) , F < 2 0 0 , 4 ) , M-> ) , R < 3 , 4 ) , 
2 0 ( 3 ) , 0 A Z < U , 200 ) t ANAL ( 1C ) , p y ( IPC ) ,LA ( ] rr ) , I I T ( 4 ) , 7 A ( i . r ) , 
2 P N ( 1 0 ' i ) , E P P ( 3 ) , T H OP { 1 0 ) , E & P ( .10 ) , EF P E ( 1 ) , £ c AN ( 1 n ) , $T ( 4 ? ) 

DATA S 7 / I 2 . ? C ^ : , 4 , 3G3 ? 3 o 182 , 2 * 77 6 , ? ^ 5 7 1 t 2 . 447 , 2 * 3 ^ ^ T 2 c - > 0 6 f 

1 2 o 2 ^ 2 T 2 o 2 2 6 y 2 , 2 0 1 , 2 o l 7 G , 2 o l 6 G , 2 o l A 5 T P o ! . 2 I . 2 o 1 2 r » 2 o : i 0 , 3 a j ' 1 1 , 
2 2 , 0 0 3 vO* CE6 , 2 „ OP:, , 2 * 0 7 4 , 2 . 06 " , ? . 064 , z / ' ^ ' O 2 . 0 ^ 6 , 2 • '» K2 , 
3 2 • 0 4 R , 2 w C 4 5 , 2 • C ^ 2 » 2 • C 2 1 , 2 * C2 1 , 2 • C ?. 1 » 2 • C 2 1 » 2 • C 2 1 , 2 „ '>2 I , 
42 • ">2! , 2 • 0 2 3., 2 » 0 2 11 2 oO 2 1 T ?« 00 C » 2 • C o n , 2 * 0 0 C / 

DATA P I 1 / » F 1 • T ' P 2 ' » 1 P 3 ' , * R 4 » , «R 5 ' , ' Y 1 ' , ' Y 2 S ' Y2 ' » ' YA» T ' Y c ' / 
F I = 4 o 0 * 2 T A M ! «, C ) 
R T 0 C = I P 0 « 0 / P I 
~ E A P ( ^ , 4 ) N T 0 1 

4 F C P
 f ' A T ( 1 X , I 3 ) 

0 0 4 } 1 = 1 , 1 n 



LCC ( I ) = 0 
4 1 C C M I M F 
5C R t AC ( 5 , 1 )N F I 1 , M V 3 N 

1 F C R N A T ( 2 X , 13 , n X , I 6 ) 
I F (.\ P I T . L C . 9 >GC. TC 1-TQ 
R E A C ( 9 , 2 ) V , A 7 ,1SCCS 

2 F C F ' v A 7 { 3 X T F 7 e 3 » 3oX * F 8 * 3 1 1 ^ X j F F * 3 ) 
R F A C ( 5 , 3 ) ( A P T 7 ( J ) , R { J ) , J = 1 , f\ F I T ) 

3 FCRV Ay ( AX , A 3 , 3X , F l r. * f ) 
C C K J = l , N P n 
P P I 7 = A P I 7 ( J ) 
P F = P ( J ) 
PC 1 1 1 = 1 , M C I 
I F ( A P I T i J ) - P IT ( I ) ) 1 1 , 1 3 , 1 1 

11 C C M I N U F 
1 3 LCC ( I ) = (.CC ( I ) + 1 

t.c=i c.n ( i ) 
CAZ U , L C ) = L9CGS 
R E S ( I , L C ) = P R 
r - C O ( T , L C ) = S T N ' ( L S C n S / P T C C ) 
SCO ( T , LC ) =CCS(USCGS/PTCC ) 

1 C C C M I N L E ' 
GC T F 50 

1 0 0 C C N T I M J F 
PC: 4? 1 = 3. T N 7 C 7 
N F M C C U ) 
WR.I TF ( 2 , 3 9 ) I ,ND 

3 9 F C R t v A T ( I >< , I 2 , ; X , I 3 ) 
WP I T F ( 2 , 22 ) (FAZ ( I , LC ) ,PES ( 1 , L C ) , FCC ( I , L C ) , SC C ( I , L. C ) , LC = ) , N 9 ) 

32 F C P f ' A T ( 4 ( 2 X , F 3 . C ; . 5 ) ) 
4 3 CONT LNUF 

N=3 ' 
DC 20' 1 = 1 , M O T 
M M C C { I ) 
DC 23 K = l , fvF 
F ( K , 1 ) = C . C 
F ( K , 2 ) = 0 o 0 
F ( K ) = C o C 
F ( K , 4 ) = C » C 

2 3 C C M I N U E 
C 
C S E T L P F O I A T I C N S C F C C N C I T I C K 
C 

DO 2 1 K= I , Nf ' 
. t.C = K . 

F ( K , 1 ) = F C C ( I , L C ) 
F (K , 2 ) =SCC. ( I , I. C ) 

. F ( K , 3 ) = ! „ 
F (K , 4 ) =P F; S ( I TI_C ) 

2 1 C C M I I 9 U P . . 



M = \ r 
N G = N + 1 ' 

r 

C SOLVE " r C L A l I L N S CF C O N D I T I O N 
C 

CALL N C F J* ( F , S , F , N , v , I f T F X ) 
CALL S 0 L V E ( F , S y E , N , F , I N T R X , R, ) 
n c u ) = s c R T .(s ( n * s n M s (r<) s ( 2 ) ) 
E: ( I ) = M A N ? { S ( 2 ) , S ( 1 ) ) 
A N ^L ( I ) = F- ( I ) ? P 7CH 
I F ( A ^ A l. ( I ) o G T « 0 « 0 ) G C T G 2 0 ? 3 
A N : Al. ( I ) = A N A L ( I ) + 3 t f « G 

3 0 3 0 G C M ] N ( J P 

A C ( I ) = S ( 3 ) 
C 
C CALCULATE REST C O A L S • A N D ERRORS ON A , E , A N D C 

C 
S L V S G = C • . G 
G O 2 2 1 K = 1 , N F . 
L G = K ' ' 

R N ( LG. ) = R F S ( I , LC )~ ( S ( ^ )4RC ( I ) * S IN ( ( C A Z ( I , LC M A N A L ( I ) ) / C T C C ) ) 

SU f 'SO=SUGSG + R N ( LG ) * R N ( LC ) 
2 2 1 CONTINUE 

0 F = F L 0 A T ( N F ~ ? ) 

A V S C = S U N S C / C F 
T = S 1 ( N E - 2 ) 

E R r< ( ] ) = T * S C R 1 ( A V S C * E { 1 ) ) 

F R F ( 2 ) = 1 * S C * T { A V S O * C ( 2 ) ) 
G R P (3 ) ^T - ^SCPT { AVSQ*C { ? ) ) 
T h E P ( I ) = E R R ( 3 ) 
E P e ( T ) = S C P T { ( S ( l ) > , E P R ( ? ) ) ^ ^ 2 + ( S ( 2 ) A E P P { P ) ) - - 2 ) / P G ( n 
E R R F ( I ) = S C R T ( ( S ( 2 ) * E R R ( 1 ) )*• * 2 •+ ( S { 1 ) * F » P ( 2 ) ) * * 2 ) / 

1 ( E C ( I ) * 2 C ( I ) ) ' 
E F A N ( I ) = E P \< E ( I ) * P T 0 E 

2 0 CONTINUE 
W P IT E ( 6 T 2 2 2 P ) ( T H E P ( I ) T E R B ( I ) , E P A N ( I ) , I = 1 , 1 ) 

2 2 2 ^ F O R * ' A T (3 <3X T F 1 0 O 5 ) ) 
to P I T F ( 6 T 2 2 C ) 

2 2 F FGPivAT { i h l , * R E S I D U A L S F H T E G TC P = A+ E* S I N ( A 7 I N U T P + A L 0 ) « ) • 
WRITE. ( 6 , 2 9 ) 

2 0- F O P ^ A T ( I l\ 4X , ' A ' , 1 2 X , » P « , e x , « A L F { - A C ) ' t ^ X , ' n F ( P E C ) ' ) 

MP I T P ( i , 3 C ) ( P I T ( I ) , AG ( I ) , PC ( I ) , E ( I ) , A N A L ( T ) , 1 = i t K J O T ) 
3 0 F C P N AT ( 2 X , A 3 , 3 X , F 1 0 « E , 3 X , F ). C . 5 , 3 X , F-1 • o E , E X , F c

 a 2 ) 

D O E 4 I = I T N T C T 

N P = L C 0 ( I ) 
D C F E t. C = I , N P 

U A ( L 0 ) = 0 A 7 ( I , L C ) 
PY ( LC ) = 1 0 0 » P * r-: E S ( I , L C ) 

8 c CONTINUE 
D O 8 1 V A = 1 , 1 . 2 



L C C = PP + v A 
U A ( t . r C ) = 3 C . C * F L P A T ( P A - 3 ) 
AEV=UA (LCC HAN'AL ( I ) 
T A ( L f C ) - L A { I C C ) + A N A L ( I ) 
P Y (LCC )=AC ( I ) + RC ( I ) * S I N ( (LJA ( LCC ) + AN'AL ( I ) ) / P T f D ) 
F Y ( LCC ) = 1 0 C * O ^ F Y (LCC. ) 

S ! C C NT ! ,\ L F 
C . . . 
C F L C 7 R P S I C I A L S A N C C U T P U 7 C P A Fh F C F F A C F P IT 
r 

N E P = N R + 1 
\; ̂ [ = (\p+ ; ? 
NJ ^ = N P ' 
N N A X = N F + 1 2 
J J F = 1 

T I T f l >=?. 5 
I 17 ( 2 ) = - 1 5 
I I 7 ( 3 ) = 3 6 C 
I I T ( 4 ) = G 

• CALL CPAFF ( U A T F Y , P P A X , N P , J J F t I IT ) 
F) G 2 F 1 * P A = 1 , N E N P 
P Y ( w P A ) •= c v { M P A ) / 1 C P o 2 

2 8 1 CCNTINUE 
W P I 7 F ( £ , 2 2 C ) P I 1 { T ) 

2 3 0 FCPPAT ( / / 1 C X , 1 P E S I F U A L S FCF< P I T S A 3 ) 
H P I 7 F ( 6 , 2 3 4 ) p I 7 ( I ) 

2 3 4 F 0 ^ A 7 ( 1 P I , ' CALCULA7EC C I P V E FCP P H • , A 3 ) 
"V.'F-ITF ( 6 , 232 ) 

2 2 2 FCPV AT ( / / 7 X', » A Z « , P X , • A 7-+ ALP » ,4X T ' CALC P E E P S ' ) 
WP I 7 P { 6 , 2 3 ? ) (UA ( LCC ) , 7A ( LCC ) , PY (LCC ) tLCC = N?P t.NEPP ) 

2 3? F C RP A T ( 5 X , F6 * 1 , 5 X , F t» 1 , 5 X , F I C . 4 ) 
£4 C O N T I N U E 

STCP 
e N n • 
5 U P POUT I f\ E NCR P ( Y , X , A , ,\ , P , IM7PX ) 
C I W F N S I C N Y ( 2 0 0 , 4 ) , X < 3 ) , A ( 3 , 4 ) 
N C = N + 1 
CC i n i = i , N 
PC 15 j = l , N C 
A { I , J ) = C , C 
0 C 2 0 K = l , N 
A ( I , J ) =A ( I , J )+Y (K , I ) * Y { K , J ) 

20 C H N 7 I M L r-
1 F { J o F C o K C )GC 7C i 5 
A ( J , I ) = A ( I , J ) 

:. * C 0 N 7 T Nj t c 

I P C C N 1 I N L 2 
I F ( I M T P X . N E . U G C 7C 66F 

4 A R I T F ( 6 ' , 3 0 ) 
3 C F C P P A 7 ( / 5 C > , 'C C F F p J c I F M S FRCP N C P P ' ) 



DC 6 66 I =1 T N 
M I i F ( 6 , 6 6 7 ) { A ( J. y J ) , J = 1 , ,\ C ) 

6 6 7 F r A j ( c 0 X , A H C „ 5 ) 
6 66 C C N T I N U F 
6 6 6 RET I F \ 

END 
S C P F r U T I N F S C L V F ( Y , X T A T N , N T I N T R X t C ) 
D I M F N S IC j \ I M P ( 2 2 1 ) T C ( 2 3 1 ) , Y ( 2 C r f 4 ) * X ( 2 ) , M 3 T A ) 
CIN-EiNSICN P ( 3 ) , C ( ? ) 

1 C C A i v A > = C . 0 
CC 2 I - 1 t N 
I N C ( I ) = I 

' I F ( A P S ( A ( I , 1 ) ) - A * A X ) 2 , 2: , ? 
? ' A N A X = A B S ( A { I , I. ) ) 

I F = I 
2 CCNTIN'OE 

y w - \J — \ 

CC 1 1 1 J = 1 , N N 

I F ( I F - J ) 6 , 6 , A 
4 I S T C ^ I N C ( J ) 

I N C ( J ) = I N C ( I F ) 
. I \ : n ( I F ) = I $ T c 
DC 3 K = 1 , N 
STC=A< T F T K ) 
A( T F , K ) = A ( J , K ) 
A ( J , K ) = STC 

f. C C N 1 I N L F. 
i A. M A > = (" „ C 

J C = J + l 
DC 11 1 = JC , v 
A ( I , J ) = A ( I , J ) / A - ( J , J ) 
DC 19 K = J C , M 
A ( l , K ) = M I , K ) ~ A ( I , J ) * A < J , K ) 
•1 F ( K — J 0 ) 1 4 ? ! 4 , 19 

14 I f ( A P S I A ( J ,K ) ) - A . v AX ) 1 0 , IC , 1 7 
17 A N A > = A G S ( A ( I , K ) ) 

I F = I 
I C C C N T T N< u 9 
I I C C M T I N L 9 

111 CCNTTNUG 
6 * DC 1^3 I r = 2 

I - ' M j - I C 
I T - I - 1 
DC 4 1 J C - ! »7 T 
J = T T + 1 - J C 
J T = J + 1 
UT = - A ( T , J ) 
I P ( I T - J T ) 1 4 ! , 4 3 , 

A >• r r 4 2 K= JT , I T 
1AC = ^ P - A ( K » J ) * C ( K ) 



4 ? 
3 4 1 

4 1 

C C M T k I j 
C ( J = i*C 
C C M IN.Lf 
CO An K = ]•» IT 
A. ( I , K ) ='C ( K ) 
CO NT INUE 

1 f C . C C N T I K U E 

I = w + 3 - I 0 
I T - T + 1 
to = . M T t I ) 
CT 5 6 J = 1 ,N 
I F ( I - J ) 5 ? , 5 ? , 5 4 

GC T G 5 5 

GG TP 5 5 
54 wr = M I , j ) 
5 C I F ( I G - 1 ) 1 5 6 , 1 5 c , 5 7 
5.7 C 0 5 8 K = I 7 , '•' 

W C = U C - M I , n * M K t J ) 
5-c CCNT INGE 

156 C ( J > = W C 
56- C G M I N U G 

CC 50 J = ?. , N 
M I , J ) = C ( J )/W 

5 C G C N 7 T H I G 
15G CCN7TNUF 

' C G 6 0 I - I , i v 

6 2 I F { I N G ( I ) - I ) 6 1 , 6 C , 6 
6 1 J = I N D < I ) 

OH <:?. K = } . ? V 
S 7 C: = A ( K , I ) 
A ( K , I ) = M K , J ) 
A ( K , J ) = s T r . 

62 C 0 N 7 T \ ' l . r 
I S T C - J f\ C ( J ) 
i N n ( j ) = j 
i i \ n ( i ) = I STG 
GG T G 60 

6C C C M I M f ! 
GG ^ 0 I = 1 , N' 
Q ( I ) = A ( I , N' + 1 > 

9 C C G M T M G E 
GG 6 6 J = j , N 
S i r - ' ' „ o 
n G 6 7 i = i , i v 

S7G = STG. + A ( I , J ) ( I ) 
e 1 C f: N 7 I N" L 5 

X OJ ) = S 7 0 



C ( J ) = A ( J , J ) 
t t CCNT IN I E 

PET Li r N' 



PROGRAM 3 SLOWFIT 

SLO«V3?IT f i t s o b s e r v e d d e v i a t i o n s i n s lowness and 

a z i m u t h o f a p p r o a c h t o t h e o r e t i c a l d e f l e c t i o n s f o r a model 

o f one o r two d i p p i n g i n t e r f a c e s . Graphs o f o b s e r v e d and 

computed a n o m a l i e s can be g i v e n as o u t p u t . The f i n a l o u t p u t 

i s a m a t r i x o f RlviSD v a l u e s , t h e minimum o f w h i c h i n d i c a t e s t h e 

b e s t f i t t o a mode l w i t h p a r a m e t e r s w i t h i n t h e s p e c i f i e d range 

o f t h e v a r i a b l e s ( A p p e n d i x A ) . 



P r- L C P - ' TC HIT CNp l.r:. ; v i G IGGING C A M P S Ti, CLP i F TGI ; 
c . IN S _C V A ' L S S A,\C 'A / I MJTh 
c 
c •: ^ L IN G N G = i"' I L L ^ A K ' G C / D r i 
c 
L f\ r - N r •. c F L A Y ;: p s 
c 
1' c: A P G 
c 
c . V S ( I ) - . U P t C T F C APPAPFNT V c L G C I T Y ( H G r F I PI f 7 " L PP 
c c v ( i ) - C 5-1 SL P VPP-GXP P.C7 GG AFPAP£N7 V L I . C C I 7Y 
c U A ( I ) - NCAA .4 7 T,vLTH 
c c a ( : ) - C 0 S L P V r C C E V 11T I C N F R C G N G A A A Z I LT F 
r Hi l. ( I ) - G I S 1 A N C G G F t \ G N T 
c 
c F F A L IN L N ? = F I L P N A P p 
c 
c C .1 G L 
f 
c NL - M'.„ CP LAYG^S - i CP 2 
L NX - N C CF V r l . C C I T Y CCN7PASTS 
c I C K A P H - = 0 F G P G P A F K C F c ^ C P F I T 
c . I G T -• F F.P G r, I !\ 7 G I 7 CF I M G F M I L Y i : G F L C C T G C P A V s 
c F C L P - G j ; P TP GF LCwfcP GIPPIG'G 1 NT fcp'l-AC t. 
c GT ~ G I V F S P A T I C GF FGSG 'S K-V $ C= f < P ( S I C v. N L $S ) 4 K ; S 

c 
c C ^ R L 
c 
c V I ( K K ) - V r L C C I 7 Y G G L G G L C U G P S L C F t 
c V i< { K < ) - VGLCCITY AGGVG L C ^ l G SLFiPG 
r 
r 

VT { K K) ~ VGLCCITY ABCVG 2N P INT E R F A CG - C >• I T F C p ; c 

c c A P r. 7; -

c 
c' STAG - I N I T I A L V A t . l L CP f - I P L C T I CN CF F F I N C I F L G F G A P' i. 
c N A G ^ - NGo f'i- INCPGGfNTS GGK STAG 
c S A N G - S I Z L- C F I N C P f G F N'T S F F w STAG 
r 
r C A , G u 

c S 1 A C - I N I T I A L V PL C G C G L C G F i< F I F 
c i\ G. 1 p - K C GF INC r 'GGGNTS F C '-s STAC 
c SGIP - SIZe CF I N C P r c N 7 S FG!< S T * F 
c. 
r 
r 

G £ G G ^ - C G I T PC P : L AY<. r P r GPL EG 

c S 7 G P - IN IT 1 A L VAl CP CP UF -P tR P I P 

G /• Y •'• R 
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C 5.L \'->.; ~ S I U: ?iv I N C A t. i v i. \\ T S F O R STAC. 
r ' . 
C V ^ P CF -I r' S 0 •« S A K i X T P L l T r C - H F N C L P I M F UN' Qr P: ' 1" L f U C ' L 
C . 
r \-

0 I •' r K S 1 ON V 5 ( ) , P V ( 0 : ) , , : : M ' : U , U M , v J t

 R U . ) , V J ( :. •' ) f V A f 1 ) y 
l S i ( 5 i ; ) , A l ( ^ ) , H h l ( , G O ) , M : o J , A ( i i ) , P P L V ( ^ ) T A { r <,) , 
2? S " ( 1 . ; J , 0 0 ) , V A ( i A ) , V ,\ ( . <;.;., ) , 1.1T (-T ) , 0 I ( • ;.; ) , :.. L V ( ; i ) , S I I ( 1A A ) , 
3 A I I ( I J J , 0 t L V L ( K I , SPA. ( 3 ^ 5 , S I 2 ( 5 , 0 , C I " 1 ( ! ' v ) , . * _ ( 1 < v ) • h I ('•=«.) , 

A «\ ( ) , AisiAK( ) ,c»Hk ( r. c ) , 0 L V ( f;C ) T A ̂  S ( 1 C 0 ) , V T ( 1 " ) -,-.\ 0 C N ( 1 Co , 5 ( . ) , 
A :'«.( 3 v1 ) f 1 R S K ( A 0 , 5 (.. ) , S I. 0 U K ( 1 A C ) , F C SI- ( i C t 3 VJ ) T A A C S ( 3 0 t - ) » • 

t N r L C O ( 3 0 , 3 0 ) , TCP 3P' ( 3 ( , i 5 0 ) 
C 
C A L A L I ,\ i; A T A - f • I f. S 1 L Y t V r N T P A P A V L T i: F 5 
C 

. ^ c A 0 ( 5 , i ) l\ I 
1 F C A A A T ( 1 X » 1 3 ) 

F c * L '( 3 , A ) ( V S { I ) y :0 V ( 1 ) » U M I ) »C A ( j ) ? O E L ( ] ) » ' " ^ A r ) . 
2 :•':' A [ ( f A , i c ^ x f F t . 1 » F fc » i T F 6 « i t F A « .1 ) 

C 
C O E M ; 1 0 M A R I I AO VALUES F f F i v C C L. L 
C 

- t n i.: , ? ).\ l . , N X , I C » A P h f I A T , F L t P , W T 
3 F 0 A A A T ( A 1 i T ? F t: „ 1 ) 

0 L ( ) ( V I ( KK ) , V - ( KK ) ,VT ( KK ) , K K=.l , NX) 
T F C F V /*T (' :- F F o;: ) 

A A A 0 ( /. , -3 ) S T A 0 * N A N 0 ? S A N 0 

^ A I U ( >: , 3 ) 5. T A C , N A N A , SANA 
A ^ A L ( 3 , 3 ) S TAC ? N C IP , SC I F 
W f M T c * ( c , 5 ) S T ^ r . F N : r . I P , S C I P 
1 F ( f\ L , A 0 B 1 ) A, C T (.' 7: C A; 
R t: A ( ? , 5 ) ST AC? , N P I T SD I P I 
'A-P I T r (r, » 0 ' ) ST ^ 2 T 0 L. I F 2 • S F I P A 

A 0 0 C 0 N T I N; U A 
P 1 •= A « u A ~ A N ( i o 0 ) 
A T C I = I * C „ (., / P I 
C T H K = e 2 7 1 <> I / A T 0 D 
R A C = ( 6 .V7 i «v. - r- p t p ) / 6 3 7 : A 

P O 1 K K = I , N X 
W P I T L ( t , 3 S ) 

r F 0 R P A T { i P 1 ) 
0 0 F A I - I , NO 

' i 1 = I 
S L F. iN ( I ) = C T 0 K / ( C v { I ) + V S ( I ) ) — 0 T C K / V 0 ( I ) 
v.'-' ( 1 1 ) = S l . r ^ \ i ( ] ) 
A N £ A ( I I ) P A ( 1 ) 
3 i 1 ( I ) = V I ( H i< ) / ( F A C V A ( I ) ) 



G7 ( 1 ) = GT P K . / V S ( I ) 
fcA G P \ • I G I 7 

Li'. ": 3 K = < t N A : \ f -
H h I ( K ) = S 'f At- + 3 A i\ G t' I G / -1 ( K - 1 ) 

CP _ A L = i , N i 7 - I ! 3 

A ( L ) = S 7 A C + G P I P ' - F L(" AT ( L - i ) 
H L L = M L ) 
i M i\ L t

! v r . i )c,r T L ; : L H 
N17 I F J = i 
i T A L ? = L . C 

7:, A C C M I M : T 
CC 1 ° N = ; - , ! U , TP? 
A «> ( N ) = S 1 A f; 2 + S i i 1 P 2 F L G A "M • i. ) 
Kc~=C 

G . 
C C C I ' F l l c SLCV\Mf S5 £hC A / I K T P A N C P A L I L S f• C r< ! > G P [-Vf"-.\T FTP 
C T P I A L isT-CcL 
C 

0 L." i 5 I = i , N '7 
1 F ( G A ( i ) 0 G 7 « ° P I ( K ) )G:7 TP. A i 
H ( I ) -• 3 L 0 * 0 H ) A ( I ) - P f- I ( K ) 
G C T i? A 2 

A i 6 ( 1 ) = U M I ) - P h T ( K ) 

A r7 - A G S I N ( S I I ( I ) T f. 0 
• I F ( p T I oGT *<i0 o-^ o A 0 0 „ P I I 0 L T C P 7 G . 0 )GG> T O 4 4 > 

f j A «7 = A K + A L L • . 
P ( I } - P I I . . . 

G C i n ^ 3 ' , 
M A i.A P A ; ; = A r > - A L L 

A ( L ) = A L I. 
r { I ) - + o 1 1 

A H ? A G = P A G • • 
s i ( I ) = s I N ( A o / i T r n ) 

' A I ( I ) = G G P T ( i . C - S I ( I M S U I ) )• 
F » i a , / ( V M K K ) * V M K l<) ) - ( S I ( 1 ) " ; S I ( I ) ) / ( V I ( K K ) •' V H K.) ) 
I F ( P , |_ i • G • G j GO ' T 7: 1 i A 

D ^ - S 1 P ( A ( I. ) / K T C P. ) 
P A = ( SG T { F ) - A I ( 1 ) / V I ( K K ) ) S 1 f\ ( A ( L ) / K TCP ) 

• P t L V ( I ) = + F A " : 1.1' C K 
I H M . K . D C C I f . 
S r; > ( i ) = V K ( K K ) v- b I ( 1 ) / V I ( K K ) 
P M ' = A P S i « \ ( S P , : ( n h : p T « ^ p 
I P ( P I I »G7 „ G o , C O ' A M ; . p I I . LT . j 7 C . P ) GC 1 r W ' 7 
^ I ( I ) = F K P - A P L 
S A \ = K i ( 1 ) + A G ( >' ) 
G( T O J. r P 

1 c 7 P 1 ( I ) = A L L + P P !•• 
S A \ = P I ( J } - f: 2 ( P ) 

I c G G ^ \ J I G G P 
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S I " ( 3 ) ~ G 1 P ( P. A N / ;•• 7 ! P; ) 
0 1 .': ( I •) = S G 7 ( 1 <, ;„ - b I ~_ ( I ) P I P ( I ) ) 
P c. = .1 . v) / ( V 7 { P .< ) V T ( K ) ) - ( c i { J ) =• I 1 ( 1 ) ) / ( V ( K '< ) V M K K ) ) 
1 r ( F " o i l . <; O'J 7 0 i. ^ 
r ; V > ( S'CKT ( P P . 0 - - C i ; ( I ) / ^ i ( K K ) ) S I N ( ^ . I P ) 
G P L V P ( I ) = + FAA->C7M< 

c. •: 

2 2 C 

i x 5 
1 c 

f , L v ; ( I ) -- G * v. 

C V L L =;.; r.LV ( i ) + G . . L V ( I ) 
P P K }. = $ y ; T ( CT ( I ) +UVFc^G: : - -
L-LV ( I ) =+ ( PPPP--C7 ( I . ) ) 
I I - I + G P 
V'' ( I I ) = f: L V ( 3 ) 
UA ( I J ) = l j A ( I ) 
P ( I ) = ( S L C ( I } - t P V ( I ) ) p 
CG C A ^ ( G 7 { I ) ? + P P G * 2 - C V t F 
I P { F J I I • G T o i G G 0 o ) G G T G • • < 1 
A i\ AG ( i i ) = A K C L S ( C. C P A ) * P T G C 
GG T G Fpp, 
AGoG ( I I ) = - ^ G C C S ( f G L A ) - P T G L 
C C \ 7 I \ U c 
AP^ ( I. ) = ( CA ( I ) ~ A G A N ( I I ) 
GG 7 f 1 1 5 
I ( I ; ,7 «i\ L u l l GG. TG ; Z u 

W P I T t: ('o » 0 C ) I 

:'' A S ( G V P t. ) Jl- C 7 ( I ) ; ' C C S ( ! . : ( ! ) / P 7 P. C ) ) 

) / (I . C C T ( I ) 

•v 7 r 

F G P i v A 7 ( ' I = s , I <i , ' S C 
C G G 7 J N L F 
GL 7G 15 
K L = K [ + • 
C G G 7 I N G P 
I P { K P 0 i\ P © G ) G G 7G FP 
A P I T L ( c t i 7 ) L ) v 

GPP AT ( ' i\G L VGI\ 

- V 

PASS AT L = 1

 y I 4 , « AGC = i ^ ) 

C G N 7 7 0 L P 
\ ~-i\ G 

J J G = 1 
I I I ( :. ) - J 
I 11 ( P. ) - ~ 5 
I 17( 5 ) = ? t C 
I IT (A )=G 
I P' ( I G P A P G » N t „ v, ) G G 7C 
C / . L L G A PH ( G A , V P , G I- A X , N P , J J P , I 17 ) 
C G G 7 I MJ c 
K L ci = K f-

GG 5 j. I = ; ; ? G G 
S f< = S P + P ( I ) 
CP ,-;7 I^GC 



i\ ;• - \ i 
\ v .i x - ;• M : 
JJF--J. 
I I T ( * ) 
I I T ( / ) = - • I 2 
I IT ( '•• ) - P r ; C . 

1 i T ( - ). = c 
It- ( lGKAPF* i \P - „C ) GC -TP- 2>:i 
CALL G K A FP (u A , A ( \A \ , | \ A X , P P , J JF , T I T ) 
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