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ABSTRACT

This study concerns the analysis of arrivals at the
Kaptagat array in Kenya set up by the Durham University
Department of Geological Sciences. The array consisted of
ten short period sei1smometers and was sited 10 km wvesl of
the Elgeyo escarpment, which forms the western boundary of

the Gregory Rift,

Onset time analysis was used to determine the slowncss
and azimuth of approach for teleseismic arrivals, Large
deviatlions from the expected slowness ond azimuth are found
and 1t 1s shown that the major cause of thcst¢ anomalies ais
the low velocity upper mantle vhaich i1s assumed to existi

beneath the Kenyan domal uplaft.

A preliminary analysis of 60 teleseismic arrivals shows
thali the anumalies cannot be explaincd in terms of a single
plane ainterface or any plane structure. It 1s shown that
1f the data 13 to be explained by a single boundary then the
structure must thin both to the north and west of the station,.
The structure was Lhus assumed to be caused by a structure
which 1s ellipsoidal in plan and hyperbolic in section and
optaimum stiructures were calculated for various assumed

velocities.

Relative teleseismic P=vave delay time data belween
Kaptagat and Bulawavo, which confirms the presencec of low
material beneath the station, vas reinterpreted on the basis
of the model proposed and was found to be consistent with a

depth to the bottom of the structure between 150 and 300 kmn.




The arrival of a phase corresponding to a reflection
from the top of the proposed structure was searched for an
the records from local earthquakes using velocaity filteraing
iechniques but no consistent arrival could be i1dentaified

with confidence.

A preliminary study showed that the postulated seismic
structure was not inconsistent with the avairlable gravity

data.
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1.1.1.

CHAPTER 1

SECTION 1 <~ THE EAST AFRICAN RIFT SYSTEM

Introduction

The East Afraican Rift System extends southward for
some 4,000 km from 1ts northern junction with the Red Sea
and the Gulf of Aden. It stretches through Ethiopia and
splits to form the Eastern and Western Rifts which converge
again toward Lake Malawi (Fig. 1.1.). Apparent faulting
ends toward the Limpopo river area although heat flow
studies (Chapman and Pollack, 1975) indicate that raifting
occurs down to 16°S while seaismicity studies suggest that

1t may extend as far as 24°S (Fairhead and Girdier, 1969).

The rift, characteristically between 40 and 65 km
wide, traverses two broad, elongated domal uplifts,
ellaptical in plan and some 1,000 km wide, in Ethiopaa
and Kenya and 1t i1s only here that the classic graben
structures are well delfined; the throws on the major faults
in these regions are estimated to be as much as 4 km

(Baker and Wohlenberg, 1971).

Although the rift i1s a north-south feature on a
continental scale iudividual structures only rarely show
this trend; the rift tends to be formed as a series of
en echelon faults which effectively define a north-south

structure (Klng, 1970).

It 18 now generally accepted that the rift is a
tensional feature and not produced by compression as
suggested b\ some early workers (Wayland, 1930; Bullard,

1936; Willis, 1936); the faulting has been shown by
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observation, gravaity and focal mechanism studies to be
preponderantly normal, not reverse, indicating extensaion.
(Gregory, 1921; Gardler, 1964; Heiskanen and Vening
Meinesz, 1958; Sykes and Landisman, 1964; Fairhead, 1968,

Fairhead and Girdler, 1971.)

Development of the East African Rifti System

The basement of East Africa 1s formed of a complex
of metamorphic and igneous rocks of Precambrian and lower
Palaeozoic age. During most of the Palaeozoic, East
Africa was occupied by fold mountains being eroded.
Marine transgression commenced in the late Triassic-lower
Jurassic 1n the north east of Africa and developed westward
to cover Somalia, north east Kenya, most of Ethiopia and
south west Arabia by the upper Jurassic, By the start
of the Cretaceous Ethiopia had re-emerged and the process

continued with minor interruptions and transgressions until

early Tertiary (Baker et al, 1972).

The uplaift in Ethiopia i1n the upper Eocene marks the
start ot the Ethiopian domal uplaift and by the end of the

Eocene the coast-=lines of the Gulf of Aden and the Indian

Ocean had been determined. At the same time as, or slightly

after, the upwarping, the Trap Series fissure basalts were
produced; they represent the largest single volcanic event
in the haistory of the rift and covered 750,000 km2 in
Ethiopia and 30,000 km2 in south west Arabia (Gass, 1970).
It 1s estimated that the thickness reaches 4 km ain northern
Ethiopia (Mohr, 1967) and the total volume 1s assessed as
400,000 Km- (Gass, 1970). The timing, in relation to
doming, i1s disputed but Mohr (1963) claims that uplift was

completed before volcanism occured. Grasty et al (1963)
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show that the flows are Eocene-0ligocene in the north and
Oligocene 1n the south; no such early Tertiary volcanism

occured in Kenya (Logatchev et al, 1972).

There was then a period of stability (Saggerson and
Baker, 1965) followed by uplifts in both Kenya and Ethiopia
in the middle to late Miocene, In Kenya, the uplift was
about 300 m and was accompanied by the eruption of fissiTeé
phonolites (Baker and Wohlenberg, 1970); uplaft ain Ethiopia

has been estimated at 500 m (Merla, 1963).

There now followed another period of quiescence
(Saggerson and Baker, 1965) when the uplifts were eroded
until the final and most important stage of uplaift began.

In central Kenya the uplaift was up to 1,500 m and the rift
margins were warped downwards and a true graben was produccd.
At the same time as the start of the uplaift massive eruptions
of 1gnimbrites began in the central part of the Kenya rift
sometimes filling and overflowing 1t (Baker and Vohlenberg,
1971). During early Pleistocene the floor of the graben
was cut by dense swarms of minor faults since which time

only minor faulting has occurred.

The volcanic history of the Raift is extremely complex
and the present writer 1s not competent to deal with the
problems in detatil. All the rocks of the Kenyan and
Ethiopian dome are alkaline with two distinct genetic series
observable, one strongly alkaline and the other mildly
alkaline., In both Ethiopia and Kenya the pre-raift flood
basalts are more alkaline than the basalts of the raft floor,
suggesting shallower melting beneath the rift than the
surrounding plateaus; also the average silica content of

the Kenya basalts 1s lower than that of those from Ethiopaia
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suggesting a deeper oraigin for the former (Green et al, 1967).

Gass (for example Gass, 1970; Gass, 1972) has argued
that the domal uplift 1s caused by the progressive upwellaing
of the lithosphere-asthenosphere boundary and consequently
there should be a progressive change in basalt type as
rifting proceeds from alkala basalts for partial melts
produced at greater depths to tholeiitic basalts on crustal
separation. Harris (1969) has given evidence that thais
occurs but Baker et al (1972) consader that many difficulties
remain on applying thas theory in detail; they conclude
that no satisfactory petrogenetic model yet exists but find
it '‘difficult to escape the conclusion' that volcanism and
tectonism are dual expressions of thermal events in the
asthenosphere, along an uplifted zone of crustal tension

and dilation,

Evidence for Anomalous Mantle beneath the Raift

Most explanations of the uplift, raifting and faultaing
(e.g. Gass, 1970; Osmaston, 1971l; Artyushkov, 1973) have
postulated the existence of an anomalous mantle structure
beneath the rift and the evidence for thais and i1ts more

detailed structure will now be discussed,

Surface wave dispersion techniques are useful for
defining the average shear wave velocity distribution
between two stations (Bloch et al, 1969). The Rayleigh
wave dispersion curves between stations which have sampled
the rift have been shown (Sundaralingham, 1971; Long et al,
1972) to be similar to those found for the rest of Africa
(Gumper and Pomeroy, 1970) for shorter periods reflectaing

crustal structure but to have a much lower wvelocity for the
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longer periods which reflect upper mantle structure.
Knopoff and Schlue (1972) analysed the phase velocity

for the path Addis Ababa-Nairobi and suggested a velocity
for S between 4,25 and 4.45 km/sec extending to a depth
of 120-200 km (compared with the average African value of
4,6-4.8 km/sec given by Gumper and Pomeroy (1970)) although
the analysis of Der et al (1970) would suggest that these
figures represent only mean values and not structural

boundaries,.

Various studies of P-wave delay times for stations
close to the raft all indicate a positive delay showing
that arrivals have passed through a zone of anomalously
low velocity materaial (L1]wall and Douglas, 1970; llerrain
and Taggart, 1968; Sundaralingham, 1971;Backhouse, 1972;

Colley, 1973).

Gumper and Pomeroy (1970) found that S dad not
propagate across the riflL north of the equator and deduced
the existence of a mantle with low Q an this region

(Molnar and Oliver, 1969),.

In order to aid controls for gravity interprectation
a seismic refraction linc wasshot along the rift between
Lakes Hannington and Rudolf (Graiffiths et al, 1971; Graiffiths,
1972) and from unreversed data a high (apparent) velocaity
refractor (P wave velocity 6.4 km/sec) was found at a depth
of 3 km with a 7.5 km/sec layer at a depth of 20 km, It
was suggested that this high velocity layer could be the

top of the anomalous mantle.

Banks and Ottey (1974) have attempted to define the

anomalous material by 1ts expected high conductivity and
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have 1investigated the response to short period wvariations

in the earth's magnetic field using arrays of magnetometers.
In their report of a preliminary small scale experiment they
find a region of haigh conductivity approximately 20 km
beneath the rift floor and another approximately 100 km

to the east at a depth of 100 km.

Gravity measurements in Kenya have been improving in
quality and quantity with time 1n spite of the daifficult
terrain and some further detailed gravity studies are
shortly expected. A broad negative Bouguer anomaly of
up to -150 mgals 1s found over the uplifted region and
superimposed on this 1s a lower amplitude (40-50 mgals)
shorter wavelength (40-80 km) positive anomaly over the
rift. The region over the uplaift 1s 1n approxaimate 1sostatic
equilibrium (Bullard, 1936) and this has been shown (Bott,
1965) to require a low density body at the base of the crust
or within the upper mantle, All workers agree that the
anomaly must be explained in terms of a low density mantle
intruding into the crust where 1t causes the short wave~
length positive anomaly but detailed interpretations vary
considerably apparently because of the ditficutly of
assessing the influence of the low densaity volcanics. Baker
and Wohlenberg (1971) postulate a body 10 km wide penetrataing
to within 1.5 km below sea level with a density contrast of
0.15 gm/cc and an anomalously low density mantle of 3.2 gm/cc.
Khan and Mansfield (1971), however, assume that the 7.5 km/sec
layer found by Griffiths et al (1971) represents the top of

the anomalous mantle.

In summary, we may conclude that there 1s a wealth of

evidence which shows beyond reasonable doubt that material
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of anomalously low density, low velocity and low Q
un¢<ierlies the region of domal uplift in Kenya and Ethiopia.
Further details of the structure are sparse and
controversial (for example the wvarious interpretations

of the gravity anomalies) and the purpose of this work

1s to use seismic array data to derive further information

on the shape and velocity of the anomalous hody.

Theories of Formation of the Raft

Since the development of the concept of sea Floor
spreading and plate tectonics theories of the formation

of the rift have been framed in these terms,

The seismicity of the rift system forms a continuation
of the zones of shallow seismicity associated with the
mid-Indian Ridge, the Carlsberg Ridge and the Gulf of Aden
(Wohlenberg, 1970) although the epicentres exhibit rather
more scatter than itthose associated with mid-ocean ridges

(Sykes and Landisman, 1964).

The most usual classification of the Rift System is
as the third limb of a triple spreading centre which includes
the Red Sea and the Gulf of Aden (McKenzie et al, 1970).
The Red Sea 1s considered as a spreading centre for the
Arabian and Nubian plates and the Gulf of Aden for the
Arabian and Somalian plates, According to the postulates
of plate tectonics (McKenzie and Parker, 1967; Morgan, 1968)
the motion across the rift may be deduced 1f the motions

across the other two spreading centres can be found.

The motion between the Arabian and Somalian plates
appears to be well determained. Laughton (1966) farst

calculated the dairection of spreading from the strike of
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transform faults in the Gulf of Aden and the pole of
rotation has been placed at approximately 26.5°N, 21.5°E
with an angle of rotation of 7.6o (McKenz1e et al, 1970;

Le Pichon, 1968).

The motion between the Arabian and Nubian plates has
aroused somewhat more controversy. Early observations
suggested to Girdler (1958) that only the axial trdﬁgh of
the Red Sea was underlain by oceanic crust but later work
by Frazier (1970) and Tramontint and Davies (1969) showed
that a large part of the sea was associated with oceanic
crust, The first attempt to locate the pole of rotation
and thus calculate the motion between the Nubian and
Somalian plates was by Roberts (1969) and led to a pole for
the two African plates at 30°N 47°E with a rate of opening
of 0.7 cm/year. This was shown to be strongly at variance
with observation by Baker (1969), ihe most obvious
contradiction being the observation that the rift decreases

in width on going south.

The next calculation was by licKenzie et al (1970) who
calculated the Nubian-Arabian pole from a statistical fit
of the coast-lines and hence computed the Nubian-Somalian
pole to be at 8.505 31°E with a rotation angle of 1.90.
These conclusions were subject to considerable craiticism,
Al-Chalaba (1971) questioned the reliability of fitting
contours to locate poles (although this analysis was 1n
turn criticized by Bullard and McKenzie (1971)). Other
writers (Mohr, 1970; Freund, 1970; Baker and Wohlenberg,
1970) questioned the separation predicted by the plate theory

when compared with the observed crustal separation,
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An alternative to the three pole system was put
forward by Gass and Gibson (1969) and Baker (1969) who
considered all three plates to be moving northward but
at different rates so that left lateral shear had taken

place along the East African Raft.

The role of plale btectonics in the East African Raft

) S;gtem is thus of questionable value at least in the
elementary form proposed and the detailed interpretations
drawn, This 1s suggested for several reasons; fairst,
calculations on the location of the third pole i1n a three

’ pole system depend crucially on the location of the thaird

} pole., Tt has been shown (Glrdler and Darracott, 1972)
that an error in one rotation angle of 0.1° can move the
location of the African pole by 6°-8°, With the uncertainty
involved in the motion of the Arabian-Nubian pole locations
of the African pole are thus highly dubious. Secondly,
McKenzie et al (1970) realized that the concept of
characterizing the motion between plates by a single pole
was a simplification. The work of Baker and Wohlenberg
(1971) shows that the northern and southern regions of
the Kenyan uplift have undergone a maximum crustal extension
of 3 km whereas between 5 and 25 km are allowed in the central
sector of the rift. Saggerson and Baker (1965) show that
the vertical movements in East Africa were ainterspersed with
long periods of stabilaty. Clearly, these observations
cannot be reconciled with the i1dea of two plates moving at
a uniform rate about a fixed pole, Finally, 1t has recently
been suggested (Girdler and Stiles, 1974) that the Red Sea
has developed i1n two separate stages between 41 and 34

million years before present and from 5 millaion years to

the present day.
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Oxburgh and Turcotte (1974) have applied their theory
of membrane tectonics (TUrcotte and Oxburgh, 1973; Turcotte,
1974) to the formation of the Rift System. They explain
the rifting as being caused by the stresses set up within
the plate as Africa moves northward on an ellipsoidal earth.
Their argument clearly hanges on the motion of Africa since
the Tertiary and they conclude that present palaeomagnetic
evidence cannot define the motion in this period adequately;
they also consider thal the work of Burke and Wilson (1972)
which claims that the African plate has been stationary
since the Tertiary i1s not conclusive. Until further
evidence appears, their theory cannot be considered as more

than interesting speculation.

The Role of the Rift System in Global Tectonics

The place of the rift system within the realm of global
tectonics has varied with time and author, Some authors
such as Gass (e.g. Gass, 1972) see the raift system and the
associrated Red Sea and Gulf of Aden as a laboratory for the
break up of a continent and the early stages of sea floor
spreading, while others place rather less significance on
the structure with, for example, McKenzie et al (1970)
considering that ihe raift, although "ot great interest,

1s not of global importancec.,"

In considering continental raifts Le Bas (1971) has
strongly emphasized that the feature of chief significance
in the structure 1Ls the domal uplift and that the role of
the rift vallcys 1s not wvital. It has been poainted out
(Gass, 1972; Le Bas, 1971) that domal uplifts are widely
distributed throughout Africa (Le Bas laists eighteen such

structures). Gass goes on to suggest that a true rift zone
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occurs and continental raifting begins when the areas of
uplift merge and the resultant fractures overlap; a
petrogenetic sequence 1is proposed with progressive
development from continental alkalia balalts in the early
stages of the process to the production of oceanic tholeiites
on complete crustal separation. Le Bas itakes a different
poaint of wview and argues that the structures of Ethiopia

and Kenya (and all other such regions of uplift) are
independenl and ainvolve processes qulbte distainct from

those involved in sea floor spreading. Murray (1970)
considered that the long duration of alkaline magmatism
within the raift also supports this point of view and Beker

et al (1972) assert strongly, from a rcview of the geological
evidence, that the raift system i1s not typical of the 1inatial

continental break up by the sea floor spreading process,

One of the aims of the present worli 1s to i1nvestaigate
the connection between the two anomalous structures beneath
the regions of uplaift and thus compare these contrasting

viewpoints.

One theory which has been put forward in earlaier
studies was that the present Tertiary structure is the
latest phase in the haistory of several generations of
faulting dating to the Precambrian (see for example Dixey,
1956 and McConnell, 1970). Such a suggestion has wide
implaications for the theory of continental drift for i1f a
phenomenon whaich has i1ts origin withain the asthenosphere
may be shown to have existed for a large part of geological
time then relative horizontal motions between the lithosphere
and asthenosphere are difficult to envisage. Recent work

(King, 1970; Baker et al, 1972) has shown, however, that
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the present phase of movecment 1is i1ndependent from earlaier
structures which are considered to have provided a crustal

graan for faultaing to occur.
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CHAPTER 1

SECTION 2 - PREVIOUS TELESEISMIC STUDILS AT ITAPTAGAT

The present study 1s a development from the work of
Backhouse (1972) and, as a prelaiminary, a brief survey of

this work will be made,

The main part of the previous study concerned tlhe
measurement and analysis of teleseismic saignals recorded at

the seismic array station at Kaptagal, Northern Kenya.

Kaptagat Array Station

The seismic array slalbtion at Kaptagat was operated by
the University of Durham Geology Department between October,
1969 and June, 1972. The purpose of the project was to
investigate the structure of the crust and upper mantle
beneath East Africa and to study the seismicity of the
eastern and western branches of the rift and other seismically

active regions such as the Kavirondo and Speke Gulf Rafts,

Kaptagat 1s 2,390 m above sea level on the Uasin Gishu
plateau which consaists of phonolite lavas dipping gently
westward, There are two major lava flows and the only
borehole which pierced the phonolite showed a total thiaickness
of 144 m. As this site was 15 km south west of Kaptagat
it 1s likely that the thickness of phonolite beneath Kaptlagat
1s between 150 and 200 m. These lavas overlie Precambrian

basement gneiss (Jennings, 1964).

The lava flows form part of the Kapsabet plateau, an
upstanding block which as bounded to the east, south and
west by major faults (Fig.l1.2). Approximately 15 km to

the east of Kaptagat lies the Elgeyo escarpment which forms
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the western boundary of the Gregory Rift. The Nandi fault
lies approxamately 60 km to the west of the array and runs

SSE after emerging from the lavas of Mount Elgon. To the

south the Nyando fault, whaich is the northern escarpment

of the Kavirondo Rift Valley, forms the southern boundary

of the Kapsabet block,

The array consisted of ten Willmore !ik.II short period
seismometers set vertically to two seconds pcraiod and

arranged in an 'L! shape with arm dimensions of approximately

5 km, This 18 1llustrated i1n Fig.l.3 and details are
given in Table 1.1, The recording system vvas as described
by Long (1968). Siuznals from the ten seismometers werc

amplified, frequency modulated and recorded on one 1inch,
fourteen tracl: magnetic tape at a speed of 15/160 1in/sec.
In addition, an internally generated binary time cocde and

a radio signal providing Greenwich Mean Taime werc rccorded.

1.2.2. Parameters Measured Using Arravys

Waves arrivaing at an array from an earthquake cross 1t
with an apparent velocity vp. The wave will thus cross
each of the seismomelers in turn and the time delays 1ncurred
will be indicative of the apparent velocity and azimuth of

approach,

If the velocity of the wave in the medium beneath the
array is v and the angle of 1incidence 1s 1, then assuming

a flat earth

v, = YV l—(i)
p sin 1
(Carpenter, 1966). For the case of plane parallel structure

beneath the array vp 1s a constant for the raypath as a

consequence of Snell's Laws of Refraction. For a spherically
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Table 1.1

P1t Co-ordinatcs and Altitudes.

Paiti Xa (tzm) Y1ikm) Fstimated Pit Blevation (m)

Y1 -0.446 0.166 +0.001 0.0
Y2 ~-1.888 0.003 10,015 -30.0
Y3 -2.6Ghs 0.025 +0.030 -50.0
Y4 -3.720 -0.013 +0,010 -50.0
Y5 -4.750 -0.250 +0.060 -70.0
R1 -0.095 -1.766 +G,010 +10.0
R2 -0.114 -1.h425 +0.020 +20,0
R3 -0.365 -3.077 +0.010 +30.0
R4 -0.663 -3.736 +0.030 +10.0

R5 -0.925 -5.200 +0.010 +30.0
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symmetric earth 1t may be shown (Bullen, 1965) that the
phase velocity across the surface at radius r is v/r.sin 1

and that thais 1s also a constant for the raypath.

The reciprocal of the phase velocaity 1is called dT/dA

or slowness.

1.2.3. Onset Time Analysis

For an array the size of Kaptagat 1t 1s considered that
onset time analysis provides the most reliable determination

of velocity and azimuth (Mitchell, 1969; Corbishley, 1969),

This technique requires the relative onset times for
each of the seismometers to be measured. These times enable

the velocity and azimuth to be determined as 1s mnow shown,

The locations of an array of m seismometers are
descraibed by the co-ordinates (Xi, Y1 ) which correspond to
a distance R, from the origin at an azimuth 91 (Fag.1.4).
Consider a plane wavefront propagating across the array
from an azimutho wath velocaty Vﬁ By equation 1-(1) the

phase velocity along R, 1s W/cos (91-“).

The arrival time, Tl, of the wave at (Xl, Yl), relative
to the origain is then

Tl = -R_cos (Gi-u)
Ve

In practice tne arrival time 1s measured relataive to
an arbitrary zero. If this is taken as t1 then

t. =C + T
1 1

c - R1 cos (Bi—N)
Ve

where C 1s the time the wave crosses the origin and is a




Figure 1.7

Schemalic Adiagrar ol a vblane wove crossing the arravy,




N

X Yinwizy

A AHo0)ap




constant for each pat.

Assuming that R, and 91 are known and that the t_
are measured with e:rror'sﬁ.:L which are normally distributed
then 1f m, the number of seismometers, 1s greater than three,
the equations form an over-determined set of linear equations
which may be solved for the quantities C, X and V by least
squares applied to El. Full details of the solution
includaing the cstimation of confidence limits are given by

Douglas (1967).

Since dT/dA = 1/V the arrival time at the 1th seismomcter

for the kth event, tlk may be wraitten

EIK= CK‘ RL COS(Q‘—NK) (ﬂ-) + £l'< l—(l.l.)
dl 'k
Corbaishley (1969) showed that the most accurate
method of measuring relative onset times was wavcform
matching (Evernden, 1953). With this technique waveforms
are matched over several wavelengths and an arbitrary common

point 1s measured on all traces.

This mcthod has two advantages. First, because 'first
breaks'! are not measured events with emergent arrivals may
be studied. Secondly, by matching the waveform over several
wavelengths the incoherent noise within the array will be

averaged out to souc extent.

Errors

Several sources of error exist in the measurements
described and the assumptions made and these are now
briefly reviewed.

l. Plane Wavefront Approximation

In section 1.2.3 1t was assumed that the wavefront

crossaing the array was planar. The wavefront will however
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approximate to a circle of radius Ao, where Ao is the

dastance from source to station.

The maximwu timing error occurs for the shortest
distance considered vhich 1s A= 20°, For this distance
the maximum time difference between plane and caircular
wavefronts 1s 0,7 milliseconds. As timing measurements are
made to an accuracy of approxaimately 10 milliseconds thais

errox 1is negligible,

2. Errors in the Location of Epicentres

The teleseismic events considered were all listed ain
the NOAA Prelaminary Determination of Epicentre bulletins
and consequently their locations and focal depths were
known. Using a standard earth model 'theoretical' values
of slowness and azimuth may be estimated. It 1s suggested
(Douglas, 1967; Underwood and Lilwall, 1969; Davies and
McKenzie, 1969) that earthquakes may be mislocated by

approximately 25 km with a focal depth error of up to 75 km.

It 1s shown that this mislocation causes a maximum error
o
in azimuth of 0.7  and in slowness of 0.1 secs/deg; the focal
depth error will also cause a maximum slowness error of

0.1 secs/deg.

In the present work consideration was given to
relocating the epicentres used by the Joint Epacentral
Determination method (Douglas, 1967). It was not done
first because these maximum errors are much smaller than
the observed anomalies and, as 18 discussed later (section

h.2), it 1s not possible to interpret the anomalies to a

degree influenced by these errors.

e——




l.2.5,
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3. Random Reading Errors

Random errors will be introduced into the measurements
at all stages of the process of recording, replayaing and
measuring the records. It 128 shown, using the theory
of Kelly (1964) that the maximum reading error in slowness

18 0.2 sec/deg and i1n azimuth less than 20.

Anomalies and itheir Interpretation

Assuming an average earth model 1t i1s possible to
derive theoretical values for the slowness and azimuth
expected for each event. Using these, slowness and azimuth
anomalies may be defined and these form the basis of the
interpretation. The data and a formal definition of the

anomalies are given in the next chapter,

The anomalies observed at Kaptagat are compared with
those found at other array stations (Corblshley, 1970;
Niazi, 1966; Otsuka, 19Y66a, 1966b; Greenfiela and Sheppard,
1969) and 1t 1s concluded that their dependence on azimuth
and distance 1s saimilar to that found at other arrays although
the magnitude of the anomalies at Kaptagat is far larger.
Since at other arrays the anomalies had been interpreted
as being caused by a single planc dipping interface, usually
ascribed to the Moho, this was attempted with the Kaptagat

data.

Thus the structure beneath Kaptagat was assumed to
consist of normal crust and mantle to an unknown depth,
The boundary between normal and anomalous mantle was assumcd
to consist of a single plane interface dipping westward which
1s the source of the observed anomalies; the anomalous

mantle velocity was fixed at 7.5 km/sec (Grlfflths ct al,




- 19 -

1971) and various angles of dip were used to simulate

the observed slowness and azimuth measurements. It was
found that the large anomalies required extremely steep dips
to be placed on the boundary (this will be analysed in more
detail i1n chapter three but essentially the deviation
produced by a single interface i1ncreases with the angle of
1ncidence) and consequently certain cvents, notably those
for shorter distances and thus making large angles of
incidence to a horaizontal boundary, underwent total internal
reflection before achieving the necessary deviation.
Consequently the model of a single 1nterface was rejected

as being unable to satisfy the data and structures containing

two interfaces were proposed,

It 1s sugrzested that this rejection of a single
interface was unjustified. It 1s always possible, vithain
certain limits to be described in chapter three, to avoad
total internal reflection by adjgusting the boundary so as
to reduce the angle of aincidence, Since there ais no
fundamental reason to assume a planc boundary the most
simple solution, in prainciple, 1s to postulate a curved

interface between normal and anomalous mantle.

The model which was, however, assumed 1s 1llustrated
in Fig.l.5. Both anterfaces are assuimncd to lie 1in the
same vertical plane and V2 i1s again maintained at 7.5 km/sec,
Angles D1 and D2 are allowed to vary as 1s the direction of
maximum thickening of the eructure,% . An optimum solution
was found when the uppcr surface had a daip, D2, of 270 and
the lower surface a dip, D1, of 360 with w 1250 east of

north. This will be referred to as model 1,




Fipure 1.5

Model uscd in Lhe aunlerpretalion of the arrav dala by

Bacl:house (1972)




KAPTAGAT

V3 ({km/sec)
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The basic disadvantage of thais model 1s that i1t
increases the number of parameters needed in i1ts defainition
and thus decreases the degree to which they may be determincd.
Thus Fig.l.6 shows a contour map of the RMNSD values 1in the
space defined by D1 and D2 waith minimum RMSD of 2,03. It
can be seen that the number of structures within one root
mean s(quare deviation of the minimum is vast. In particular
the contours on D2 are open ended showing how poorly thais
interface 1s defined, To put the problem another way;
1f the structure i1s as postulated, the present data is

unaoble to say anything meaningful about the dips involved.

Analysis of this model using slowness anomaly alone was
then made and this gave an optimum model for an upper daip
of 26°, a lower dip of 46° and with * at 123° east of north.
Fig.l.7 shows the contour map over D1l and D2 and again the
contours are open ended but the minimum RMSD 1s now reduced
to 1. 3 suggesting that slowness anomalies are more useful

in this analysis.

1.2.6. Delay Times

Seventy-eight measurements of delay time at Kaptagat

relative to Bulawayo vere made and these gave a mean delay

+

of 2.20 2,00 sec where the error 1s the 95% confidence limit.

The delavs were then analyzed in terms of a constant
and azamuthally dependent term of the form
T, = A + B sin (Qk + U) 1-(211)

where Tk andtxk are ther delay time and azimuth of the kth
event and A, B and U are constants, Using a least squares
procedure on the whole data set A, B and U were evaluated

to give




Fi_ure 1.6

Contoured wecighted RM:D for wedge mouel 1
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T, = 2.36 + 0.34 sin (c(k + 284).,

The 95% confidence limit on B 1s + 0.41,

Although detailed interpretation of these anomalies 1s
daifficult and will be considered later one point 1s quite clear;
there i1s no sighificant varaiation, at the 95% confidence level,
of delay time with azimuth. The delay time variation with
azimuth for wedge model one 1s 1llustrated in Faig.l.8, Here
the value of B 1n equation 1-(11i) is plotted as a function
of V2, the anomalous wvelocity. If the assumed anomalous
velocity 1s 7.5 km/sec 11 can be seen that the expected delay
time variation will have an oscillating component of

aplitude 1.6 sec approximately.

In qualitative terms the model containing two steeply
dipping interfaces leads to a maximum variation of delay

time with azimuth whaich 1s not in agreement with observation,

Because of these problems a completely different
approach to the data was developed and this 1s descraibed

in tlhie present work.

Summary

This concludes the review of the previous work in
so Tar as 11 applies to the present study. Necessarily
many of the details have been omiited and the techniques
used have been bricfly described, If further details are

required the previous work should be consulted.

The final model of the upper mantle beneath the Gregory
1ft proposed by Backhouse 1s summarized in Fig.l.9, where
a cross section across the raift i1s shown, The structure 1is

assumed to ecxtend along the length of the rift both north

and south from Kaptagat.




Fipure 1.8

Vaoraiation 1n amplitude of azimuthal delay tine termm due to
Jow welocaity wedge model 1 with wod_e velocaty V2. Uatched
area gives 95+ confidence limits on obhserved amplitude of

azimathal term (solid 1line). Dotted line >ives the

observed awrplitude at anglclr lor wedpe model 1.







Figure 1,9

Final model of Backhouse (1972) [or structure ot 1ihe

crust uand upper wmantle beneath tne Gregory dalt.
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ClHIAPTER 2

TELESEISMIC DATA

Tuo sets of data are presented. The first i1s from
the previous work and will be called data set A and the

second from the present work will be called data set B,

The Data

1l. Data Set A

The seismic array at Kaptagat operated from October,
1969 until June, 1972 and the previous work used telescismac
data from July, 1970 until May, 1971. The main concern
was for the quality of the data obtained and strict criilcraia
had to be satisfied before an event was considered as
suitable for processing. Thus the event had to be rccorded
with clear onsets by at least three seismometers on each arm
of the array and, in fact; most of the thairty-four events
used were recorded by at least eight seismometcrs. In
addition impulsive signals were used, as Corbishley (1969)
had suggested that the variation in seismometer characteraistics
could introduce timing errors and these would be minimized

by using 1mpulsive signals,

The locations of earvhquakes comprising data set A are
1llustrated in Fig.2.1, The radial distance represents
distance, 1n desrees, from XKaptagat and the azimuth that
expected at the arrav from the NOAA location. It can be
seen that the disiribution of evenls 1s very uncven, and
this may be briefly summarized

1. Azimuth 0° - 900: Coverage 1s generally satisfactory

representing the active areas of Southern Europe, Asaia

and the Far East,




Pagure 2.1

Aziiwath - dastance plol oi locations of earthquakes

in data sct A.







- 23 -

2. aAzumuth 90° - 180°: There are three events from
Sumatra, the Mid~Indian Rise and the Mozambique Channel.

3. Azamuth 180o - 270°= There 1s one event from the
South Sandwich Islands,

4, Azimuth 270o - 360°: There are four events from
the Mediterranean, Yugoslavia, the Greenland Sea and Turkey.
It may be noted that there are two events between azimuths

120° and 330°.

2, Data Set B

As a result of the distribution of data set A 1t was
decided to consider all the recordings made duraing the
experiment but to place emphasis on expanding the coverage
of the data even though this would necessiiate reducing
the quality of the events processed. In practice 1t was
found that three seilsmometers recording on each arm was
usually the minamum necessary to give adequate control on
velocity and azimuth. However, 1t was found necessary to
use records with a much lower signal to noise ratio than
that found on the records of data set A and 9N these evenis
analogue frequency filters were used to improve the signal

to noise ratio,

The pass band used depended on the signal and noise
spectra but usually 0.1 Hz to 2.0 Hz was found satisfactory.
Three Krohn-Hite filters were used for this work and before
each event was played out 1t was necessary to ensure that
the filtering process would not iniroduce any significant
relative timec delays into the record. Thus the event from
one channel was used as ainput to all three filters

simultaneously and the relative onset time was picked for
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the same signal. No signiflicant delays were ever found

except when the filters had only recently been switched on.

The locations of the twenty-eight earthaquakes comprising
data set B are shown in Fig.2.2. The set still reflects
the general pattern but a comparison with data set A will
1llustrate the improvement in data coverage.

1. Azaimuth 0° - 900: Eleven events are in this quadrant,.
They have been chosen 1o improve the dastribution within
the region.,

2. Azimuth 90° - 1800: Seven events are in ihis quadrant,

3. Azimuth 180° - 2700: Four events arc 1n this guadrant.

L, Azaimuth 2700 - 3600. Six events are in this quadrant,

Tt must, however, be emphasized that the qualaity of
much of this data 1s 1n many cases very considerably inferior

to that usced in data set A,

Velocitres Expected in the Array

Before considering the velocities actually measured
consideration will be given to the velocities expected and

the way these i1nfluence the accuracy of the measurements made,

From equation 1-(1) 1t can be seen that ihe phase
velocity aincreases as the angle of i1imncidence at the surface
decreases., Tf the dairect P-wave 1s considered this means
that as the distance 1increases the phase velocity across tihe
array also 1increases, If the average eartn structlure of
llerrin et al (1968) 1s assumed the expected velocity as a
function of distance may be calculated and this 1s shown

in Fig.2,3,.

At A =20° the expccted velocity 1s 9.85 km/sec and




Figure 2,2

Aziwulh - distance plot of locations ol earthquakes in

data setl B,
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I"1oure 2,3

Phasc velocity as & function of epicentral distance

according to Herran et al (1968)
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taking the mean spacing of the seismometers as one kilometre
the maximum delay between adjacent seismometers ais 0.10 sec.
When O = 100° the expected phase velocity 1is 24.36 km/sec

and the maximum delay 1s 0.04 sec.

These figures must be considered in assessaing the
accuracy of the taiming measurements and the resulting data.
It must be recognized that for velocities of 20 km/sec and
above the accuracy of the measurements approaches the average

delay between seismometers.

Definition of Anomalies

All the events studied 1n both data sets were laisted in
the NOAA Preliminary Determination of Epaicentres bulletins.
When available the bulletains of ISC were used but no
significant discrepancies werc ever found, Thus the
epicentral co-ordinates and focal depth were known subject
to the errors previously discussed. The events are described
by numbers of the form 3447,70; the four figure number refers
to the code number used in the GEDESS computer program (Young
and Gibbs, 1968) provided by the AWRE seismology group and
the numbers after the decimal point indicate the year thus
providing easy access to information about these events from

the Durham library.

Calculation of Theoretical Azimuth and Slowness

The parameters measured are compared with those expected

from the earih model of Herrain et al (1968).

The theoretical azimuth is taken as the great caircle
azinmuth between station and source defined by the NOAA data;
the azi1muth anomaly 18 then defined as the difference between

the azimuth measured and the great circle azimuth.
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The values of slowness to be expected from the average
earth model have been calculated assuming a surface focus.
These may be corrected for any focal depth by applacation
of Snell's Laws as shown in Fig.2.4, Assumaing a focus
withain the first layer the appropriate theoretical distance
for dT/dd 1s given by

CDEL = DEL + h.tan 1
where, to a good approximation, 1 may be calculated from

dT = r.sin 1
da \'2

where dT/dA 1s that appropriate for distance DEL, V as
the veloclity of the layer and r 1s the rudial dastance.
If the focus 1s in a deeper layer the ray 1s traced through

each layer using Snell's Laws,

Gencrally, for a focal depth less than 50 km the
correction 1s 0,01 sec/deg or less and the maximum correction
applied was 0.1l sec/deg for an event with a focal depth of

212 xm at a distance of 48.4 deg.

The slowness anomaly 31s then defined as the difference
between the measured slowness and the ilheoretical slowness

as calculated above,

Anomalies

The resulting anomalies for data set A are given in
Table 2.1, and those for data set B in Table 2.,2. with the
errors shown being the 95% confidence limaits. Both sets of
anomalies arc plotted against the expected azimuth in Figs.2.5

and 2.6,

The errors on the anomalies are, in the main, substantial

as 1s lo be expected from high velocity signals across a




Fisure 2.4

sarth structure of lerrin et al (1965) for correccting

epicentral distance for the effect of focal depth.
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small temporary array. In particular the errors on data
set B are often very large. This is due, 1n part, to the
poorer signal quality, as described previously, but also to
the reduced number of seismometers usually operating thus
decreasing the number of degrees of freedom in the error

analysis and increasing the value of Student's t.

In spite of this the data shows a consistent variation
of slowness and azaimuth anomaly with azimuth. Between 40°
and 180° the measured slowness 1s less than the theoretical
value so that the waves arrive at lhe array more steeply
than expected. From 180° to 40° in a clockwise scnsc the
trend 1s apparently reversed although the majority of the
data is from set D. The azimuth anomalies betwecn 0° and
100° show a consistent deviation of the waves in an anti-
clockwi se sense, while between 120° and 2700(9) they are
deviated in a clockwise sense. The few data points between

290o and 360o appear to have negligible azimulh anomaly.

Analysis of Residuals and Site Corrections

It has been noted, in section 1.2.4., that the
difference between the plane nnd circular wavefront caused
negligible error for teleseisms. It 1s however possible
that the wavefront at the array will have been effected
on passaing through inhonogeneous structures within the
raypath, thus causing each seismomcter to observe a different
velocity and azimuth. This will be rcflected in the time
residuals at the pits and these residuals may be used to

define pit corrections.

It was shown 1in section 1.2.3. that the onset time at

the 1th seismomcter for the kth event may be wraitten

&lkz CK— RI. us(e‘-uk)(:{)'( + £I»K
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where Elk 1s the time residual after fitting Ckﬁ Nk_and
(dT/d s )k by least squares. This residual may be due to
structure discussed above or simply timing and picking errors.

Corbashley (1970) has analysed these residuals ain terms of

a constant and azimuthally dependent term of the form

£1k = Al + B1.51n (ak + El) t T 2-(1)
where Al, B1 and Ei are counstants for each seismometer,
“k 15 the azimutlh of the kth event and T i 18 the remaining
error.

Backhouse (1972) has calculated these constants for
the array using data set A by least squares craiteria for the

errors r_ and these are shown in Table 2.3. with the

k

associated 95% confidence limats.,

The anhomogencities may occur anywhere within the
raypath but any variation in the mantle 1s likely to effect
the whole wavefront arriving at the array and thus give rise
to slowness wnd azimuth anomalies. Hence the structure

causing the residuals Ls likely to be near the array.

The wvalues of Al are all very small which suggests that
the variation of lateral structure beneath the array must
be small. This agrces with the geological evidence that
all the seismometers are on a substantial depth of phonolite
which shows little wvariation in composition beneath the

array (Jennings, 1964).

An azimuthal variation in the form of equation 2-(1)
1s an approximation to the effectes of a dipping leayer beneath
the seismomecter. B1 1s dependent on the size of the dip

and the phase angle E1 controls i1ts dairection.




Table 2.3

Array Site Corrections.

Pit A1 (sec) BL (sec) Ci {degrees)
Y1 -0.005+0,015 0.008+0.017 319.8
Y2 0.0léiD.OlQ 0.011+0.022 39.9
Y3 0.029+0.021 0.0lth.OZh 250.7
Yh ~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 0.0u +0.010 0.012+0.012 180.4
R3 0.,014+0.021 0.018+0.022 105.8
R4 0.010+40.015 0.05530.016 323.5
R5 —0.01“10.022 0.009:0.024 276.2
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I{ may be seen that the B:L terms are less than 0.02 sec
indicating a generally plane structure beneath the array with
the expected random direction of dips indicated by the

variation in the phase angle El.

These corrections are of the same order of magnitude as

those estimated for other arrays (Corbishley, 1970).

Corrections to Anomalies

By equation 1~(11)
Eic= Cx =~ Ry cos (B -wy) (“j—{)x + €k

and by inserting equation 2-(1)

Etk . C‘K‘ R. cos(et-e(,,) (3’-—:)'( + A\ + BL Swa (ol +E;) + T

ko= (Acs B sm{ate+E)) = Ci - Re cos (B, - ot ) (%[)K .

A new corrected time, (th)n’ may now be defincd which
will correcl Tor the structure beneath the array.
= - { . O
(tlk)n t (A, + B .sin (dk + hl))

and as a result

(tn.k)n = Ck - Rl cos (91 - “k) (g—’ﬁ)k T Tk 2-(11)

Equations 2-(11) may now be solved 1n exactly the same way
as 1-(12) wnc new anomalies may be defined. This has been
done for data sets A and B and the resulting anomalics are

shown in Tables 2.4 and 2.5.

For data set A the mean errors in slowness and aziruth
have becen reduced by 0.2 sec/deg and 1.6 deg respectively
and for data set B the coiresponding values are 0.63 sec/deg

and 0,7 deg.

In all the interpretations to follow these corrected

anomalies are used.
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CHAPTER 3
PRELTMINARY INTERPREATION OF TELESEISMIC DATA

The purpose of this chapter i1s to propose a more
general method of interpretation which will form the basis

for the mouels proposed in the next chapter.

3.1. Comparison

of Kaptagat with other Arrays

The basis for the previous interpretation of tihe
telescismic array data was their similarity wiih Lhose found
at other arrays. As examples of many such studies the
following are taken:

l. Using the Warramunga Array, Australia, Cleary et al
(1968) concluded that the Moho beneath the array had a dap
of 6.5°.

2. Greenfield and Sheppard (1968) found that the
Large Aperture Seismic Array (LASA), central Montana, U.S.A.,
gave maximum anomalies of nearly 1 sec/deg 1n slowness and
30 in azimuth,

3. Niazi (1966) using the Tonto I'orest Array in Arizona
found the dip on the MMoho to be ‘'as much as 80.'

4, Otsuka (1966) using arrays in California found &
cyclic variation of anomaly with azimuth giving maximum
azimuth and slowness anomalies of 4.50 and 0.6 sec/deg

respectively.

(1t may be remarked that these anomalies were derived
with reference to Jeffreys-Bullen Tables (1940) and while
these may alter details in the anomalics compared with Herrain's

Tables the general trend will remain unaltered.)

In comparison, the average absolute anomaly at Kaptagat,

based upon 60 events, 1s l6.hopn azimuth and 1.23 sec/deg on
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slowness. In addaition, 1t has been described that the
pPresent data requires a dipping interface so steep that
total internal reflection occurs for some events (1f the
entire anomaly 1s to be attributed to a single interface)
and that a model with a slope of 27o on the upper interface
stall requires a slope of 46° on the lower interface 1in the

modecl of Backhouse,

This daifference 1s not surprising since, in general,
seismic arrays have been used to study the source effects
of earthquakes or the properties of the path between source
and receiver and consequently the effect of the structure
beneath the array has been considered an unwanted feature
for whaich corrections must be madc. The aim of array
location has therefore been to minimize the effect of
structure beneath the array. The difference in the anproach
to the siting of seismic arrays between previous investigations
and that being described i1s 1llustrated by Corbishley (1970)
who recommended that 'seismic arrays should i1deally be saituated
over regions that are free from elastic discontinuities,
lateral wvariations and in areas that have low relief,'
Clearly, usaing these criteria, Kaptagat 1s not an i1deal site
and 1t 1s suggested that the methods applied to the structure
beneath other arrays are not nccessarily applicable to

Kaptagat.

Recent work by Aki (1973) and Capon (1974), based on
the theory ol wave propogation in a random medium due to
Chernov (1960), has suggested that the anomalies at other
arrays could be ascribed to a cause other than that of a
dipping interface, fhe slowness anomaly at nine of the

subarrays of LASA, which each consist of twenty-five
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seismometers within a diameter of 7 km was calculated and
found to vary considerably within each subarray. Thas
variation was explained by a random variation in the
refractive index of the crust and upper mantle to a depth

of 136 km, The standard deviation of the refractive index
was required to be 1.9% and the correlation distance was
found to be 12 km, Thus although for LASA, which has a
diameter of 300 km, this random disturbance causes 'only

a small experimental error,' smallcr arrays such as FKFaptagat
would observe a coherent waveform through such a random

medium and thus observe a slowness and azimuth anomaly.

This explanation 1s also favoured for the observed
anomalics at NORSAR (Norwegian Seismic Array) by Dahle
et al (1975) after Berteussen (1975) had shovn that a plane
dipping interface could explain only 17.9% of the observed
anomaly and only 24.3% could be explained by a single
interface which was physically reasonable., (It may be
noted that in spite of this, the anomalies at NORSAR had
earlier been ‘'explained! on the basis of a Moho dipping at

12,6° (Kanestrém, 1969).)

It should be emphasized that this model provides an
alternntive explanation for the small anomalies such as
are found at other arrays whose order of magnitude was
mentioned earlier and cannot be used to explain the bulk

of the much larger anomalies found at Kaptagat.

Source of the Anomaly

The anomalies observed at tlie array may be caused by
structure anywhere withain the raypath. By using other

studies 1t 1s possible to estimate the effects of various
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parts of the raypath and thus decide the major source of

the anomaly.

l. Structure at Source and waithin the Lower Mantle

It 1s unlikely that the source or the lower mantle
could account for the major part of the anomaly saince
similar variations would then be expected at other arrays.
Davies and Sheppard (1972) considered that the anomalies
observed at LASA, after correction had been nmnde for local
structure, were caused by lateral wvariations in velocaity
structure within the mantle. This has been confirmed by
Powell (1975) who found saimilar anomaly distributions at
two array stations, LASA and Hansford, which were close
enough to obscrve similar source and mantle structure but
with sufficient separation to have differing crustal
structures. BDoth these studies 1ndicate thal these
inhomogeneities within the mantle and al source cannot be

the cause of the major part of the anomalies.,

2. Structure Immediately Beneath the Array

It has been shown in the analysis of resaiduals of
travel times at the pits (section 2.4.) that there 1s lattle

lateral inhomogeneity beneath the array.

3. Structure Within the Crust

Maguire and Long (1975) have shown that local and
regional arrivals at Kaptagat exhibit no systematic varaiation
of apparent velocity with azimuth thus indicating a plane

parallel crustal structure beneath the array.

L, Structure Vithin the Upper Mantle

It 1s thus necessary to conclude that the source of the

major part of the anomaly 1s the anomalous mantle material
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beneath the rift which 1s inferred from gravaity, seismic

and other methods described in Chapter 1.

3.3. Basic Approach to the Problem

It has been suggfested that the difficulty found in
the i1nterpretation of the array data by Backhouse was due
to insufficient considcration of the properties of the
model required to sataisfy the datla. The purpose of this
chapter 1s to deduce some of the properties of the structure
which are necessary to give the observed anomalies, making
the simplaifying assumptions that the whole of the anomaly
1s caused by a single interface and thati the body may be

characterized as having a uniform velocity.

(Tt may be noted that a plane interface at the bottom
of the anomaly does not give rise to an azimuth anomaly but
does produce a small slowness anomaly due to the deviation
produced on traversing the low velocity structure, This
effect 1s of considerable importance in considering delay
times and will be discussed in greater detail in Chapter 5
where 1t will be shown that i1t can produce, at most, 5% of

the observed slowness anomaly and as such may be neglected.)

It 1s stressed at the outset that this preliminary
work does not intend to define a structure but rather to
attempt to define the basic geometric properties of the

model required to satisfy the data.

It was shown in section 1l.2.2. that for a spherically
svmmetric earth both slowness and azimuth are constants for
the raypath. If 121t 1s assumed that the anomaly is produced
at a single interface the slowness and azimuth of the wave

before entering the anomalous zone may be derived from the
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'theorelical' slowness and azimuth, Ltliese parameters may
also be calculated for Lhe wave within ithe zone 1f a mean
velocity for the body 1s assumed and in a similar manner
they may be calculated on lcaving the zone from the measured
slowness and azimuth. The compressionnal velocity withain
the normal upper mantle varies very slowly with depth
(Lehmarn, 1967) so that the depth of the interface 1s not
crucial and the estimate made for the velocity of the normal

mantle will be reasonably accurate.

It will be shown that, 1f a velocity for thc anomalous
mantle 1s assumecd, 1t 1s possible Lo calculate the direction
of the normal to the surface which 1s causaing the anomaly.
By coneideraing all the events in this manner 1t 1s possible
to begin Lo build up a piricturc of the surface causing the
anomalies. This procedure and the results obtained are

now dJdescribed.

Use of Directaion Cosines

If the velocity in the medium beneath the array is
known the angle of 1ncidence may be calculate«d Lfrom the
measured slowness using equation l-(1). Thus the measurement
of slowness and azimuth 1s equivalent to mecasuring the
direction of approach of the wave in thrce dimensions and
1t 1s possaible to specify this direction by defining the
direction cosines relative to a co-ordinate system as shown

in FFig.3.1,

The ray PO is incaident at angle 1 to the array from
an azimuth B, The direction cosines of the ray OP are
COSa, COSB and CO>Y and denoted (1,m,n). OR 1s the
projection of OP on the xy-plane and OY the progectaion of OP

on the line Oy.




Fipepure 3.1

Diagram to 1llustrate the use or direction cosine to

describe the cirectiron o approach ol a wave,
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We have
sin 1 = OR
OoP
cos F = 0Y
OP
51n9=_(l!
OR
50 that
m = cosp = OY = OY,OR = sinB.sin 2 3-(1)
OP OR OP

similarly 1t may be shown

1

cos o cos B .sin 1 3=(121)

and n = cosy cos 1 3=(211)

”n
the ray OP may thus be represented by the unit vector R

with components (cos? .sin 1, sin @.sin 1, cos 1).

Restraints on Velocity

One of the fundamnental problems of Lhe wvork is the
dependence of structure on velocity so that i1t would appear
that 1t 1s not possible to derive both velocity and structure
using this data alone, There are however some constraints

which may be applied to the wvelocity.

TIf the normal upper mantle 1s assumed to have a
velocaity of 8.1 km/sec then the direction cosines of the
wave 1n this medium may be calculated and represented by the
unit wvector ﬁ (tl, t2, t3). Similarly, assuming a velocity
for the anomalous body a corresponding vector i (11, 1, 13)

may be calculated.

On passing through an interface with a velocaity contrast
a wave 1s deviated according to Snell's Laws of Refraction,
If the angle of incidence 1s 1 i1n a medium with velocaty Vl

and angle of refraction is r 1in medium with velocity Vr then
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sin 1 = v 3=(1v)
sin r Vv

Ifr Vr)V1 then the deviation, d, 1s given by
d = r=-1
As the angle of i1ncidence 1increases the deviation will

also 1ncrease anu will reach a maximum at the critical

angle, 10, when the deviation, dmax’ 1s given by
d =7
max 51, 3=(v)

I'his 1s 1llustrated in TFig.3.2. where Lhe deviation is
plotted against the incident angle for a wvelocity ratio

of 0.94 and the maximum deviation is shown to be 20.00.

If Vr 1s fixed the maximum deviation for various V:L
may be calculated. This as shown in Fig.3.3. where as

the velocity 1s decreased the maximum deviation increases.,

For the problem of the low velocity upper mantle the

deviation, & s given by

1
A
T

IH> -

3~(v1)

«.t, + 1

.t + 12 2

. = 11 1 3.1:3

This devaiation must be less than the maximum deviation

cos ™ =

prossible so that

cos X & cos d
max

By 3-(v) and 3-(va)

1108, + 1,.t, + 1,.%, & cos (-1 )

2 3" 73 5 c
1108, + dyet, 4 13.t3 { sin 1,
and since sin 1 = v
c -1
r

t, +

11. 1 12.t

> + 13.1:3 5:%1

Thus 1f a velocity for the normal upper mantle is assumed
an uppecr laimit on the velocity in the low velocity medaium

1S gaiven by



Fipure 3,2

becviation produced by a planc wave oun crossing a plane
interface wiath vclocitv ratio 0.2 as the a1 ple of

incidence 1s varied,
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Figure 3.3
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v 4 Vy

(il.tl *lyet, + 13.t3y

Another possible restraint to place on the velocity is to
limit the dip on the surface to being vertical. Tn thas
case a lower velocity may be obtained but 1t 1s sometimes
the case that the theoretical deviation 1s exceeded before

the interface becomes vertical.

In most cases the velocities obtained by the above
methods are usually 7.9 km/sec or above but the lower
velocities obtained are listed in Table 3.1. llethod (a)
refers to ihe theoretical limit and method (b) to the lamit
obtained by having a vertical ainterfacec. Where no value
1s given for method (b) this indicates thot the theoretical
maximum 1s reached before ihe surface becomes veriical. The
first data group are from data set A and the second Tror data

set B.

The extremely low values obtained for some events in
data set B are probably in error but there would seem to
be some Justification for requiring a velocity less than

7.5 km/sec.

As this represents the upper limit on ithe vclocaity the
true velocity must be considerably less than this value for
any reasonable structure. It must, however, be compared
with the 7.5 km/sec layer found by Griffiths et al (1971)

20 km beneath the rift with caution. First, this velocity
was obtained from an unrcversed line and could be an apparent
velocity. Second, the concept of characterizing the zone

by a particular velocity 1s almost certainly an over-

simplification. It 1s most likely that the zone will have



Table 3.1

Limiting Velocities on Structure.

Velocity (km/scc) Velocity (km/sec)
Event No. Method (a) Method (b)
1476.71 8.00 7.55
2541.70 7.90 7.65
535.71 7495 7.55
1693.71 7.85 7.75
2347.70 7.85 7.45
2807.70 8.00 7.75
2635.70 7.95 7.55
2,71 7.80 7.55
3066.70 7.95 7455
1397.71 §.05 7.70
3563.70 7.90 7.35
_094,70 8.00 7.50
h3ha2,71 7.55 -
4y ,71 7.60 -
2331.71 7.95 755
h737.71 7.95 7.55
L765.71 7.80 7.45
4s6.72 7.85 7.40
hoa,72 775 7.20
533.72 7.b0 -
667.72 7.45 -
453,70 7 .30 7.05

3138.70 3.00 7 .60
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a velocity structure and what 1s being defined is a
complicated mean velocity over all raypaths. While the
refraction line may only be seeing the 'lid' of the
structure the arrivals at the array will have sampled the
body of the structure. This problem will be considered in

more detall later.

Calculation of the Normal

It has been shown that the mcasured slowness and
N
azi1muth allow T to be calculated and that the theoretical
values define i. The problem 1s then to deduce the

direction cosines of the normal causing the deviation.

These may be calculated using Snell's Laws of Refraction

1. The incident ray, the refracted ray and the normal
lie 1n the same plane,

2. The ratio of the sines of the angles of 1incidence
and refraction equal the ratio of the velocities ain the

incident and refracted media.
The details of the calculation are given in Appendix A.

In order to aid representation of the normals the dip
and strike of the plane with that normal have been calcuvlated
using the inverse of equations 3-(1), (21), (11212) and for

the rest of this chapter this representation will be used.

The normals have becen calculated for wvarious veloucites
of the anomalous upper mantle assuming a velocity of 8.1 km/sec

for the normal mantle.

Properties of the Normals

Belfore presenting and discussing the results thear
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sensitivity to various parameters will be considered. For
clarity, details will be given only for sample events which

1llustrate the general behaviour of the whole data sets.

l. Variation in the Anomalous Velocity

Figs.3.4. and 3.5. 1llustralte the behaviour of the
di1p and strike of the normal as the anomalous velocity 1s
varied from 6.8 km/sec to 7.8 km/sec for seven events
producing a wide variety of the dips and strikes., It can
he seen that as the velocity increases, and the velocity
contrast decreases, the dip on the structure required to
produce the observed deviation increases; the effect of
increasing the dip 1is, for nearly all the angles of approach
covered by the data, to increase the angle of incidence and
thus, from Fig.3.2., the deviation, Fig.3.5. shows that
the straike of the surface 1s independent of the assumed
velocaity. This may be shown to be expected as a consequence
of Snell's Laws, but since the algebra 1s somewhat laborious

the proof 1s given in Appendix B.

Fig.3.4. 11lustrates a fundamental point whach will
occur constantly throughout this work and this i1s the
dependence of the structure on velocity. The general shape
of the body 1s not altered by changing the anomalous velocity
since the strike of the interface has been shown to be
independent of the wvelocity; rather the scale oi the
structure 1s controlled by this vclocily. If the zone ais
characterized by a large average velocity the dips are large
and the structure is small and deep while a very low average
velocity will produce a large shallow structure. It may be

noted that although the velocity controls the daip this does




Tigure 3.4

Variation ot the dip ot the interface with anomalous

itoper wantle velocity for sanmple events,

mantlce velocaity is

teken as 8.1 km/sec

normal upper
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not preclude the possibility of using this data to determine
an optimum velocaity (and structure) since the dip bears a
non lincar relationship to the velocity so that the scaling

process of dip against velocity 1s a complex one.

2. Varaiation in lleasured Parameters

Unly event 3047.70 1s considered in detail as all other
events show similar properties, The measured wvelocaty and
azimuth have been varied betwcen the limaits defined by the
95% confidence limits and the effects on the dip and strike

ol the normal are shown in Figs.3.6. to 3.9.

Figs.3}.6. and 3.7. show ihat an error of 0.6 km/sec
on the measured phase velocity leade to neglaigible variation
in the dip of the structure but to a variation in the strike

ol the normal of approximately 70.

Figs.3.8. and 3.9. show that even a 30 error in the
measurement of azaimuth can lead to a ho variation in the dap

ol the normal and a 50 variation in 1ts strike.

It can thus be seen that, 1f the average errors are
considered, measured errors on azimuth can lead to much more
severe errors on structure, both in regard to the din and
strike of the normal, than the measured velocity errors.
This 1s a possible explanation for the observation made by
Backhouse that slowness 1s a more useful parametcr in this
study than azimuth. The second point that emcrges 1is that
the strike of the normal is very sensitive to the errors an
measurement and care should thus be taken in interpreting

these strikes.

(While attention has been given to errors on the



Ficure 5,6

Lffect or the variation ol measured phase velocitiy on

the dip of the interfce,
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Meure 3.7

Lffect of ilhie variailion of 1vasured phasc velocity on

the strike of the interface.,
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Effect oi the wvariation ot Lhie measurcd asimutli on
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irure 3,9

"ffect of the varaiation of me-~sured asimuth on ithe

strikc ol the interface.
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measured velocity and azimath similar considerations waill
apply to errors on the theoretical velocity and azimuth;

thus 1f anomalies occur before reaching the interface, as

has been shown likely to occur, this will also produce errors
1in the calculated structure in a similar way to that described

above. )

Fi1g.3.10. shows the variation of the dip of the structure
with distance for all azimuths assuming an anomalous velocity
of 7.4 km/sec. Clearly the neglect of any azimuthal
dependence will produce wide variations in the dips as shown
but a general trend may be observed, namely that events from
shorter distances appear to have encountered structures with
shallow dips while events further away have met steeper dips.
As the distant events abpproach the arrav at a steep angle they
observe the interface near the array ana thus i1t may be
concluded that struciure close to the array 1s characterized
by a steep boundary while further away the boundary becomes

shallower.

Fig.3.11. attempts to 1llustrate the variation of the
direction of strike of the surface. The distance of the
event 1s plotted radially with distance decreasing outwards.
Thus strikes near the centre of the plot indicate structure
near Kaptagal and the azaimuth 1s that measured at Kaptagat.

It has been shown that these dairections are sensitive to
errors 1n mcasurement so considerable scatter may be expected.
Nevertheless some trends may be observed. Those events from
the east sample structure between Kaptagat and the Rift and
show strikes pointaing on average north, Events from azimuths
between 300 and 70o show that the strike has come around to

the east somewhat while events from the north show a strike
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Fi;ure 3.1.L

Plot or Lhe strike of the interface against distance
and the apparent azivuth of the event Crowm llaptagat,

| thhe dirstance (1n Llegrees) aecreases as the radius

lICcreases.




0
— / g
~
£ 1
t/
// ‘
/o 90
A\
100
7 /
80
60
40
20
0

18




- 43 -

between north east and east, Events between 3h0° and 360o
show a consistent eastward straike, Some events have been
omitted from the diagram when several events come from the

same region.

The diagrams 1llustrate why Backhouse's original model
of a single plane dipping boundary failed. To attempt to
represent the variation 1n dip shown by such a model must
lead to large errors and as he commented the large daip
required for distant events would lead to total internal
reflection for nearer events where a considerably smaller dip
1s Tequired. Similarly the variation in the direction of
the strike of the surface indicates that the structure ais
truly Lhrce dimensional and while several dipning ainterfaces
may help to solve the slowness anomalies no plane structure

w1ll ever explain the observed wvariation in strike directaon.

Two data groups appear to he at variance with the general
trend Ffound in the dip against dastance plot and are listed

in Table 3.2, and indicated by rectangles ain Fig.3.10,.

The first group contains all events from distances less
than 300 and appear to require ¢dips greater than expected,
The second group contains events in the distance range 700
to 80° and shows smaller dips than expected on the trend
sugeested. They are all from the west of Kaptagat and have
small azimuth anomalies especially those Trom the north.
At the present time 1t 1s difficult to exclude the possibility
that these effects are due to the asymmetry of the structure
which these simple, effectively two dimensional plots, cannot
investigate. The methods developed in the next chaptexr

rermil a morc thorough analysis of 1his problem and these

groups will thus be considered later.
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3.9.

Errors

If 1t 1s assumed that the errors in the dip and strike
of the structure are reflected 1n the errors found in the
measurcments of the slowness and azimulh at the array then
formal errors may be ascribed to the dips and strikes
ascribed to the structure 1f a velocity 1s assumed. On

assuming a velocity of 7.2 km/sec for the anomalous velociiy

the errors on the dips for the data are 1llustrated in Fig.3,12.

Where several events from the same region occur some data
points have been omitted to avoid confusion. The errors on
the slraike of the surface are rather larger for the reason
cxplained in the previous section and go up to as much as

20° and have an average of 11.90 in contrast to the average
error of 5.9o on the dip. On some events 1t is not possible
to derive a formal error as the deviation required by one

or both of the limiting values of slowness and azimuth cannot

be produced by a single interface with the wvelocaties chosen,

These errors cannot be used to restrain the structure
in any real sersc because 1t 1s not possible to ascribe the
whole of the mecasured anomaly to this siungle interface rather
they may be considered as providing a limit to the extent to

which any more detailed .interpretation 1s meaningful,

Conclusions

Il 2t 1s assumed that the major part of the anomaly may
be ascribed to a single interface the analysis has shown
that we may conclude

1. The 'average' velocity in the anomalous material
must be less than 7.5 km/sec.

2., Dips on the structure close to Kaptagat are required

to be considerably steeper than dips on the structure further




Pisure 3,12

Plot of dap of interfacec atalrst distance aindicating
the 9, confadence limii1is for those events to whach

1t 1s applicable,
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away f[{rom Kaptagat. The structure i1s apparently thinning
both north and west from Kaptagat.

3., The strikes of the surface for structure to the
north of Kaptagat show a more easterly component than those
indicataive of structure to the east of Kaptagat.

L, A single plane interface cannot give a realistic
interpretation of the data.

5. No planc structure, no matter how complex, can

explain the observed anomalies.

These conclusions form the basis [or the interpretation

of the next chapter.
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CUAPTER 4

OPTIMIZED SEIS:IC MODELS

4.1, Tntroduction

The premiminary work, described in chapter 3, has
indicated some of the properties of the single inierface
which are required to produce the anomalies which liave becn
measured, This method, however, does havc some severe

limitations,

First, although the dip and strike of the structure are
known, as 1s 1ts direction from Kaptagat, the depth of the
interface 18 not known. Moreover, because the velocaity
gradient within the upper mantle is so small, there does not
appear to be any way of pulting a construoint on the aenth
using the present mcthod, Secondly, tiliere will bc eriors
on the dip and the strike calculated from the anomalies whaich
have been estimated and shown to be considerable (bOCLlOﬂ 3.8).
It 1s thus desirable to derrve a surfacc which effcctively
smoothes out these irregularities,. Thirdly, from a more
practical point of wview, 1t 1s very difficult to visualize
a structure 1n three dimensions which 1s defined by the dips
and strikes at various noints. The diffaicnliy Couvnd an
representing the results of the last chapter satisfactoraly

11llustrates thas problem,

In order to overcome these proonlems the surface will be
described by a function f(x,y,z) = 0. Ray: will then be
traced from Kaptagat through this structure and the anomal.es
produced will be compared with Llhose measured. By adjusting
the constants of the function a surface which produces the

minimuam difference between the observed and the calculated
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anomalies may be found.

By deriving a surface which best fits Lhe data in a
least squares sense the random errors which have been
introduced into the measuremecnts will be smoothed. Also,
1C 1t 18 assumed lhat Lhe anomalous structure approaches
the surface beneath the rift (whether the 1.5 km bencath
sea level suggested by Baker anu Wohlenberg (1971) or the
20 kin beneath the surface suggested by Khan and Mansfield
(1971)) control on the depth will be much improved. Effectaively
the structure 1s being located at one point and the data

exirapolated from this poaint using a best fitting model.

Choice of Form of Structure

Three points influcnced the choice of the form of
the function f(x,y,z) = O:

1. The function may bec chosen to be as complicated as
desired, As the nuwber of parameters required to describe
the surface increases the accuracy with which they may be
determined will decrease as the amount of data available is
limited. From a more practical point of view the
complexaity of ray tracing through such a structure is
incrcased and the computer resources required consequently
increased,

2. If the structure 1s made so complicated as to allow
rapid variations of the surface 1t 1s possible that the
simple plane wave theory may no longer be valad. For example,
Berteussen (1975), in attempting to derive a structure for
the Moho beneath NORSAR, decided that a polynomial above the
third order would produce such a detailed map of the structure

that plane wave theory would not be applicable.
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3. The extent to which the structure may be defined is
limited by four factors:

(1) The accuracy of the array measurements. Thas
has already been discussed in section 1.2.4,

(12) The effect of the anomalies aintroduced by various
parts of the raypath, Although 1t has been shown that these
cannot be the major cause of the anomalies they will produce
perturbations. Consequently, a1t is i1mpossible to tell af
pcr turbatlions in the anomaly pattern represenl structural
complexities within the anomalous mantle or snhomogeneities
within the rest of the raypath.

(111) The assumption of a uniform vclocaity within the
anomalous body 1s almost certainly a simplification. Unless
there 1s a better control of the velocity within the structure
detailed structural considerations are meaningless.

(1v) Altrough it has becen assumed that the bottom of
the anomaly 1s cffectively flat 1t 1s probable that some
part of the anomaly 1s caused by structure other than the

upper interface with the normal mantle.

It was thus decided to take a model which 1llustrated
the two trends which were found ain the preliminary
interpretation,

(1) In cross section a steep slope 1s recuired for
structure ncar the surface and a sentler slope is requaired
at greater depths,

(11) 1In plan between Kaptagat and the rift the structure
appears to run approximately northwards buti further north

the structure seems to trend to 1lhe ecast.

Thesc fcalures may be nodelled by an expression of

the form
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2 2 2
f(x,y,2) = x, +y, =2, -1=0 (1)
a b c

where the z-~axis points verlicolly downwards and x- and y-

axes are 1n Llhe plane of the surflace, Thus ain cross-section
the function 1s a hyperbola and in plan is an cllipse. The

orientation of the axes in the x-y plane 1s ollowed to vary

as 1s the location of the co=ordinate system, As has been
described 1t as planned to place some resiraint on the
locztion of the co-ordinate system so as to make the structure
cut the surface beneath the raift but inaitially a1t was allowed
to vary. The struclure 1is thus described completely by six
parsmeters - a,b,c, the co-ordinates of the origin and ti1he
orientation of the co-ordinate system = for a fixed velocaty

within the anomalous upper mantle.

Three properties of the function f(x,y,a) are of
importance in consideraing the structure

(L) The wvariation in dip provided by the hynerbelac
form (x2/a2) - (22/02) = 1 1s small beyond the region

x| > 2a. However, the total range of gradient provided
by the three dimensional form of f(x,y,z) 1s much larger.

It was decided to retain the simplicity of the function
rather than assume a form whach provided a wore rapid
variation of gradient. If 1t was found that i1his Ffunction
could not provide sufficient varialion in dip a more complex
function could be used.

(20) The nyperbola (x2/a2) - (22/02) = 1 tends to the
straight line x = z(a/c) for |x| » a and 1Z) 5 c.
Clearly thais 1s physically unrealaistac. As long as this 1s
reco.nized 1t will cause few daiffaculties and may be used to
advantapge. fhus 1f a particular group of events appears to

cross the structure as defined by f(x,y,z) = O thas could
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indicate that the structure needs to be made shallower
in thais particular region.

(111) One of the criticisms made of the final model
of Backhouse was thie poor rcsolution on the parameters
describing the structure. That model was defined by three
parameters whilce the present one 1s defined by six so that
the problems of resoclution are likely to bhe even worse,
Howvever, this fails to recognize that Backhouse's final
model was not based on any cousideration of the data whereas
the present model has been defined so ihat 1t does nossess
the general propertics rcguired to fit the data and thus

i1t 1s possible to hope for somewhat better resolution.

Ray Tracing Procedures

Procedures for tracing rays through complex geological
slructurcs using plance vave theory have been given by several
auithors although they often tend to be somewhatl specialized

in their approach.

Sattlegger (1965) treated the case of refraction through
a two dimensional model with any number of dipping interfaces,
Although 1t was considered that the method could be extended
to three dimensions quite easrly the computer time required
was described as very long. Otsuka (1966) developed an
elegant method for calculating slowness anomalies as a result
of transmission through an arbitrary number of plane interfaces
but did nol deal with the details of the ray tracing. Sorrels
et al (1971) described a method for calculating both travel
time and slowness anomalies for roys passing through an
arbaitrary number of plane or circular interfaces for use in
the analysis of anomalies associated with the LONGSIIOT

explosion, Finally, Shah (1973) describes a more general
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method for tracing rays through an interface defined by the
function ¢(x,y,z) and has included the case of transmission

through a siructure with a continuously wvarying velocity.

Shah's treatment provides the basis of the method used
in the current ray tracing procedure. A detailed descraiption
of the methods are ziven in Appendix B and only an outline
1s given below, A crustal structure appropriate to Kaptagat
1s assumed {(Long and Maguire, 1975) as 1s Herrin's average
model for normal upper mantle (Herrln et al, 1968). The
ray 1s traced through each layer of the crust and mantle and
the location of the intersection of the ray with the anomalous
surface 1s calculated. When this intersection occurs within
the layer under consideration the ray is traced through thas
interface using Snell's Laws of Refraction, Since 1t i1s
being assumecd that Llhe whole of the anomaly i1s being caused
by this interface the rav will then have the samwe slowness
and azimuth 1f traced back to source, Thus 1 the model
satisfies the structure the wave in the mantle will have the
same slowness and azimuth as the theoretical wvalues calculated.
The residuals are defined as the difierence between the
theoretical values and the calculated values and the aim 1s

to derive a stracture which will minimize these residuals,

Usaing thas riethod of ray tracing total internal reflection
can only occur when the intersection with the structurc occurs
within the crust. This occurred only rarely and 1is efflects
are investipgated in more detail later but provisionally the
residual was placed equal Lo the anomaly on occasions when

this problem arose.

When the observed ray had not crossecd the anomalous

structure by a depth of 400 km 1t was assumed that the
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intersection would not occur and so the residual wvas put
equal to the measured anomaly. 11 seems likely that Lhe
anomaly wi1ll trend to the normal upper mantle as 1ts depth
increascs so thal 1f an intersection occurs decper than

4LOO km 1t is unlikely to represent a realislic structure
because of the asymptolic form orf the hyperbola. fThus a1t
was found that cvents which corrcsponded Lo depihs of
intersection greater than 400 km were all found to have very
large residaals. This will be daiscussed "urther later un

this chapter,

As the confidence to be placed on individual measurements
within the data sets 1s 1o varied some method was rcquired
to define the relative aimportance of cach cvent, This 1s
neces<arily a somewhat arbitrary procedure but musti be related
to tite errors f(ound for each of the measurcmeuts, Several
methods were tried but the differences 1n structure so
produced were never Judged to be signifacant. 1t was [ound
that the relataive 1uporteance attached to the azimuth and
slowness residuals was far riore crucial. Bockhnuse remarked
that slowness scemed to be a more reliable parameter than
azimulth 1n his sivuay and a possible explanation of this was
piven i1n seciion 3,0. where 1t was shown that the dip and
strike of an interface were more sensitive to azimuth errors

than slowness errors. To cater for these points the Tunction

to be minimized was given by

Z [(w ) (5.2, (v) (z) 2
F o= S x z ——) 5 ha(11)

1=1,n (Se)l2 (2

e’ 1

where
(Sr)l’ (Ar)i are slowncss ana azimuth residuals for the

1th event
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(Se)L, (Ze)J are proportional to the errors found for tLlhe

slowness and azimuth on the 1th event

W, W are weights attached to the slowness data

group and the azimuth data group
and n 1s the number of events,
(Se)l and (Ze)l were maintained at a constant value for all
calculations rrhereas wsand WZ were varied for each optimization

procedure.

Optimizing Procedures

As the structure was Lo be described initially by six
parameters a methodical search through the field cwefined by
these narametcrs to find minima was considered impracticable

and various optaimrzation pDrocedures were used.

As no reasonabhle starting value was known and it was
possible that scveral fields containing minima of interest
existed 1t was aecided to use a Monte Carlo type search
(James, 1968) as a preliminary to using more methodical mmeans
of finding a minimum, In this technique each parameter 1is
given a starting value and upper and lower lamits. Each time
the function 1s calculated the parameters are chosen randomly
according to a Gausstian distribution with widths equal to
one half the total allowed variation. By calculating the
function for a wide range of random values the 6-dimensional
fi1eld may be covered in reasonable detail so that ai 1s likely

that all significant regions of minima may be found,

In order to calculate the exact minimum, to the accuracy
required, a development of the method of co-ordinate wvaraiation,
due to Rosenbrock (1960), was used. Startaing at the inatial

value a set of n orthogonal vectors are defined in the
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n-dimensional space formcd by the n naramcters defining the
function using the Schmidt orthogonalization procedure. The
values of the parameters are then varied in each of these
directions in turn until a new minimum 1s found. A new set
of orthogonal vectors i1s now defTined with onc of the
components being the direction joining the old mininum (or
starting value)_ to the new minimim and ihe process 1s repeated

until no saignificant improvement i1s found in the function.

This methoa has the advantage of moving cuickly toward
a solution 1n regions quite far from the minimum and being
able to cope with poorly béehaved [lunctions. Its disadvantage
lies 1n Lhe slowness of 1ts convergence to an exact minimum.
Since 1t was envisaged that the function would be badly behaved
in those parts of the space whecre total internal reflection
occurrcd and berecause of the previous considerations of Llic
resolution gvailable from the data so that the location of
an exact minimum was meaningless this technique was considcred
of more use than other, more sophisticated techniques (for
example Davidon (1968) or Powell (1964)) which tend to oe
extremely rapid when close to a minimum but are rathcr poor.r

finrther away from the minimumn and with badly behaved f{unctaions,

The two optimizing routaines the _onte Carloc and the
Roscnbrock, were available as main programs in a CERN library
program (James and Roos, 1969) for use on the NUMNAC IBM 360/67
and later on lhe IBM 370/168 and subroutines defining the
function to be minimized and the 1nput/output controls were

written and arc described 2t the end of the ilhesis.



L.s, Optimized lodels

h.5.1. Monte Carlo Techniqgues

In an attempt to define areas withain which an optimum

solution mirht be found a random search was carried out over

a wide range of values defining the structure, It was

demonstrated in the last chapter that a variation in the
- anomalous velocity leads to a change in the scale of the
structure and thus this velocity was sect to an arbatrary
value of 7.1 km/sec, as a result the field of search is
reduced to six variables, The full (data set of sixty events
was used and the weightaing facliors on slowness and aziwruth
(equation 4-(11)) were chosen so that equal weights are, on
average, given to both sets of anomalie: Lf the weighting
factors associated with the observed errors are neglected,
Since the average azimuth error, as a fraction of the aver.ge
«¥ivuth anomaly, i1s Llarger than the corresponding fTactor for
slowness this implies that thc optimized function weighs
rather more heavily on the slowness data, since 1t has been
demonstrated (section 3.8.) that the structurc is rather more
sensitive to azimuth errors than slovness errors this 1is

considered satisfactory.

Upper and lower laimits for the parameters werec chosen
so as to encompass all reasonable values and starting values
for Lhe parameters were chosen at random within these limats
for the eight rruns which were made, Lach run consisced of
calculating the funciion to be minimized for 400 values of
the parameters., A large majority of the paramcter scts
causcd the rays for some of the events to miss the structure
(1.e. to intersect at a depth greater than 400 km) and many

resulted 1n physically unacceptable solutions (lor example the
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r1ft cutting the surface to the west of the station) but
several parameter sets were obtained which resulted 1n low

values for the function to be minimized.,

It was found that several of these sets were equivalent
in that they corresponded to similar structures but with the
separation between rift and station increased and the depth

of intersection increased. The best range of solutions

was found 1in the region of the point

(a,b,c) = (103.0, 31.2, 57.3) km
@ =27.0°
(x,y) = (61.5, -68.7) km

where a, b and ¢ are defined in equation 4—(1); © 1s the
orientation of the co-ordinate system and (x, y) indicates
the location of the station. This solution assumes an

average anomalous velocity of 7.1 km/sec.

This solution was used as the basis for further work
and in the discussion to follow all reference to optimization

procedures will refer to the Rosenbrock method,

Investigation of the Properties of the Data Sets

It was shown in the last chapter that several events dad
not agree with the model that 1s proposed here. The
behaviour of these groups 1s now analysed by optimizing the

whole data set and observing the distraibution of residuals,

The degree to whaich a model satisfies the observed
anomalies 1s expressed by the percentage of the anomaly, in
terms of slowness and azimuth, which i1t explains,. Thas can
e an unreliable indicator of the success of the oplimization
process since a large anomaly with a large error is not

weighed very heavily ain the search for a solution; nevertheless,



1t does have the advantage of relating directly to the
quantities measured which a description of the function being
optimized does not. The final models will be examined an

more detail in this respect.,

The same weighting factors and starting values were used
as described in the last section. The data was optimized
at various fixed velocities and, as an example, the case of
en assumcd velocity of 6.8 “m/sec 1s discnssed. The optimunm

solution 1n this cas was

(a,b,c) (81.4, 29.7, 43,9) km

P = 15.9°

(x,v) (88.6, -62,7) km
The model produces an average azimuth residual of 11.6° and

an average alowness residaal of 0,98 sec/deg and thus accounts

for 29% and 44% of the observed anomalies respecilively.

Details of the solution for the second group of Table 3.2.
are given as the first seven events ain Table 4.1. The
average slowness and azimuth residuals are 1.19 sec/deg and
25.50. These seven events all come from azimuths 1o the
west of Kaptagat (except 3447,70 whaich Ls [from an «zimuth

of

5.80) and coansequcntly thceir depiths ol 1nlerseclioun wath
the structure 1s relatively deep. The rest of Table 4.1.
shows all events with a depth of intersection greater than
200 km, giving a total of 17 events, This group shovs
average residuals of ]7.40 on azimuth and 1,234 sec/deg on
slouness while ihe 43 events covering structurc less than

150 km deep show average residuals of 9.5o and 0.81 sec/deg

rcspectively.

Thus the events from east of Kaptagat and describing
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structure between the station and the raift require a
different model [from thosc events describing the deeper
structure to the west of the station and consequently the

43 events arc discussed below and the events controlling the

deeper structure are discussed in section U,5.4,

The optimum model for the 43 events, again at 6.8 km/sec,

was
(a,b,c) = (88.1, 26.6, L6.6) km
9 = 10.1°
(x.y) = (116.2, -48.9) km
which differs counsiderably from the previous solution. The

residuals are plotted against the expected azimuilh 1n
Figs.4.1. and 4,2. with the calculated 95% confidence laimats
(Ln certain cases these are cmitted for clarity but this is
never done when the error 1s smaller than the residual).

The average slowness and azimuth rcsiduals are 0.67 scc/deg
and 11.6O respectively and on only three occasions does the
slowness residual exceed the 95% confidence limit to a dcgree
which 1s not acceptable in the light of the discussion on
the possible source of the anomalies (section 4.2.). ‘Thas
occurs Tor events 2997.70, 458,70 and 1446,71 which are

from distances of 2}.30, 18.8° and 34.00. The bechaviour

of the first group of events 1in Table 3.2. 1s i1llustrated in
Table 4.2. where the dips indicated are those calculated ain
section 3.6, for a velocity of 6.8 km/sec, i1n addition event
1446.71 1s included. It can be seen that several of tithese
events are either incident to the structure beyond the
critical angle or produce results which are not consistent

with the model proposed.




fioure 4,1

PlolL of slowness residuals arainsl expected azimuln for

all events east or. Kaptagat.,
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rfigurc 4.2

Plot of azimulh resicduals agaiust expectiea azimurch

T

for el1ll] evenls east of Iapntag~t,
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Tahle 4.2

Events From A¢30°

Event No. Azimuth Residual Slowness Residual Din Required
(depreess) — - (degrees) (degrees)
2997.70+ - 8.9% 1,60% 34,3
2471, 70 3.6% 0.22 36.6
458,70 - 4.8 -3.,70% 65.2
2483.,70 5.9% -0.07 39.7
1476.71 - 3.2 -1.18 82.2
309h,.7- -19.5% -0.17 82.7
1h46.71 4+ - 6.1 3.67% 32.1

&

- 1ndicates that residual 1s greater than 95- confidence

limat.

+ = 1ndicates that total ainternal reflection occurs for

this event and the residual 1s nut equal Lo the anomaly.
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If the behaviour of the function near the minimum 1s
considered 1t will be seen that these cvents can have serious
effects 1n the search for a minimum. Figs.4.3. and 4olb,
show how the variation of parameters a and ¢ near the
minimum influence the value of the function being minimized,
Variation of the other parameters leads to a daiscontinuity
of Lhe Fform-iritlustralea in Fig.4.3. although 1t does not
usually occur quite so close to the minimum. Variation of
parametecr ¢ also leads to the second kind of discontinuity
which occurs when ¢ 1s approximately 54 km. The first kand
1s caused 1n the examples shown by event 1l476.71 and 1s
caused by Lotal i1nternal reflection, here 1t occurs exactly
as the ray i1ntersects the structure within the crust and the
large deviations near the critical angle are avoided, The
anomaly i1s large when the i1ntersection occurs withan the
mantle and i1s reduced to the observed anomaly when i1t occurs
within the crnst. The second form of discontinuity as
caused by event 2483,70 and ain this case total internal
reflection does not occur at the crust-mantle boundary but
at shallower depths and thus large deviations are observed,
Other events in this group show similar behaviour but at
some distance from the present minimum. Consequently the
location of the minimum 1s being controlled by the dis-
continuity rather than the shape of the curve and 1t was

decided to omit these events from further consideration.

Final Optimized !lodels

The final modcls for the shallow structure of the
proposed anomalous body were derived using the 36 events
listed 1in Table 4.13. The residuals obtained at an assumed

velocity of 6.8 km/sec, together with the 95% confidence Jimi.ts,




i1 ure 4.3

Vependence of the funclion value on pirameter 'a' in

the region of the miniumun.
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Fipurce 4.4

e, endence of the function value on parameter 'c' in

The repion of tle minimruu.
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Table 4.3

Optimum Solution at 6.8km/sec

Event No. Slovness (sec/deg) Azimuth (degrees)
Anaomaly Residual Error Anomaly Residnal TFrror
2576.70 0.31 -0.57 1.30 -13.9 15.0 5.2
1958,71 2.06 0.26 0.57 -11,1 12.5 4.o
2515.70 0.89 0,18 0.58 -23.5 10.2 6.9
1575.71 0.94 0.04 0.27 -27.8 8.0 2.9
3082.70 Nn.21 -0.32 0.22 -26.5 hoh 1.7
3074.70 1.40 0.95 0.48 ~-18.8 6.8 2.9
2907 .70 -0,.38 0.12 0.46 ~L3,.4 5.3 5.3
2341.70 -1,66 ~0.74 0.90 -26.4 3.8 10.0
2574 ,70 -1.04 -0.12 0.71 -26.3 2.6 7.4
2572,70 -1.07 -0.05 0.31 -25.6 3.0 J. b
535.71 -2.35 -0,79 0.9¢9 -15.6 12.3 12.1
1624,71 -0.90 0.1h4 0.91 -27.5 0.4 10.3
1603,71 -2.14 -0.47 0.55 -41,1 7.3 12.3
2902.70 -1.27 0.24 0.16 =35.06 2.0 2.3
3676.70 -1.30 0.27 O.48 -34,1 2.9 8.7
247,70 -3.20 -0.60 0.24 8.2 19.7 L,8
2807.70 ~-2.18 0.34 0.31 -16.1 9.4 7.9
2635.70 -2.42 0.06 0.4 6.5 15.8 5.1
Lz, 71 -2.53 0.17 0.51 33.2 0.9 6.4
3066.70 -2.71 -0.17 04k 8.1 13.0 2.0
1397.71 -1.52 0.77 0.74 - 6.6 4,3 10.6
3568.70 -2.66 -0.30 0.52 - 2.7 - 1.1 L.o
L600.71 1.15 0.08 1.59 3.3 2L .7 23.2
667.72 3.44 -1.16 2.78 - 3.9 0.9 9.0
hss,72 -1.01 -0.96 0.74 -38.5 - 3.7 10.0
26,72 -0.67 0.63 4.83 -25,8 - 5.1 20.0
4765,71 -2.76 -1.02 1.32 -29.3 - 1.3 6.3
"56.72 -3.42 -1.05 2.14 - 6.3 12.9 9.5
2331.71 -2.253 -0.15 1.17 -13.7 3.0 9,2
2333.71 -0.21 1.938 1.28 -21.6 - 4,6 9.1
L737.71 -1.90 -0.15 2.01 L.1 11.2 77.3
L630.71 -2.01 0.58 3.40 - 5.6 4.8 4o.,9
hog, 72 -3.67 -1.24 2.20 1.8 - 0.7 51.7
636.72 1.23 2.060 3.27 16.6 - 4,8 4g.8
643,72 0.02 1.89 2.76 7.7 -10.5 40.1
3138.70 -1.61 0.25 3.30 1.1 -20.3 79.1
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are also listed in the table and are 1llustrated in Figs.4.5.

and 4.6, (Again for clarity some confidence limits are
omltted.) The optimum solution was
(a,b,c) = (83.0, 29.7, 48.2) km
e = 8.8°
(x,y) = (97.8, -55.3) km

which differs considerably from the previous solution, The
average slowness and azimath rcsiduals are now 0.59 sec/deg
and 8.30 respectively which account for 56% of the azimuth
anomalies and 65% of the slowness anomalies. It may be
noted that events such as 4765.71, which has a 95% confidence
Lazmat of 63.3o on azaimuth, has a resaidual of 1.30 and that .in
general those evenis with large azimuth errors it the model
satisfactorily. Thus i1hese events, which play a very small
vart in determining the optimum structure, confirm the
suitabilaty of the meael in regions which otherwvise could not

have been considered.

Fig.4.7. shows a contour map of the surfacec produced
by 1his model down to 140 km with the locations of the
intersections WltL the raypath i1naicated, The area of the
surface which is sampled by the data 1s daisappointaing but

18 a necessary consequence of being restricted to a single

station and the available earthquakes.,

Figs.4.8., to 4.,12. show the sensaitiviiy of the oplimum
model to changes i1n the parameters describang the structlure.
The y co-ordainate 1s the value of the dimensionless [unction
Leing optimized and all figures are on Lhe same vertical
scale except for paraweter 'b' which has a y-scale one half
a- sensitive. It can be seeun Lhal the siructure 1s well

defined but that the station may be moved 10 kw in any




Figsure 4.5

Plet of slovmess residuals agazrst eapected aszatulh

tor datn set controllin: shallov structure.
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Ty onare b.o

I'lot of aziwmuth residuals egainst expected azimuth

for data sel controlling snallow structure,




sdaJlbap-yjnwizy

(0°13 o9l a71 oci 00l 08 09 07 0¢ 0

T I | 1

Iy

1

1

|
—

sdaibap - jpnpisals yjnwizy




Jasure 4,7

4 contour map ol the upper surflace of Lhie anomnaloits
upme r mwtle tor an assuned average velocily of

6.5 kri/sec. slructure to a depth of 149 w1 as
conlirolled by the onrtlimization »nrocess dr 3criucd,
acep structure 1s contronlled by the extrapolation
technique described in section 4.3.4 The location

off the 1nteiscection of the rays 1+ indicated for the

shallow structure,
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direction without significantly effecling the residuals

and thus any attempt to conslrain the structure by demanding
that 1t culs the surfuce a given distance from Kaptagat mayv
only be used i1n a very broad scnse, Finally, 2t can be
seen thal problems of total internal reflection play no part

in the location of this minimum,

The eflfect of the variation in the velocaity is most
easi1ly seen by comparing Figs.l4.,7. and 4,13. where the
contours are shown at 20 km intervals for velocities of
6.8 km/sec and 7.4 km/sec although details of the variation
in the parameters arc given in Table 4.4, The model at
7.4 km/sec shows a structure with exiremely steep slopes
as would be expected, moreover, because the steep slopes
are required for ncarly all the events the x co-ordinate
1s minimized so as to maintain as many events as possiblec
on the steep side of the structure, At a velocity of
6.8 km/sec the situation 1s reversed so that the X co~-ordinate
1is maximizced to provide a shallower slope and a greater
variation i1n the strikes available. The oraicntation of
the co-ordinate system, ® , changes from 2.00 at a velocaity
of 6,7 km/sec to 22.2O at 7.3 km/sec. I{ 1he contours are
considered, however, the strike of the siructure remains
approximately constant as the curwve introduced by the function
at low velocities has been compensated for by a change in
the orientation ol Lhe axes. The function value decreases
steadily with velocity although beneath 7.2 lun/sec the
search does not appear to reduce the azimuth or slowness
residual effectaively, Swnce the velocity proposed here 1s
an average velocity and there are indications (Grlfflths

et a1, 1971) that the 1li1d of the structure has a velocity of
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Figure 4,¢

Dependenrce of the function value on paracsecte. 'a',
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Fieure 4.9

the function valu.
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Fizure 4,10

Dcpendence of the function value on parameler 'c!',
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Ti.ure 4,11

Vependerice of the function value on the oricniation

o- the co-ordinate systlem - 1%
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r1cuce 4.12

vependence oi the function value on the location

of the co-ordinale sysiem - [x,v),
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FPigure 4,15

4 contour map ol the upper surflace oi Lhe anomalons

uponer mantle for an assumed averae velocitv of

7.4 km/sec. Details are as given in Fig. 4.7.
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7.5 km/sec, 1t 1s implied that tlhe core of the struclure

could have an ultra-lov wvelocaty.

Structure to the West of Kaptagat

The events arriving between azimuths of 180° and 3600
(in a clockwise scnse) will now be used to calculate the
deeper structure o{ the model. The area nf the surface
covered by this data 1s extremely large and, in addition,
several of the 17 events used have large errors so that the
reliability ot this i1nterpretation 1s somewhat less than

that of the last section,

The events used are listed 1n Table 4.5. together with
their azimuths, their depths of 1ntersection using the
optimum model for the whole data set and the dips and
azimuths required of the single interface to explaain the
anomaly at a velocity of 6.8 km/scc (section 3.6.), they
arc arranged 1in grouns ol approximately equal azimuths.

In the first group Ffroin measured azimuths bctween 350o and
3550 the two events with deplhs of intersection greater than
1,000 km have extremely shallow dips while those with
shallower intersections have larger dips (unfortunately
event 3327.70 .does not acree with this classification; all
that can be suggested 1s that the calculated dip ts so low
as to suggest Lhal 1t 1s not caused by the structure under
consideration). Thus, as the depth of the .Lnterface
increases the dip decreases muchh more rapidly than aindicated
by the optimum model of Lhe last section, Events 2812,70
and 4499.71 also do not agree with this Lrend, but the errors
are so large that thev are not signaificant at the 95%

confidernice level,.



Events Used in Extranolation Procedure.

Table b,5

Lvent No.

2312.71
1946.71
hé691.71
3447.70
3527.70

3382.,70
2812.70
3020.70

578.72
3123.70
hth.?l

Lugg,71
4343,71
2562.,70
2736.70

Distance

(degrecs)

37.2
38.9
48,6
73.8
75.9

Lo.1
42.9
bé, 7
63.9
74,2
79.5

NNt N\
Ut G\ 2

~ NN\

Azimuth (degrens)

Measured Tapccted

353.5
354.2
355.0
352.3
351.3

352.7
521.5
329.,4
295,8
320.0
305.6

279,k
242,1
238.6
229,9

352.7
352.9
11.4
3.7
352.8

331.6
3h2.5
340,7
270.9
323.06
300.5

MDD
D=0
AV D
w = ow

Depth
(km)

21000

1000
400.8
187.6
181.1

539.2
842.,¢
372.9
550.6
387.4
1000

21000

%1000
389'6
209.8

Dip

Strakec

(decgrees)

22,7
22.0
33.9
33.3
16.6

33.1
1-!-7-0
b2,6
40,3

165.8
178.6
141,06
141.2
162.5

114.8

61.7
119.7
169,8
127.4
144,73

116.7
1i2.7
108.9

97.4



Because the data points were so sparse 1t was considered
that an analysis of the kind performed for the shallow
structure wvas not jJustified and A simple extrapolation
technique was used. Each of the three azimuth roups 1s
taken in turn, the events intersecting at the shallowest
depth are traced from the station and the dip: which have
been calculated for that event are assumed to apply to tihe
silructure from the point of oxtropolation. The poaint »f
intersection of the new siructure with the ray i1s now
calculated and this serves as a poinl for further extrapolation
using the nexl deepest intersection. At the lirst stage
in this process the strike of the surface as derived from
the optimization procedure 1is assumed correct and at the
deeper stages the strike in Table 4.5. 1s assnumed. (As
there are no data points from the shallow analysis near
azimuths 220° and 3200 extrapolation begins Crom the stalion.)
By combining these three lines contours may be drawn to
extend the structure and the results are shown in Fig.l4.7.
for a velocity of 6.8 km/sec and in Fig.4.14. for a velocity

of 7.0 km/sec.

The full extrapolatioin procedure at an azimuth of 320o
leads to a depth 1n excess of 300 km although 1f the errors
at the 95% confidence laimits are taken this produces depths
of approximately 200 km and more than 400 km, It wall be
seen 1n the next chapter that the larger thicknesses are not
consistent with the delay time data indicating a shallowing
of the structure at least as severe as shown in Figs.l4.7.

and 4.14,

In conclusion, 1t 1s suggested that the structure in




Fioure 4,14

A contour map of the upper surface o: Llhe anomalous
upper mantlc Lor in assumed averape velocit of

7.0 km/sec. Detalls are as 2aven 1n Faig, 4,7,
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the region north east of Kaptagat 1s well controlled by
the data and the model satisfies the measurements to the
limit of their reliabilaty at the 95% confidence level,

In the region to the west of the station there 1is good
evidence to suggest that the anomaly dips progressively
more gently westward although the details of the structure

are not so-well restrarned by tnhe dacta,




- 65 -

CHAPTER 5
P-WAVE DELAY TIMES

P-Wave Delav Time Observations

There are two methods of detecting the consistent
late or ecarly arrival of waves at a station. The fairst
iuvolves the location of the earthquakes from the arraival
times at various stations (the s;ngle epicentre method);
this tcechnique has been developed by Douglas (1967) to locate
several earthquakes simultaneously (thc Jnaint epicenire
method) and has the advantage of correcting for source bias
whaich 1s known to occur (Cleary and Hales, 1966, Iierrin and
Taggnart, 1968). The time residvals from the location arec

then equivalent to delay times and by averaging the residuals

at a particular station the mean delay may be found,

A more simple and darect method of measuring the delay
time 1s toe compare the travel iime to a set of standard travel
time tables such as Jeffreys-=Bullen (19&0) or Herrin et al

(1968).

Although the delay time is relatively simple to calculate,
1t 1s much more difficult to define where the delav 1is
occurraing within the travel path. Long and Mitchell (1970)
sugprested that the delay caused by structure i1n the crust and
upper mantle beneatl the station could, to a large extent, be
1solated by calculataing the rclative delay between two stations
whose separation was considerably smaller than the distance
between source or stations. They expressed the travel time
residual as

R=T +7T + T, +T + E
o e t s



where To 1s caused by errors in the focal data
Tp 1s caused by anomalous crusti or mantle beneath

source

Tt 1s caused by errors in standard iravel time tables

-

Ts 1s caused bv anomalous crust or mantle beneath
the stations

and E 1s caused by poor timing or mis-readin
Yy F

The likely magnitudes of these effects, when using the
relative delay ilechnique, have been evaluated by Backhouse
(L972) and are nov briefly summarized,

1, BErrors i1n Focal Data

Errors 1n timing will cancel on taking relative delays
but errors on epicentral distance and focal depth will not,
Using the figures of Davies and McKenzie (1969) (25 km error
on location and 75 Kxm erroxr on focal depth) 1t 1s found that
an artificial relative delavy of 0.8 sec can be caused by
mislocation and the focal depth error may produce an apparent
delay of up to 0.7 sec.

2. Source Fffects

Anomalies cansed by source effecls snould to a good
apuroximation cancel 1f the lateral variations of structure
at sonrce arc not too rapad, In certain circumstances thas
1s likely; for example, Davies and McKenzie (1969) suggest
that the descent of cold platcs of ocecanic lithosphere into
the hot mantle cm1ld prosluce a 'Tast' plane wud thus cause o
negalive delay lfor certain azimuths,

3, Errors in Travel Taime Tables

Several studies have shown that residuals oblained using
Herrin's Tables are smaller than those obhtained with

Jeffreys-Bullen Tables (Long and Mitchell, 1970, FaiLrhead,
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1968). Howcver most tables tend to have a similar shape
and differ mainly in  small d.c. component (Lilwall and
Douglas, 1979, Cleary 2wl hale-, 1995} which should cancel
on using relative delays.

4. Poor Taiming and Misreading

It has bcen suggested (Stefanqson, 1967) that posative
delays are cauvsced by Lthe Joss of first arrivals in noise.
by choosing only those rccords with good ansets lhis effect
was considered Lo bec small., also 1t was not thought that
errors due 1o variations ir the recording or playing out of
the records could be as substantinl as thosc already discussed.

5. Latcral Variations in the Lower Mantle

A further term wvhich may he added in view of Tecent
work 1s the effect of lateral wvariations which are found to
occur within the lower mantle (Greenfield and Sheppard, 1969,
Powell, l975). While these have bcen shown to exist 1t as
not yet possible to quantify their effect although the
general applacability of the delay taime concept shows that

the effect 1s not, 1n pgeneral, large.

Tt can thus be seeu that relative delays can be
contaminated 1ath considerable errors and this musi be borne

in mind when interpreting delay time data.

Delay Time Studies in Afraica

Studies have shown that P-wave delay times associated with
stations ain Africa exhaibit considerable variation. Using
the jowint epicentre method, Lilwall ana Douglas (1970) obtained
mean residuals for stations i1n Africa as shown in Table 5.1.
Tt can be seen that addis Ababa (AAE) and Nairoba (NAI) show
positive delays of about two seconds. Lwiro (LWI), associated

with the western rift, shows a smaller positive delay, while
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Bulawayo (BUL) and Pretoria (PRL), associated with shield
structure, show negative delays. Studies by herran and
Taggart (1968) and Cleary and Hales (1966) show similar
results and these are given in Table 5.1. Equivalent

relative delays are given in Table 5.2.

Sundaralangham (1971) measured P-wave delays for several
African stations relative to Bulawayo and these are listed
in Table 5.2; a saimilar trend as described above 1s found.
Colley (1973) found the relative delay between Kaptagat and
Nairobi to be -0.43 sec and suggested that this indicated a
greater thickness of anomalous malerial beneath Nairobi than

Xaptagat. Finally, Backhouse (1972) has shown that the

relative delay between Kaptagat and Bulawavo 1s 2,20 sec,

Two conclusions may be drawn from thais data. Farst,
although individual measurements are subject to considerable
errors, the averzges produce consistent results, Secondly,
stations associated with shield areas i1n Africa give a small
negative delay indicating higher than average crustal and
upper mantle velocities; regions associated with the eastern
ri1fi give positive delays in the order of two seconds
confirming the presence of anomalously low velocity material
beneath the rift, while Lwiro on the western rift gives a
smaller positive delay suggesting that thais anomalously low
velocity material is not so well developed bencath the

western raft.

Delays betwecen Kaptagat and Bulawayo

It 1s proposed to interpret the delay times measured by
Backhouse an the light of the models proposed in chapter four.

The data set consists of 78 measurements of relative delay




Table 5.1

Station Hesiduals for Various African Stations.

(12) Herrain

{(131) Cleary

(1) Lilwall and Douglas

AAL
BUL
LWI
NAT
PRE

and

AAL,
BUL
LwT
W1N

and

AALC
BIIL
LVI
W1N

.20
~0.53
0.78
1.88
-0 b2

Taggart

1.12
-o.45
0.36
-0.99

~

L970) - Joint kpicenire ilethod.

0.32 (sec)
0.35
On37
0035
0.h7

T+ 414

(1968) = single Lpicentre Mcthod.

(sec)

Hales (1966) - Single Epicenire Method.

i



(1)

(11)

(1121)

(1v)

(v)

Table 5.2

hkelative Delays Between Various Alfrican 5Stations,

Sundarlingham (_271) - Herraines tables as standard.
BUL - AAE = 2.7 { 0.3 (sec)
BUL - NATI = 2.3 I n.3
BLL - 1wl = 1.1 = 0.3

Lilwall and Douglas (1970) - Joint Epacentre !ethod.
BUL - AAE = 2.73 { 0.67 (sec)
BUL - NAT = 2.L41 r 0,70

Herrain and Taggart (19638) Single Epicentie Method.

RUL - AAR
BUL - LWI

1.57 (sec)
0.81

Cleary and llales (1966) - Single Epicentre Method.

BUL - AAE = 1,5 (sec)
BUL - LW1 = 0.3

Backhouse (1972) - llerrin's Tablcs as standard.
AP - BuL = =2.,20 I 2,00 (sec)

Colley (1972) - Herrain's Tables as standard.

KAP - NAI = 40.43 I 0.17 (sec)
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¥ 2.00

between Kaptagat and Bulawayo; a mean delay of 2.20
sec 1s found with the error being the 95% confidence limait.
These values have been derived relative to Herrin's travel
times and corrections have been applied for the earth's
ellipticity (Bullen, 1956, Young and Gibbs, 1968), the

heights of both stations and also for the angle ol emergence

so that a vertical travel time anomaly as defined.

1t has been suggested that the crrors on the focal duala
could introduce a maximamn erroxr of 1.5 sec and the picking
lists at Bulawavo are gaiven to the nearest second thus
allowing an error of 0.5 sec so that an error, at the 95%
confidence level, of 2 sec although large i1s not unreasonable.
Furthermore, the concept of cla<sifying the structure beneath
Kaptagat by a single deley time 1s guestionable when the
various mordels which have been proposed are considered. Lach
raypath sees a diffecrent part of the anomaly and the 78
measurements should, i1n 1heory, be considered individually.
Thus the large apparent error could, in part, be reflecting

the complexity of the structure beneath the array.

Backhouse showed that, at the 95% confidence level, there
vias no significant variation of delay tiwmc wath azimuth aif a
variation of the form

T, = A + B.sin (O(k + W) (equation 1-{(111))

ls assumed, This variation models the effects of a plane
dipping interface and has been used by several authors (Herrin
and Taggart, 1968; Bolt and Nuttli, 1966, Lilwall and
Douglas, 1970) although i1t has been criticized by Davies and

licKkenzie (1969) who argued that a short spherical harmonic

series would be more appropriate than a sinusoidal variation.,
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Moreover, it has been shown 1n chapter three that Lhe array
anomalies cannot be explained by any set of plane interlaces
and the models put forward by Backhouse give rise to delays
which do not vary sinusoidally with azimuth (Nuttli and Bolt,
1969). Hence the analysis should not be considered as

indicative of structure but rather of the general Lehaviour

An analvsis of the delay times caused by the wedge
models was given by Backhouse and discussed in section 1.2.6.,
where 1t was shown that these models produced travel taime
residuals which were strongly dependent on azimuth. In
these calculations, the effect o1 Lthe deviation of the ray
was not considered although ti was decided that 1t could
produce an increase in the delay of 0.6 sec. It will be
shown thal thais effect cannot be disregarded and must be

considered as an essential pari of the calculation.

The delay times are given in Table 5.3. and in these
valucs no correction 1is made for the angle of incidence of
the wave. The locations of the events are shown in the
azimuth-distance plots ot Nig.5.1., and the samc problcms of

distribution found waith the slowness data are ajpparcnt.

As would be expected from the previous discussion
(section 5.1.) individual measurementis [rom the same region
show considerallec scatter. For example, events 38, 39, 40,
43, 4L, 45 and 46 are all located within 0.1° of latiiude and
0.19 of longitude ana are all given lhe same focal depth ol
33 km yel the delays vary between 1.3 sec (event 43) and
4.1 sec (event 44); the average delay for the gronp 1is 2,7 sec
with a standard error of 0.28 sec. Consequently, 1t was

considercd necessary to divide Lhe data into the grouns




Table 5.3

Delay Time bata.

D. 1. - Delay at Kaptagat.
D, 2. - Delay at Tulawayoc.
D. Total - Relative delay between Kaptagat and Bulawavo.
Event Lat. Long. Delta Azimuth ©»D.J. VL.2, w»,Total Group
(degrees) (sec) tsec) (scc)
1 37,55 48.98 39.0 17.2 3.7 1.5 2.2 A
2 10.83 125.3Y 89.6 79.2 3.1 0.8 2.4 Iy
3 =43,1h 4l1.66 43.8 173.4 6.3 3.6 2.7 H
4 36.47 70. 47 Lg.3 38,5 3.0 1.1 1.9 A
5 Lo.96 77.76 61.1 29.8 J.h 1.3 2.1 A
6 25.71 83.50 56.9 59.3 3.6 1.7 1.9 C
7 - 8.83 118.51 83.5 98.9 2.9 1.9 1.0 F
8 ~-56.01 - 27.31 75.6 211.1 5.6 1.9 3.9 G
9 59.88 77.80 S5 539.3 2.7 =0.1 2.8 A
10 26.02 95.4h0 63.0 60.9 3.3 0.6 2.7 o
11 37.82 55.88 41.7 2L .6 2.7 1.5 1.2 A
12 14.26 51.84 21 2 Lhy.o 1.9 0,2 1.7 B
13 2.60 97.98 62.5 87.3 3.3 0.5 2.8 E
14 11.86 - 43.74 79.3 281.9 4.0 1.2 2.8 I
15 1.15 126.11 90.6 88.9 4.3 1.8 2.5 F
16 L1.10 19.77 42.9 42,5 2.9 0.8 2.1 D
17 0,32 122.20 36.7 80.8 4.6 1.9 2.7 F
18 18.10 120.47 85,1 72.0 2.8 -=0.4 3.3 o
19 - 8.02 107.39 72.2 95.5 5.2 1.5 3.7 E
20 1.80 94,56 59.1 88.2 0.0 2.4 3.7 F
2 36.58 70.11 4g.2 °7.9 L.3 1.1 3.2 A
22 14.83 55,76 23.1 50,0 20,6 0.3 -0 9 B
23 37.04 71,38 Lo .,3 38.45 3.4 2.7 Nn.7 A
24 49,77 78.08 61.1 30.1 2.4 1.9 0.5 A
25 0.94 100.19 64,7 39.2 3.6 1.8 1.7 E
26 - 0.57 121.83 856.b4 90.6 2.2 =0.0 2.2 F
27 36,42 70.07 L8.1 38.0 4.3 1.3 3.1 A
28 -23. 19 37.29 23.9 175.5 3.5 3.3 2.0 H
29 -23.47 37.18 2.8 175.1 4.1 Ll -0.3 U
30 51.12 - 29,95 7h.2 323.6 2.7 N.7 2.0 0
31 43,23 Li.48 h3,8 L73.6G 5.2 0.7 hi,n H
32 -56.92 - 27.29 75.0 210.,8 5.1 1.3 3.8 G
33 34,95 13.67 29,9 3131, 6 4.6 2.3 2.4 D
34 - 3.59 8§6.16 50.38 95.0 3.3 0.0 3.3 E
33 73.32 535.15 73.8 5.8 3¢5 0.9 2.6 0
36 7,62 R, L1 75.8 352 ,8 2.4 2.3 0.1 0
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Table 5.3 - continued

Delay Tame Data.

Lvent Lat. Lone. Delta Azaimuth D.1l. D.2, D.Total Group
{degrees) {sec) (sec) (sec)
37 7.66 - 37.60 73.1 277.8 3h 2.3 1.1 T
38 9,06 94 .02 58,0 9.8 5.1 2.1 3.0 E
39 9,02 94,02 58.9 79.8 4.9 2.6 2.3 E
4o 9,11 9L, 0ol 55.9 79.7 h,2 2.2 2.0 1
L1 36.77 L5.13 372 12.9 50 2.7 0.7 A
L2 ~13.,69 66.26 33.6 115.9 3.3 1.1 2.2 0
L3 9.02 93.87 58.8 79.8 3.5 2.2 1.3 E
Ly 8.97 94,00 585.9 79.9 349 1.8 h.1 Y
Ly 8,98 94,08 59,0 79.8 5.4 2.3 3.1 L
L6 y.15 94,086 59.0 79.7 L.4 1.1 3.4 o
Ly -40,09 80.55 58.0 140.7 1.5 0.7 0.8 0
L8 18,31 120.88 85.5 71.6 1,2 -=0.8 4.0 e
Lo 29 52 56.85 °5.4 33.3 h.1 0.8 3.3 A
50 36.91 7L.62 Lg.3 38.6 L, 2 1.6 2.6 A
51 22.71 121.34 35,0 67.4 3.6 1.2 2.4 0
52 14.325 120.10 84.7 75.1 3.4 2.4 1.0 r
53 6.49 94,70 59, 8,.8 h.s 1.5 3.0 E
54 26.04 .73 L. 4 329.6 3.0 =0.1 3.7 D
55 .70 124,93 §9.5 59,3 3.8 1.3 2.6 F
56 25.90 105.49 7.6 52,7 2.5 1.2 1.3 c
57 43,73 39.15 45.3 3.9 3.6 1.8 1.6 A
58 0.04 124,40 8¢.0 20,0 4,0 1.0 2.9 k
59 - 6.27 130.14 9u 7 96,2 2.8 1.0 1.8 F
00 2.39 9/ .88 59.4 87.5 4.0 0.6 3.5 ®
61 L3.85 54,77 46.5 19.5 4.2 1.9 2.3 A
62 - 4,25 103,37 68.0 gl ,7 2.6 1.1 1.4 E
63 2.02 126,46 9l1.0 38.0 3.0 1.4 2.5 P
an sh.lo 24,01 35.4 343.6 3.2 1.5 1.7 D
65 35.06 Lé6.92 36.1 16.1 b,7 2.4 2.4 A
66 5.72 61.24 26.3 73.0 5.5 2.5 3.1 B
67 - 7.80 122.67 37.3 97.¢ 2.5 0.6 1.9 0
68 1.66 126.-8 90.9 3843 2.5 =0.,2 2.9 F
69 -26.,07 27.94 2743 194%.9 .l 1.2 1.9 Il
70 1.8 99.1¢ 63.7 58.1 J. b 0.6 2.5 D
71 23.76 0L.76 59,2 62.5 2.0 C.9 1.5 C
72 0.65 95 .84 R 89.5 2.2 =1.°¢ 4,0 B
73 2.19 126.5%9 NLl. 4 87.8 3.5 3.h 0.1 I
74 -63.4y - 61.22 93,4 206.6 5,1 2.6 2.5 G
75 1.48 121.2S 6§5.8 H8.6 2.¢ 0.0 2.9 P
70 36.56 55.63 Lo.5 25,0 4,3 0.6 3.6 A
77 -59.78 - 26,413 76,6 207.5 6.1 2.7 3.5 G
78 Je24 95.95 60.5 80,1 3.6 0.7 2,9 E



11eure 5,1

Locations, on -~ distalnce - azLmulh plot, o. events
useu Ln delay Liwmc stidy, locations are relative to

Kaptagat,
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shown in Fig.5.2,, the mean values of the delays for the
groups together with Lhe standard errors and 95% confidence
limits are gaven in Table 5.4, It can be seen that the most
reliable data may be expected [from sroups A, C, £, F and G
while the scalter on the other groups 1s such as to make any
interpretation unconvincing., Consequently detailed

interpretation will be testrictea to Lhe above five proups.

Methoeds of Intervureiaiion

This analysi.s 1s concerned with deriving the delay tine
at a single station relative to standard travel times, The
structure at Bulawayo will be assumed to be thal given by
the AFUTIC model of Gumper and Tomeroy (1970) and delays for

such structures may be easily calculated.

The aim 1s to derive a2 method for calculating the delay
causcd by the three dimensional structures discussed in
chapler four. Tt as proposed to 1llustrate the general
properties of sich delayvs with reference to simple two
dimensional models ain order to estimate the magnitude of

various effects.

1. A Plane Layer in Two Daimensions

The problem 15 1llustrated 3n Fig.5.3. wherc a low
velocity laver with velocity Vl and thickness Z occurs withan
a medium with velocaty Vn. The ray wnicn arraives at the
station h 1s indicated by the solid linc and Lhe broxken 1line

indicates the travel path of this ray i1f the layer were not

present 1.e., this ray travels with vclocity Vn. The times
]
t2 and t? refer to the Llravel times of {1he observed ray

!
withain the given layers and t., and t1 refer to the hypothetical

1

undeviated ray.




f1oure 5,2

Gronping of events used ain delay time siudy, letiers

1dentify proups and numbers i1derii1ly the numbers of events

in each group.,
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Table 5.4

Group Delay Taimes,

Group No.

A

Events Delay
(sec)

16 2.15
3 1.30

b 1.85

4 2.48

16 2.87
16 2.29
b 3.43

5 2.16

2 2.00

Stanaard lLrror
(sec)

0.24

0.96

95% Confidence Limit
(sec)
2,04
7.15

1.72



Diagram Lo Lllustrate the delay taime cnanlculation

for Lhe case of a plane parallel layer,
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If the distance from source to detector is A ° and

the standard travel time and slowness are T and dT/dA then
the travel time from source to hypothetical detector of the

wave including the broken line 1s

!
T =T+ dT . §A 5-(1)
dd
to a first approximation af S$A «A . The travel time to

the station of the actual arrival is given by

/ /
[r + g_’E.SA]-(t1+tl ) + (ty +t, )

Because plane layering i1s assumed
7 /

tl =t

2
and since the expected travel time 1s T and delay D may

be wraitten

D =(dTf\. 84 + (t, - t;) 5-(24)
dl
and 1t may be shown that
80 = z.(tan 1 - tan r) 5-(ii1)
t2 = Z 5«(1v)
V,.cos r
1
t, = Z
1 Vn.cos 1 5-(v)

whence equations 5-(11) to 5-(v) enable the delay to be written

D = (gg). Z.(tan i - Lan r) + 4 ( 1 - 1 )
dA Vl.cos r Vn.cos i
5=(v1)
= dl + d2

dl 18 a deviation effect and causes the observed ray to travel

via a different path than the 'theoretical' arrival and d2
represents the delay caused by a i{ravel path withain the

low velocity layer.

To evaluate the relative i1mportance of these effectis consider
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as an example a structure similar to that proposed for
the upper mantle beneath Iceland (Tryggvason, 1964)
where Vl = 7.4 km/sec, Vn = 8.1 km/sec and Z = 200 km.
The resulting values for various distances are shown in
Fig.5.4. It 1s clear that both terms are significant
in evaluataing delay times. Considering the deviation
effect, an increase 1in distance causes a decrease in

the angle of ancidence and thas has been shoun (section
3.5.) to decrease the deviation and thus the delay
associated with this term. The reverse effect is
however true for the delay d2. As ithe incident angle
increases (distance decreases) the path length ain the
high velocity medium increases more rapidly than that in
the low velocaity medium so that the delay decreases.

The net effect 1s that, although both terms are quite
strongly distance dependent, the total effect a1s to
produce a delay which 1s relatively insensitive to distance.
It 1s worth remarking that both effects are directly
proportional to Z and thus they have the same relative

weight for all thicknesses.

2. Structures with Dippineg Interfaces

i =1

It may be noted that in the previous case the ray will
always be 'pulled in' by the anomalous low velocity layer
and thus the actual ray will travel a deeper and longer path
before entering the zone than the theoretical ray. Fig.5.5.

shows that this 1s no longer necessarily true when dippaing

boundaries are considered. The effect of the fairst refraction

1s again to pull the ray inward; however, whereas in the
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'rzure 5.5

Dwagraw to i1lluslrate the delay tiue calculation

fo1r Lthe case of 1 single dipping wukterface,
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we now have r_ = r_, + & where 0

revious case r, = r
b 1! 2 1

2

1s the augle of daip. Consequently 1, )ll and 1t 1s possible
that the observed ray now takes a shallower path than the
theoretical ray and equation 5-(1) now becomes

T =T—(%)=Sﬁ

This effect could, in thcory, become verv lar:;c when 1,
[N

0
aprroaches 90 and the arrival tends Lo a headvave.

fhe ray tracing so far has been from Lhe station to the
source and the reverse problem 1s more common, given an
event at distance 8 frow a.imath & calcnlete the observed
delay time, It 1s straightforward to calculate the poant on
the bottom surface at which the ray, 1f undeviated, hits 1in
ei1ther of the two previous cases. The ray may be traced
through the structure and the deviation §0 calculated,
The whole raypath may now be shifted by this amount and the
delay calculated. Unfortunately, the angle 1 at which the
ray hitis the bottom intcrface has now changed (LL will now
have a slightly different slowness) and on tracing through
the structure will miss the station. The shift éb'lnay be
applied and the process converges very rapidly because 1
varies very slowly withain the (dislancz variation considered

and a solution 1is rapidly found,.

3., Structures with Curvea lnterfaces

Th.e problem gust considered becomes rather more

comnlicated on considering curved 1unterfaces and 1s 1]llustrated

in Fi1g.5.6. The undeviated ray passes through A and B and
arrives at K, On tracing the ray through the structure it
passed through A, C and D a distance x from K, The ray 1is

ilierefore traced from L where EA = KD but now the angle of
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diaerar to i1llustrale the delay Lime calculalion

for a single curved 1 .letrface,
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incidence at F will not be related to thatl at C. In fact,
for surlaces which behave 1n a reasonable manner the problem
1s not so difficult although the 1terative process required

1s considerably more complex.,

L, Structures with Curved Interfaces in Three Dimensions

The problems which have arisen in the previous cases
also occur in three dimensions but they are rather more
difficult to visualize. In addition the problems of
refraction in three dimensions must be considered, effectively
the rayv will become twisted on refraction and the i1leration

process has to locate the station on the planc ol the surface.

Since the data had been grouped as shown in Fig.5.2. 1t
was decided that a full calculation using the i1terataive
methods described was not jJustified and a simpler approach
to the problem was made, Although 1t Ls dafficulr to
calculate the delay for an cvent [rom a given distance and
azimuth 1t 1s relatively easy to calculate the delay lor an
event whaich arrives at a station with a given slowness and
azimuth. Morcover, by tracing the ray Lhrough the anomaly
Ll 1s possible to calculate the point from which the rav
OTigLnacted, Hence, the general pattern of the delays causecd
by the structure may be found and compared with thc overall

pattern 1llustrated in Fi1g.5.2.

Equation 5-(vi) may be gencralized to three dimensions
quite simply with reference to Figs.5.7(2) and 5.7(11).
The ray travels from S to K and the effect of the anomalous
body 1s to deviate the ray at A, With reference to equations
5-(1) to 5-(v) the delay 1a given by

p = 2 (%). 0+ (¢ - t,) 5-(vi1)




Fipgure 5.7

Diagram to 1llustrate the delay time caculation for

the three dimensional case.
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Calculation of SA L5 a little more difficult 1n three
dimensions but an approximate methoa i1s 1llustrated in
Fig.5.8. A wave arraives at Lhe origan O from S and 1ts

expecled azirmulth 1s ¢ . The undeviated rav takes a deeper

path and arrives at P(x,y) al an azimuth B rclative to the

origain. If |9-¢’)1-2T then the undevinted 1ay has a greatexr

path length and of .30 L1s positive. Ii lQ-ﬁ‘Lﬂ'then the
daa 2

undeviated ray has a shorter ray path and makes « negalaive

contribution to the delay time. hMow S0 and SP will be immuch

greater than OP and SA=|SP—So|so to a very pgood approxiriation

- - V]Jl\
88 = OP. sin (8-¢-T) 5-(vasa)

A computer progr.u. DELAY vas written which calculated
the delays caused by Lhe stracture prowposed in chuapter four

and the result-s are novw discussecd.

Ntesults

The purpoese cof ttesc crlculations i1s to shov that the
obsexrved nroperties of Lhe delay times are consistent with
the nmodels proposed on the basis of the slowness anomalies and
also to attempt Lo put some form of coustraint on the depth

to the bottom of Lhe ancwmalous body,

It has been shown in chapter three ithat, 1f the slowness
anomalies are Lo be explained by a single interface, a
maxamam average velocity of 7.5 km/sec 1s allowed for Lhe
arowzalous hody. Assuming ihis velocity a maximum thickness
may be determined, this velocity will also be used to
Lllustrate the behaviour of the delay time as a function of

azimuath and daistance.

The optiuum models derived in chapter four are uvsed and

the (lelay for each evenl withain the groups Ls calculated




Figurce 5,8

Diagraq used to calculate the aincrease in path length

for the three dimensional delay calculation.
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individually, averagc group delays, together with apparcnt
standard errors, are ithen calculated for various depths to

the bottom ainterfoce. Sample results are given in Table 5.5,

The first point Lo note 1s that avproximately one
quarter of the observed standard error for each group can
be attributed to struciural complexity 1n the upper mantle
heneatih the raift,. If a more realistic model were used,
including a mure complex velocitv structure, 1t 1s likely
that more of the scatter could be attributed to the anomalous
mantlc. Even though the scatter caused by error i1is now
reduced 1t 1s difficult to place any meaningful restraint
on the depths at the 95% confidence level but 1f the
interprelation 1s reduced to the 60% confidence level useful
conclusions may he drawn, At a velocitv of 7.5 km/sec the
maximum depth to the Lottom of the onomaly 1s approximately
350 km and a minimum depth of somewhai less ithan 300 km is
suggested., If the velocity 1s reduced to 6.8 km/sec then
the optimum thickness is 160 km* a lower lamit cannot be
grven becausc most rays miss such a shallow structure and a

maximum depth of approxaimately 229 km 1s found.

The observed variation in delay taime vath azzmuth is
reflected in that found for the proposed model i1n that
Group C =shows lower delays than Groups A, E or F and Groups
E and F show «4 larger delay than Group A. Although thcese
variations are not significant at the 60 confidence level
1t 1s encouraging to find saimilar trends in both theory and

observed delays.

Interpretation of Group G i1s daifficult since neither

the optimized mocdel nor the extrapolated model cover this
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region. Calculations made for the region between azimuths
of 900 and 1800 indicate that the theoretical delay increases
steadily with azimuth and the delay for Group G does not appear

inconsistent waith the model,.

This interpretation has been made at the 60% confidence
level and thus conclusions are drawn with somewhat less
confidence than earlier interpretations made at the 95%
confidence level, Nevertheless 1L such limitations are
accepted some important conclusions may be drawn

1., Models with steeply dipping boundaries are consistent
with delav times which do nol wvary strongly with azimuth.

2. The models derived from teleseismic slowness data
are consistent with the observed delay time data.

3. Tf an 2verage velocity of 7.5 km/sec 1s assumed lor
the structure a maximum depth to Llhe lower interf.ace is
placed at 350 km and a velocity of 6,8 km/scc produces an
optimum depth of 160 Xkm.

L, The large observed scatter may be ascraibed, in part,

to the structural complexities of the upper mantle beneath

the r1ift.

In seclion 3.3. 1%t was nientiocaca that (e deviaitions
caused by the structure and discussed 1n this chapter would
cause the theoretical slowness to be in error., The maximum
deviation found for the delays calculated was 35.3 km which
rMay cause a maxliiium error in the thenrctical slowness of
0.15 scc/deg at a distance of 20° and 0.0l scc/dep abl a

distance of 100°,
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CHAPTER 6

VELOCITY FILTERING LOCAL EARTHQUAKES

Introduction

Thas chapter will describe attempts made to identify
a wave which has been reflected off the top surface of the
structure, postulated in chapter four, in the secondary
arrivals in local earthquake records. The possibility that
such a phase did not exist or was of such low amplitude as to
be unrecognizable was appreciated from the outset; for
example, the transition between normal and anomalous mantle
could occur over a distance large compared with the wave-
length so that no reflections of significant amplitude would
e produced or the angle of incidence to the structure could
be such as to make the reflected amplitude negligible. In
spite of such possibilities the attempt was made because of
the importance of the data from such arrivals which when
combined with the data from first arrivals from telesexsms

would enable the structure to be defined with more confidence.

Identification of the Anomalous Phase

A wave reflected from the interface could be identified
by the following characteristics:

1. If the wave 1s reflected from a structure beneath
the Moho it must arrive with a velocity greater than the
Moho headwave and will be expected to have a velocity in
excess of 8 km/sec.

2. A wave reflected from the structure will arrive with
an azimath different from that of the first arrival which is
assumed to have travelled through normal crustal material
(Events wi1ll be chosen which are likely to have such fairst

arrivals).
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Many of the multiply reflected and refracted arrivals
will have an apparent velocity greater than 8 km/sec but if
they have travelled through normal crust they should all
have the same azimuth as the first arraval. Hence the most
reliable indicator of the reflection was taken to be the
arrival at an azimuth different from the praimary azimuth;

as a confirmation the velocity would be determined,

Velocity Filtering

Velocity and azimuth filtering techniques (Birtill and
Whiteway, 1965; Whiteway, 1965) were used to search for the
anomalous phase, Essentially this method involves the
summation of individual seismometer channels after appropriate
delays have been applied corresponding to the assumed velocaity
and azimath of the arrival. Usually two partial sums are
correlated and the maximum in the correlation coefficient
provides a reliable estimate of the approximate velocity and
azimuth although it is sensitive to signal interference and

window positioning effects (King et al, 1973).

The technique was originally developed for the analysis
of teleseismic signals and refinements have, in general, been
concerned with the improvement of the recognition of such
signals, The VESPA (Velocity Spectral Analysis) process
(Davies et al, 1971) aimproved the velocity resolution of an
event from a known azimuth and a sophisticated technique
described by Capon et al (1967) effectively weighted each

channel at different frequencies.

It appears that the process has not been so widely used
(or so successful?) in the analysis of local earthquakes.

McCamy and Meyer (1964) attempted to analyse a crustal
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refraction experiment using velocity filtering techniques

but found a profusion of second arrival correlations many

of which could not be explained. King et al (1973) concluded
that the density of arrivals for events closer than 30° made

accurate resolution of velocity impossible.

Velocity Filtering Problems

Limits Imposed by the Array and Data Processing Facilities

In this section the limits imposed on the resolution of
velocaty and azimuth by the geomctry of the array and the
data processing capability will be analysed. It should be
emphasized that these limits are those applicable to a plane
wave crossing the array in the absence of noise and as such

represent the best resolution available.

It 1s necessary as a preliminary to describe some of
the data processing facailities, ain so far as they are relevant

to this study.

The velocity filtering process i1s carried out using a
CTL Modular One computer with an 8K 16 bit word core store.
The analogue array records are first digitized and store on
either a fixed-head disc (for temporary use) or magnetic tape
(for permanent use). The disc contains twelve fixed length
files each of which provides space for approximately fourteen
seconds of record digitized at 50 samples/second (or
correspondingly more or less at different sampling rates)

consisting of ten seismometer channels and one binary time code.

The executive, compiler and filters (programs) are
within core store and the remaining room i1s allocated to the

storage of data i1n time series channels. Each of the
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seilsmograms is allocated a time series channel and the process
of velocaity filtering requires that positive or negative
delays are applied to these channels. Consequently 1t ais
necessary to have sufficient samples in store at a given time
to allow the necessary delays to be applied. It 1s clear
that the number of samples required to be stored i1s directly

proportional to the digitization rate,

It was found that for general use a rate of 50 samples/
second allowed sufficient flexibility of operation and that
100 samples/second could be accommodated with some diffaiculty;

any higher rate was not practicable.

In the routines available on the computer at the time
of writaing no interpolation i1s allowed between samples so

that delays are applied to the nearest digit.

If a wave crosses an array with velocity V from azimuth
% (fig.l.4.) then the arrival time at a seismometer at
(xi,yl) relative to a zero time at the origin is

t = (Xl.slnu + yl.costx)
v

(Carpenter, 1966).

If the seismogram is digitized at S samples/second the

wave will arrive at the station at sample n where

!

n =tx S
= - (Xi.sino( + yl.coso(). S 6-(i)
\'
and n is the digit nearest n'. A quantity of importance is

the rate at which these digits change for each seismometer

or more precisely the relative rate at whaich they change for
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either a change in velocity or azimuth. This is gaiven by
[}
La'-‘)= (xi.sinu + yj.cosa ). S 6-(11)
QV“ 5
\'4

for a fixed azimuth; similarly

(gi)f (xi.sin o<v+ yl.coso(). S 6-(i11)

for a fixed velocity.

These equations enable the sensitivity of the array, to
changes in both vclocity and azimuth, to be determined for
any velocity and azimuth, As examples Fig.6.1. shows the
variation of (gel‘with velocaity for an azimuth of 180° and
Fig.6.2. shows the variation of (’b—:)ij'th azimuth for a

velocity of 8 km/sec; both are calculated for a digitization

rate of 25 samples/second.

Fig.6.1. enables the response in changes of velocity to
be determined; 1t shows that the gradients for the yellow
line are approximately equal throughout the velocity range
considered indicating that the same samples are used to
calculate the correlation at 6 km/sec as at 9 km/sec. The
red line indicates a much larger variety of gradients and
thus the samples change much more rapidly with wvelocity.

It may be concluded that for a maximum variation in samples
as wide a variety of gradients as possible 1s required.

Thus similar graphs at different azimuths show that events

from the south-east and north-west provide a maximum variation

while events from the north-east and south-west provide a

minimum varilation.,

Fig.6.2. shows that 1f a determination of azimuth as

required the array i1s most sensitive to arrivals from the



Figure 6,1

Plot of (%%L‘, in units o{ samples per km/sec, against
velocity at an azimuth of 180o for the seismometers of

the array.
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Figure 6.2

Plot of (%3 v’ in the units of samples/radian, against
azimuth for a velocity of 8 km/sec for the seismometers

ol the array.
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north-east and south-west and most insensitive to arrivals

from the north-west and south~east.

This method of describing the response of an array ais
of particular use in assessing the performance of a fairly
remote temporary array such as Kaptagat where 1t is difficult
to maintain the equipment to a high standard. Essentially,
one is faced with an array whose properties are frequently
varying and a fairly rapid method of determining the
usefullness of a particular array configuration for a
particular event 1is requared. The two groups of curves may
be generated and plotted very rapidly by computer and the
relative importance of each seismometer assessed and thus

the effect of the loss of given seismoneters estimated.

The diagrams may also be used to determine a minimum
sampling rate necessary to give a requaired resolution or
to determine the maximum resolution given a maximum sampling
rate assuming no ainterpolation between samples. For example,
consider an arrival from 180° with velocity 8 km/sec; the
gradients %%)d for each of the seismometers are shown
in Table 6.1. for a variety of sampling rates. Since delays
are applied only to the nearest sample. a sample numbcr has
to change by a whole unit before a new sample will on average
be taken. If, as an approximation, the gradients are taken
as linear, three seismometers will change their samples on
going from 8 km/sec to 9 km/sec or from 7 km/sec to 8 km/sec
for a sampling rate of 25 samples/second so that for a
resolution of (8.0 z 1.0) km/sec the array i1s operating on
three seismometers., At 50 samples/second the operation is on

four seismometers, at 100 samples/second on 5 and at 500

samples/second on 7.




Table 6.1

. o
values of (9n/dv)« at ii/sec and 100" azimuth.

Sei1amomc taor

Y1

Y2

Y3
Y4

o

2

(9n/dv )

- {samples/ {(wm/sec) )

n
\n

{ ‘0
e BH
1.20
1 46
2,03

~0.07
0,00
-0.01
0.00
0.10

Sampling rate (=samples,/sec)

i

50 100 500
O, 60 1,0 O, 0
1.12 2,723 11.17
2.41 4,81 24,06
2.97 5. 84 29.22
L.o6 o Lo.87

-0,17 -0."6 - 1.33
0.00 Q.00 0.00
-0.02 =-0,05 - 0 23
0.01 0,02 0.0
0D.20 0.39 1.95
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 Jb4.2, The Array Response in the Presence of Incoherent Noise

The response of the array in the presence of incoherent
noise 18 considered in Appendix C where a1t 1s shown that aif
an array consists of n seismometers the process of delaying
and summing will on average improve the signal to noise

ratio by a factor J;.

54453, The Array Response in the Presence of Coherent Noise

If an array 13 tuned to velocity V and azimuth &« ,
denoted here by (V, ® ), then any signal (V ,«') may be
defined as coherent noise. The effect of coherent noise
has been analysed for various array geometries by Birtill
and Whiteway (1965). They assume an array is tuned to an
arrival (V, o ) and calculate how the array responds to an
arrival (V:d') and an array response diagram is calculated
for the spacc defined by V’ and Oﬂ . It may be noted that
the information contained in this analysis is exactly

equivalent to that given in section 6.4.1. although in a

different form. If a signal (V,o ) occurs in a region with
on (Qﬂ
a large variation of (BVL and Bt )y the array waill

go rapidly out of tune with changes in V or & (although thas
response 1s dependent only on the magnitude of the phase

shift).

The array response depends on the method of correlation
used; two techniques were considered and theoretical responses
are derived in Appendix C and illustrated in Figs.6.3. and
6.4, for the Kaptagat array. Fig.6.3. shows the response
of summing the red and yellow lines and squaring the resultant

(ZR +2Y )1 and Fig.6.4. shows the response of takaing the

product of the summed red and yellow lines (ZR ZY) . The




Figure 6.3

Contoured plot of the response of the array, relative
to unity for the ain-phase condition, as a function of
velocity and azimuth; the response as found by adding
the summed r2d and yellow lincs - (IR+2Y). The radial
component 1s linear in wavenumber and the numbers
shown are the eguivalent velocities (ain km/sec)

assuming a frequency of 4 Hz.
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Figure 6.4

Contoured plot of the response of the array found by
taking the product of the summed red and yellow lines -

(ZR.ZY). Details are as given in Fig. 6.3.
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contours show the response relative to unity for the an phase
condition (1.e. anfinate velocity). The effect of coherent
noise 1s most easily calculated by algebra in wavevector (E)
space and the radial distance of the plot is thus linear in
K (details of this procedure are given in Appendix C). For
a full representation of the response of the array it is
necessary to include the dependence on frequency, effectively
as a thaird dimension in the plot; in the present case the
average frequency of local arrivals at Kaptagat was found to
be approximately 4 Hz and this frequency was used to calculate

the responscs shown.

In comparison with the standard plots of Bairtill and
Whiteway these contours appear somewhat uneven but i1t must
be remembered that these diagrams represent the response of
a real array with seismometers not equally spaced or in exact
geometric patterns. It can also be seen that in general the
second correlation technique gives a lower response to
coherent noise on average than the straight summation so that

this technique was always used.

Interference Problems

Maguire (197&) has investigated the expected densaity
of arrivals at Kaptagat from local earthquakes using a
synthetic seismogram program, He found that, for an event
at dastance 55 km, sixty arrivals occured within the first
9.63 sec of record i1f amplitudes within three orders of
magnitude are considered. The apparent velocities varied
from 3.47 km/sec to 13.57 km/sec and P,S and mode conversions
were considered, Consequently the problem of ainterference

18 quite serious after the first arrival. While a detailed
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treatment of this problem requires a knowledge of the
interfering wave forms and their arrival times, a very
elementary and crude analysis will i1llustrate that interfering

arrivals can produce anomalous results.

Consider two waves propagating across the array with
the same angular frequency w but with two different wave

vectors k; and k, with phase difference ? i to a1llustrate

2
the prainciples of the problem they will be assumed to be
represented by equal amplitude sinusoads. (Although arrivals
will appear waith daffering frequency content due to path
differences, the variation i1s small, in comparison with the
variation in apparent velocity, hence interference effects

in space are of more importance than those in tame.) The

displacements are given by

y; = a.sin (wt = k, .z +¢)

Yo a.sin (wt - 52.3)

and thus the resulting displacement, Y, 1s given by

Y=y, *¥

2a.s1n (wt - a(k, + k,).r + ¢).cos(-l(k -k, ).r + ¢ )
271 2T o3 z 1 RT3

6-(1v)
If the most likely case of two waves with differing
velocaities but the same azimuth is considered then the first
term in equation 6-(1iv) represents a wave travelling in the
same direction as the initial disturbances but with wave

where

ky| =1 (gl o+ k] )

vector 5

3

The second term represents the interference effect and is
independent of time. If the wavelength of the interference

pattern 1s large compared with the dimensions of the array
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then 1ts effect is negligible. Table 6.2. lists the
wavelength of the interference pattern associated with the

two given velocities and i1t can be seen that, for example,

the interference of an arrival with velocity 15 km/sec with
one of 5 km/sec produces an interference wavelength of 3.7 km.
It is possible that the wvelocity filtering process could
correlate the interference envelope rather than the individunal
arrivals and produce a high correlation at an anomalous
velocity. However, since the interference pattern propagates
in the same direction as that of the interfering waves thais

will not lead to an anomalous azimuth.

If two waves with differaing velocities and azimuths are

considered the resulting wvavevector EB will be given by
ky =1 (& + k)
2

and necessarily |§3|( % (lEll + |52|). The resultaing wave
thus propagates with a new velocity and azimuth and moreover
the second term means that the interference pattern ais
parallel to neither wavefront so that the effect described
above could lead not only to a spurious velocaity but also

a spurious azimuth.

This analysis has been at a very simple level but has
served to i1llustrate two important points. First, waves
from the same azimuth can interfere and produce anomalous
velocities but not anomalous azimuths, Secondly, waves
arriving from different azimuths can lead to both spurious

velocities and azimuths.

Event Selection and Processing Tcchnique

Choice of Events

An analysais of seismicity associated with the Eastern and




Table (6.2

wavelcngbh of Lhe Interflerence Paltern by two waves

wifh Velocities Vl and V
Ve

Vlgl\m/ sec)
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Western Rift has been carried out, at the same time as this
study, by Arnold using the array at Kaptagat and Figs.6.5.
and 6.6. indicate the locations of local earthquakes recorded
at Kaptagat between 10.3.71 and 14.11.71. As the velocity
and azimuth of these events had been previously obtained by
onset time analysis, the events to be processed were chosen

from these.

A preliminary examination of a number of events from
various azaimuths and distances using the methods described
in section 6.5.2., was made to indicate the sort of correlations
produced. It was found that events more distant than 100 km
did not indicate any signiaificant high velocity second arrivals
at anomalous aziemuths. The events from the Kavirondo Raft
were selected for analysis for two reasons. Fairst, thc
first arraivals are consistent with the crustal model for
regions of normal crust proposed by Maguire and Long (1975)
(Arnold - porsonal communication) and thus appear to have
travelled through normal crust. Secondly, events from thais
rogion provide a reasonable variation of distance and
azimuth and thus the interference effects described an
section 6.4.4. may be expected to vary so that any consistently

anomalous arrivals cannot be ascribed to interference.

On examining the records many of the events were
rejected as unsuitable either because of a high noise level
or more usually because of saturation throughout the relevant
part of the record. Those which were suitable are listed
in Table 6.3. and their locations shown ain Fig.6.7. The
distance and azimuth are determined to within a standard error
of 2 km on epicentral distance and 2° on azimuth; focal depths

where given or not queried, are accurate to within a standard



Figure 6.5

Locations of all earthquakes analysed at Kaptagat

by Arnold.







Figure 6.6

Locations of earthquakes from the region of the

Kavironde Gulf analysed by Arnold.
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Figure 6.7

Locations of the twelve earthquakes analysed by

velocity filtering techniques.
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lable 6.3

Local wvarthquakes used 1n Secoud Arrival Analvsis,

First Arrival

iivent No. Velocity Azaimiuth lat. Long. J1stance Focal Tenth
(km/sec) (degrees) (degreas) (km)

1 6.372 198.7 0.035. 35.297% 57.1 5

2 6. u8 20<.5 0.030N 33.287F 50.7 5

3 G.h2 05.9 0.145% 1335.173E 75.6 5

Y 6.12 207.2 D.,0L7S  35.220 38.5 5

3 6oy 190.7 0.0274 25,3347 Lo,3 LS

6 6.h7 203.5 0.04ON 35,2600 30,0 ?

7 5.46 203.0 J,0025 35.19.7 67,1 0]

2 6.49 203.1 0.094  ,5.3700 45,1 ?

9 7.00 20,.0 D.066+  35.395L b7.1 ?
10 6.36 204, 4 N.0hb0s 35,238 39.9 5
11 6.560 1ée .7 0.023%5 15,3301, 5.5 18
L2 7.00 1680.3 H.051s 35.387T 57.1 25
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error of 1 km (Arnold - personal communication). Generally,
these events are well recorded and saturation i1s very slight
although there are still quite considerable wvariations in the

qualaity of the records.

3¢e5.24 Processing Technique

The methods used will be 1llustrated with reference to
event number one. Seven channels were operating when
recorded and the seismograms and time code are illustrated

in Fig.6.8.

Once an event had been sclected for processing 1t was
'

digitized at 25 samples/second and automatically captured
onto disc with one second of noise before the first arrival.
After checking thaet the digatization had been correct the
event was permanently stored on tape. The process was
repeated at digitization rates of 50 and 100 samples/second,
If a seismometer channel was obviously not operating correctly
the i1nput was put to zerovolts and thus all tape files
consisted of the same format of ten channels plus one time
code regardless of the number of channels operating. In
cases where the noise level was significant the automatic
capturing process was often traiggered by ncise in which case
a very tight frequency filter was used on the test channel
to exclude the noise although in all cases the unfaltered

record was digitized and recorded.

The velocity filtering was performed using the program
listed. Essentially the yellow and red line were delayed,
summed and multaiplaied, The correlation was then antegrated
over a window of 0.2 sec; this corresponds to approximately

a wavelength and was found by trial and error to give the




Figure 6,8

Seismograms of the seven operating seismometers for
event number one; also shown is the binary taime code

indicating second markers.
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sharpest response for second arrivals. The correlations

were displayed using a Hewlett-Packard x-y plotter.

The correlation function was calculated for the event,
using a sampling rate of 50 samples/second, at a velocity
of 8 km/sec for azimuths between 0° and 360° in steps of 2°
and displayed on the plotter. A short section of such a
record 1s i1llustrated in Fig.6.9. The correlation function
was then calculated and displayed for the first arraival
azimuth (as calculated by onset time analysis) between
velocities of 5.0 and 10.0 km/sec (Fig.6.10.) in order to
compare the two techniques and ensure that the digital record
1s correct (Fig.6.11, shows the height of the first arrival

correlation against velocity).

The azimuth sweep was then analysed; the maximum
amplitude of the peak was used as the qualaity of the
correlation (Klng et al, 1973) and thus the wvarious correlations
at anomalous azimuths were investigated. One example is
shown in Fig.6.9. where the shaded portion 1s the arrival
under consideration. Fig.5.12., shows the plot of correlation
against azimuth and a clear peak 1s observed between 120°

and 140°.

The records were now velocity filtered at this second
arrival azimuth between velocities of 5.0 km/sec and 10.0 km/sec.
On the vast majgority of occasions these arrivals gave a high
correlation at low velocities but occasionally the peak
correlated at a high velocity as 1s shown for the peak

1llustrated in Fig.6.13.



file:///iras

Figure 6,9

Correlation across the record as a function of
azimuth at a velocity of 8 km/sec. The shaded
region i1ndicates a high correlation of the type

analysed.,
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Figure 6.10

Correlation across the record as a function of
velocaity at the farst arraival azimuth. Region
shaded shows the correlation of the first

arraival azimuth,
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Figure 6.11

Plot of amplitude of correlation of fairst arrival
against velocity - the correlation i1s shown in

Flg. 6.10.
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Figure 6,12

Plot of amplitude of correlation of second arrival

shown in Fig. 6.9 against azimuth.
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Figure 6.13

Plot of amplitude of second arrival correlation

against velocaity.
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Results

The events listed in Table 6.3. were analysed usaing the
method described in the previous section. Generally hagh
correlations at azimuths significantly different from that
of the first arrival were found to have low velocities. These
arrivals are considered to be equaivalent to those found at
the Eskdalemuir array by Key (1968) and explained theoretically
by Hudson (1968). A planc compressional wave reflected from
a sharp boundary will be reflected, usually, as a compressional
and shear wave but 1f the wave 1s incident at an irregular
boundary surface waves, in addition to the compressional and
shear waves, will be generated, If such a discontinuity
occurs near the array surface waves may arrive within the P
coda and will exhaibit a low velocity and an anomalous azimuth,
(It may be mentioned that these arrivals will complicate the

interference cffects already described even further.)

Occasionally, however, a well defined high velocity
arrival was found as illustrated ain the previous section.
Usually the arrival correlated well at 8 km/sec and retained
a high correlation for all higher velocities as would be
expected from the earlier discussion of the control of +the

array resolution by the samplaing rate.

The high velocity arrivals found in the group are
summarized in Table 6.4, The events are classified as good,
falr or poor; generally the quality refers to the signal to
noise ratio found on the record and to saturation. Poor
quality records are usually caused by saturation in part of
the record; saturation seriously effected the quality of

correlations at the first arrival azimuth throughout the record




Lvent No.

4

L9;1

6

10

11

12

Table 6.4

Yuality of record

rood

Good

Good

PYoor

Good

ffoor

Poor-some saturation

Foor -some saturation

Poor

"

ailr

Poor

Poor

Summary of hi_h velocialy second

arrival data.

Group of arrLXale o: haish velocity
( 8.0) atL 130" aziauth ' etweer 6.0
and 6.6 seconds fter first arraival

Scecond _arraival of bhaglh velocity
at 1307 azimuth 6 0 seconds after
tirst arraval

qpcondoacrjval of high velocaty
at 110 aziwmuth 6.0 scconds altler
first arraival

~No observed scecond arrivals.,
Nu ouvserved seccond arravals,.
No observed scecond arravals,
No obscrved second arrivals,

o
A high velocity arrival at 10
azainmuath

No obscrved sccond arraval.

A glgh velocily arrival at
457 azamuth, 3.0 seconds alter

the (1rst arrival,

o
A hisli velocity arravel at &k
aszimuth at 2.6 =cconas after first
arrival,

No sccond arrival found.
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and thus the arraivals for events 8 and 11 are considered

dubious.

It can be seen that the only reliable events showing
high velocity second arraivals are numbers 1, 2, 3 and 10 and
only the first three can be taken as indicating a consistent
arrival. It should be added that these events, together

with number 5, were the clearest and least noisy of all those

analysed and it 1s possible that the search for these anomalous

phases failed simply because of the quality of the records

available.

Discussion

Although the search for this arrival has not been
successful 1t is important to try to determine what the
arrivals in events 1, 2 and 3 are and to see 1f anything can

be saild of the structure in the absence of these arrivals,

It 1s possible that the anomalous arrivals of the first
three events are not caused by a reflection off the surface
but trom other sources. One possibilaity 1s that they are
produced as an interference effect between a normal second
arrival and a locally generated surface wave or the anomalous
arrival under consideration. Although this may account for
events 8, 10 or 11 a1t 1s unlikely to have effected the three
events in such a consistent manner when the variation in

azimuth and disiance are cons.idered.

A second possibility is that these correlations are
manifestations of a large amplitude second arraval at the
first arrival azimuth which causes a side lobe response in
the array at this particular velocaty and azimuth. The

expected second arrival sequence was calculated using the
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crustal structure of Maguire and Long (1975) and the locations
of Arnold (Table 6.3.). It 1s found that the Moho reflection,

P 1s expected at approximately six seconds after the first

m?
arrivals (for events, 1, 2 and 3 the times are 6.2, 6.7 and
7.1 seconds) and indeed a good correlation is found at this
proint ain the record at the first arraival azimuth with a
correlation amplitude somewhat less than that found for ihe
first arraval. By using the array response diamgram of
F1g£.6.8. the response of the array to the Moho arrival when
tuned to the observed second arrival may be determined as
described in Appendix ¢, (Pm arrives at 11.82, 11.40

and 9.05 km/sec for events 1, 2 and 3.) It is found that
tuning to any velocaity above 8 km/sec For azimuths between
110° and 130° (the observed azimuth) produces a maximum
response to Pm of less than 0.2 relative to unity for the

in phase condition. It 1s thus considered unlikely, though

not impossible, for the observed correlations to be caused

by the pure Pm phase.

The expocted azimuths, arrival times and velocities
expected from the optimum models of chapter four were
calculated using the ray tracing ilechniques described in
Appendix B, It will, however, be remembered that the
structure 1s poorly defined in the region of interest as no
reliable teleseisms occurred within this azimuth range; if
the optimum models are extrapolated on the basis of the
mathematical function (a procedure not supported by any data
points) the intersection always occurred at depths in excess
of 200 km and this phase would thus be expected within the
true surface wave arrivals and would be difficult to observe;

little importance 1s attached to this point however. Saince
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1t 1s not possible to predict the intersection 1t is of use

to see under what conditions a reflection of resasonable
amplitude may be found. If 1t is assumed that the boundary
between normal mantle and the anomalous structure is

perfectly sharp then the conditions for a reasonable reflection
will be the best obtainable; any gradations in the boundary
w11l cause the reflected amplitude to be lower than predicted.
The plane vave approximation i1s satisfactory for the present
purposes and by demanding that the stress and displacement

are continuous across the boundary 1t 1s possible (Bullen,
1965; Ewing et al, 1957) to calculate the amplitude of the
reflected and refracted P and S vaves, The normal mantle

was assumed to have a P velocity of 8.1 km/sec, and S veclocity
of 4.7 km/sec and a density of 3.3 gms/cc. As an example

of the possible extremes two sets of data for the anomalous
body were taken, The density was taken as 3.2 gms/cc since
this 1s the largest reasonable density contrast (see chapter
seven); as a maximum P velocaty 7.5 km/sec was taken and the
corresponding S velocity of 4.3 km/sec was used. The
amplitude of the reflected wave as a function of angle of
ancidence 1s shown in Fag.6,1h, As a minimum velocity

6.8 km/sec was taken for P and a low S velocaity of 3.3 km/sec
was used and thisamplitude 1s shown 1in Fig.6.15. (No
attention 1s paid to phase changes in this plot.) The
results are remarkably similar and a1t can be scen that under
these circumstances the angle of i1ncidence must be at least
80° before a reasonable amount of energy goes into the reflected
prhase. If we again take the most favourable circumstance and
assume that intersection occurs Just beneath the Moho then of
all the events considered the maximum angle of incidence (in

a horazontal layer) is 6h.3° for event number 12, It as




Figure 6.14

Plot of amplitude of reflected P-Wave against augle
of i1ncidence, Medium 1 contains the incident and
reflected waves and 2 ais the refracting umedium,
Compressional velocaties (Vpl’vp2)’ shear velocities

(Vsl’vsz) and densities (Pl’PZ) are

v 8.1 km/sec v
pl

k.7 kxm/sec 3.3 gm/cc

sl

- 1 o
sz 7.5 kim/sec Vsz te3 km/sec 3.2 gm/cc
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Fisure 6.15

Plot of amplitude of reflected P-wave against angle

of’ 1ncidence for the following case

Vpl = 8,1 km/sec Vsl = 4,7 km/sec = 3.3 gm/cc
sz = 6.8 km/sec Vsz = 3.3 km/sec = 3.2 gm/cc
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possible that the slope on the interface could be such as to
increase the angle of incidence and without information on
the shape of the structure this cannot be calculated. One
possible indication comes from the work of Darracott et al
(1972) who put forward a regional gravity map of the raft
south of 1°s. This 1s 1llustrated in Fizg.7.2. where i1t is
discussed further but it may be taken as a rough indication
of the anomalous upper mantle structure. It can be seen
that the structure 1is apparcntly running north-south near
the Kavirondo and thus the normal at the point of aintersection
1s running east-west and thus not increasing the angle of
ancidence considerably (as would be the case with the normal

running say north-west).

One final reason for a possible non-discovery may be
mentioned and this concerns the assumption that the anomalous
arrival appears at an azimuth significantly different from
that of the fairst arraival. Of course, 1f the normal points
in a dairection not significantly different from the direction
between the station and the event, the azimuthal anomaly will
be small and will have escaped detection in this analysis.
However, i1f this is the case then 1t 1s considersd that thas
arraival simply could not be distinguished from the profusion

of other high velocity arrivals.

The result 1s thus negative and, moreover, negative
in an unsatisfactory manner ain that no single cause can be
ascribed to the non-discovery or the non-arrival of the
anomalous phase. In spite of thais 1t 1s considered that the
effort involved was Justified because of the potential value of

such arraivals 1f found as they would have pcrmitted the
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analysis of the upper surface of the body with no ainterference
from structure beneath; the analysis has also provided some
idea of the problems involved in such a search and the

resolution available using the techniques described.
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CHAPTER 7
GRAVITY MODELS

Introduction

The proposed anomalous mantle structure will be reflected
in the observed regional gravaity field af 1ts low velocity
is related to a reduced density. It will be seen that there
are considerable problems in correlating the regional Bouguer
anomaly with the upper mantle structure which will cause the

analysis to be at a semi-quantitative level.

Previous Gravity Studies in East Africa

The practical problems of carrying out gravity field
work in East Africa are considerable and have led to several
investigations being restricted by both the quality and the
guantity of the data. These problems are gradually beaing
overcome thanks to extensive academic work and also the release
of a considerable amount of data previously kept confidentaial

by the o011l companies.

Because of these moblems the accuracy of some of the
profiles calculated and the interpretations subsequently
produced are open to question; for example four recent
interpretations are shown in Flg.7.1l. and 1t can be seen that
the proposed structures exhibit considerable variation although
1t must be realized that all four models represent different
cross sections across the raft. The basic solution of the
anomaly 1s the same 1n all cases 1in that the long wavelength
negative anomaly 1s explained by the presence of anomalously
low density material in the mantle which intrudes into the
crust, with or without modification, to cause a positive

anomaly. Beyond this point however the models diverge, the




Figure 7.1

A summary of four recent gravity interpretations.
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models of Fairhead and Girdler (1972) and Darracott et al
(1972) bear no relation to the models proposed earlier while
the shape of the structure of Khan and Mansfield (1971) is
very similar to that proposed by Backhouse (1972). The
gravity model of Baker and Wohlenberg (1971) 1s the only

one to relate satisfactorily to the seismic structure proposed.

It appears that the interpretations differ for two
reasons. First, the large thickness of low density volcanics
within, and on the flanks of, the rift exert a strong, but
unknown, influence on the shape of the curve (Baker and
Wohlenberg, 1971) most especially near the short wavelength
positive anomaly. Secondly, in order to compute the mantle
structure the regional Bouguer anomaly must be used and thas
1s liable to considerable error vhen the data is dustributed
sparsely. Moreover, although the high frequency anomalies
observed in the Bouguer map may be ascribed to shallow
structure 1t is difficult to estimate the effect of long
wavelength anomalies produced ain the crust. Thus, ain the
case under consideration the effect of Mount Elgon on the
regional anomaly, computed on the basis of frequency content
of the Bouguer anomaly, will be considerable, making a dairect

correlation with the anomalous mantle incorrect.

At the present time extensive gravity measurements are
being carried out by C.J. Swain of Leicester Universaity and
work is proceeding on the compailation of this data with all
other gravity measurements made in East Africa which have been
catalogued by Searle and Darracott (1971) and these are being
used to produce a much more detailed Bouguer anomaly map of
Kenya than 1s at present available. I am grateful to

Dr. M.A. Khan for permission to use unpublished provisional
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maps of this work (which unfortunately do not contain Swain's
measurements) and the publication of the final maps is awaited
with interest. The sections of the maps showing the region
of the Kenyan domal uplift are shown in Figs.7.2. and 7.3
Fig.7.2. shows the Bouguer anomaly map and Fig.7.3. shows the
derived regional anomaly map. The part of the map of direct
relevance to the propecsed seismic structure 1s between
latitudes 1°N to 4°N and longitudes BHOE to 35°E and in this

region the locations of the actual measurements are shown.

Fig.7.4. shows a regional Bouguer anomaly map compiled
by Darracott et al (1972) and effectively extends the gravity
coverage to the whole of the Xenya dome, A comparison of
the two maps in the region they overlap shows the problems
involved in thais process and 1t 1is for this reason ihat the

fanal work from lLeicester 1s desirable.

Relation Between Density and Seismic Velocaty

Before proceeding to compare the seismic structure with
the observed anomalies 1t is necessary to consider the
relation between the velocities derived earlier and the

densities appropriate to the structure.

It is now generally accepted that the low velocity zone
in the upper mantle is caused by a degree of partial melting
(e.g. Anderson, 1967). It is therefore reasonable to
postulate that this 1s also the couse for the much lower
velocities proposed for the structure under discussion.

Bott (1965) has argued for this point of wview in a discussion
of the upper mantle beneath Iceland. Here the anomalous
upper mantle wvas shown by Bath (1960) to have a velocity of

7.4 km/sec and Tryggvasson (1964) has suggested that this




Tigure 7.2

A Bouger anomaly map of part of the Kenya Raift
taken from Khan and Swain (197h). Dots andicate
the location of i1he measurements made to compile
the map between 1°N - 4°N andg 3h°E - 35°E. The
dashed line indicates the section compared with

the seismic model.







Figure 7.3

A regional gravity anomaly map; from Khan and

Swain (1974).







Figure 7.4

A contour map of the regional gravity anomaly for
the Kenya rift south of the equator - from

Darracott et al (1974).
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extends to a depth of 240 km. Bott showed that 1f such a
reduction in velocity were to occur for a normal rock type

a density contrast of more than 0.1 gms/cc would be expected
between normal and anomalous upper mantle and this 1s in
contradiction to the observed gravity anomalies. The most
simple solutlon 1s to postulate the existence of a partial
melt which can cause a considerable reduction in the
compressional wave velocity, the reduction to almost zcro

of the shear wave velocity with a relatively small change in
density. (Bott suggested a contrast of 0.03 gms/cc for the

above case.)

Attempts to correlate the aegree of partial melting with
the reduction in velocity have been hindered because so little
18 known of the @mechanism for the melting process. Attempts
have been made to simulate the problem using ice-brine systems
(Spetzler and Anderson, 1968) but some of the most conclusive
results have come from the theoretical work of Walsh (e.g.
Walsh, 1969) who has shown that 1f ihe melt occurs as randomly
oriented ellaipsoidal ainclusions then the P and S velocities
depend critically on the 'aspect ratio' and which is the
ratio of the thickness to the length of the inclusion.
Fig.7.5. shows how both the degree of melt and the aspect
ratio critically effect the problem and 1t can be seen that
an aspect ratio of 10-4 could cause a reduction in P wave

velocity to approximately 6 km/sec with only 1% of partial melt.

This discussion has shown that at the present time i1t
1s not possible to correlate degrees of partial melting,
and thus density contrasts, with a reduction ain P or S velocities
and that a large decrease in seismic velocity is not inconsistent

with a relatively small reduction in densaity.




Figure 7.5

Dependence of P- and S-wave vclocities on the melt

concentration and aspect ratio a - see section 7.3

- according to Walsh (1969) - from Anderson and

Spetzler (1970).
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Correlation Between Seismic Models and Regional Gravity Field

First the qualaitative features of the rogional gravity
maps of Khan and Swain (1974) (Fi1g.7.2.) and Darracott et al
(1972) will be considered. In Fig.7.2. the area which may
be directly compared with the seismic structure influenced
by three unfortunate features, Fairst, in any process which
filters out the high frequency components the regions around
the borders will be somewhat inaccurate due to edge effects.
Secondly, the data coverage i1n this area is rather sparse,
and this will again contribute to the inaccuracy of the
regional and, thirdly, the effect of Mount Elgon between
1° - 2°N and 34° - 35°E makes 1t difficult to extract the
contribution of the upper mantle to the anomaly. In addaition,
the gradient of the anomaly is remarkably asymmetric about
the raift. If measurements are taken from the centre ~-200 mgal
contour then the field increases by only 40 mgals an 200 km
in north-westerly and south-westerly directions yet increases
by 100 and 110 mgals in similar distances to the north-east
and south-east. No such severe asymmetry 1is present in the
field of Darracott et _al (1972) or in the traverse of Baker
and Wohlenberg (1971). Because of these points 1t was not
possible to use the regional anomaly presented here as a

quantitatave test for the seismic models put forward.

If the behaviour of the anomaly to the east of the raift
1s considered it can be seen that, in a qualaitative manner,
the gravity anomaly behaves in a way very similar to the
structure put forward for the north-west quadrant of the rift,
The gravity anomaly, and presumably the mantle structure,
pinches into the rift as 1t runs ainto the Ethiopian dome and

as the rift dies out toward the south; the outward movement

(-
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of the contours toward the extieme south i1is somewhat
disturbing but a1t is possible that this 1s again an edge

effect of the map.

Consequently the traverse of Baker and Wohlenberg (1971)
18 used as a comparison, Unfortunately this line crosses
the rift at approximately the equator and runs in a direction
ENE - WSW; also, their traverse does not extend as far west
from the rift as the seiLsmic interpretation or the gravity
maps of Khan and Swain (1974). Lines 1 and 2 of Fig.7.7.
show sections of the regional and Bouguer anomaly maps of
Khan and Swain; their position 1s indicated by the lines on
Figs.7.2. and 7.3. Line 3 1llustrates the Bouguer anomaly
used by Baker and Wohlenberg (1974) in the region where the
influence of the short wavelength postive anomaly has been
removed. Because both luines refer to different regions of the
rift an exact comparison is not possible but the difference

in the scale of the gradient 1s quite obvious.

The optimum seismic model at 6 8 km/sec was taken (Fig.4.7 )
and as an extreme example a depth to the bottom of the inter-
face of 250 km is assumed. A density contrast of 0.1 gms/cc
is assumed to a depth of 80 km beneath which a density contrast
of 0.03 gms/cc 1s assumed, Thus the anomalous mantle is
considered to merge into the asthenosphere as the depth
increases as postulated for the mantle bencath the mid-Allantac
ridge (Oxburgh and Turcotte, 1968; Solomon and Julian, 1974).

The resulting contour map over the surface covered by the
seismic structure 1s shown in Fig.7.6. and the corresponding

section is shown as line 3 in Fig.7.7.

L




Figure 7.6

Gravity map produced from the seismic model assuming
a P-wave velocity of 68 km/sec and a depth of 250 km.
A density contrast of 0.1 gm/cc down to 80 km 1s
assumed beneath which a contrast of 0.03 gm/cc is
taken. The line indicates the location of the cross

~-section shown ain Fig., 7.7.
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Figure 7.7

Comparison between various anomalies:

1. Bouguer anomaly according to XKhan and Swain (1974)
2. Regional anomaly according to Khan and Swain (1974)
3. Anomaly derived from seismic structure.

4, A typical anomaly from Baker and Vohlcnbera(lQ]i)




- 103 -

While this cannot be taken as confairming any model
i1t does show that the seismic model proposed 1s not
incompatible with the observed regional gravity fields

either in the magnitude or the gradients observed.
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CHAPTER 8

DISCUSSION AND CONCLUSIONS

Discussion of Seismic Models Presented

A model has been presented which satisfies the teleseismic
slowness and azimuth anomalies measured at the Kaptagat array
(F1g.h.7.), 1f 1t 19 assumed that the anomalous upper mantle
may be represented as having an average velocity of 6.8 km/sec.
Other models may be produced 1f higher velocities are assumed
but any velocity above 7.0 km/sec produces a much poorer fat
to the observed data and the maxamum possible average velocity,
assuming that 1he observed anomaly is caused by a saingle

interface, has been shown to be less thau 7.5 km/sec.

In the model presented for an anomalous velocity of
6.8 km/sec control on the depth of the structure i1s considered
to be good down to approximately 150 km beyond which data as
very sparse and often with large errors. If higher velocites
are assumed the daips on the structure increase and the depth

range covered by the data 1s consequently expanded.

The models show that the interface between normal and
anomalous mantle dips sharply westward to the vest of the
rift and that further north from the array the structure
exhibits a shallower dip wath the strike of the surface
having a more easterly component indicating a closure of the
structure as the rift approaches Ethiopia. Similar effects
are observed in the north east sector of the rift in the
provisional regional gravity map of Swain and Khan (197h)
wvhere the strike of the gravity anomaly, and presumably the

surface, has a considerable westcerly component.
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Relatlive delay time measurements between Kaptagat
and Bulawayo have been interpreted on the basis of the
above model. Although the scatter on the data i1s large,
1t was shown that the general azimuthal behaviour of the
data was consistent with the above model with the most notable
feature being that the small variation of delay time wath
azimuth 1is consistent with the proposed steeply dipping
interface. If a maximum velocity of 7.5 km/sec 1s assumed
then a depth to the bottom of the anomaly of between 300
and 350 km 1s found (any further restriction on the depth as
considered to be unrealaistic on consideration of the quality
of the delay time data) and 1f the preferred velocity of
6.8 km/sec 1s assumed then a depth to the bottom of the

anomaly of betireen 150 and 200 km 1s found.

A search for reflections from the top surface of the
anomaly was made using velocity filtering techniques but was
unsuccessful as no arrivals could be i1dentified with
confaidence; moreover no single explanation could be offered
for the fact that this arrival was not observed and on
considering all the possibilities this negative result must
be considered the most likely outcome of this part of the

projgect.

Finally, the correlation between the observed regional
Bouguer anomaly and the postulated seismic model was briefly
explored in the last chapter. At the present time a1t is
felt that a satisfactory regional Bouguer anomaly map of the
part of the domal uplift sampled by the seismic data 1s not
available; work at present being undertaken by Leicester
University 1s laikely to improve this situation comnsiderably and

when this 1s available some very interesting possibilities
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are apparent.

Je 24 The Relation of thc Anomalous Mantle to Various Features

So far there has been very little daiscussion of the
implications of the models presented 1t being considered
better to present, uninterrupted, the line uf reasoning

which led to the structures proposed.

}e2.1 The Anomalous Mantle as the Cause of the Donal Uplaift

The structure proposed 1s consistent wiih Lhe theory
developed by Gass to described the development of continental
rifting. (This theory and 1ts implications are described
and developed most fully in Gass (1970) although a useful
summary 1s also given an Gass (1972).) It 1s suggested
that the 1natial causc of the process 1s a localized region
of thec mantle hotter than aits surroundings. The oxperaimental
studies of Elder (1966) are cited for the spatial development
of such systems; the term 'penetrataive convection' 13 used
to describe the convective process ainvolving both heat and
mass transfer. The thermal activity produces quantaities of
magma and tlie ncrease in the thermal gradient leads to the
transition of the high pressure-low temperature mineral forms
to their less dense low pressure~-high tempcerature forms,

The resulting increase in volume 1s most easily accommodated
by vertical movement und this 1s postulated as the causc of
the region of domal uplaift. The system 1s envisaged as
developing to produce crustal penetration and finally

separation.

A model of this process 1s shown in Fig.8.1. (after
Gass (1972)) and 1t can be seen that stage (b) 1s very

similar to the models proposed here. The major discrepancy




Schematic represcnlatltion of migma genetic and tcectonic
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2

es 1n trwnscontiancental rupture
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Perturbation an asthenosplbere, development of tabular
magimitic body, doming of surfacce and eruption of

alkalic undersaturaled basalcts.

Concentration of magmatic actaivaily along major riflt
zone, attemnmation of lrthososhere beneath rilt ind

eruption of transitional "asalts within raft.

Continuing magmatic activalty i1n rifi zone elevates
the mantle 1sotherms so that magma can cquilabrate

at very shallow depths. Vith continued intrusion of
bLasaltic dykes along the [lracture the once contiguous

lithosphere plates arc separated.

Idealaized three dimcnusional diagram to show hoi the
magma enetic zone 1n ¢) 1s elongale and exists all

alonyg Lthe raft zone.

(Gass, 1977.)
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between the two structures 1s that here Gass envisages the
thermal disturbance being located at the lithospheore-
asthenosphere boundary put at a depth of 100 km. No reason
18 given for this choice and in the more detailed work cited
above (Gass, 1970) the 'lithothermal system' 1s projected to

a depth in excess of 150 km,

In quantitiative terms Magnitsky and Kalashnikova (1970)
have shown that a density changc of 0.2 gms/cc over a region
of some 35 km would produce an uplaift of approximately three
kilometres and thus in the present model a much smaller
density change over a much larger region would cause a

similar effect.

If this theory is valid it is reasonable to compare
the obhserved domal uplift with the proposed mantle structure.
In order to do this satisfactorily the dynamic development
of the upper mantle must be considered and the resultaing
topographic structure calculated. An attempt 1s being made
to solve this problem in association with D.J. Woodward;
it 1s hoped to be able to calculate both densities and
temperatures within the upper mantle for various heat sources
and to consider the development, in time, of both the upper

mantle and surface topography.

Although the results of these calculations are not
available at the present time the qualitative features of
the correlation may be seen in Fig.8.2. where the topographac
contours of the Kenya dome are 1llustrated. Unfortunately
the region which could be correlated directly 1s strongly
anfluenced by the rift faulting and Mount Elgon and the contours

to the east of the rift have been used to extrapolate the




Croure 8.2

Fopography of the Kenya dome Lo the easl of the
Gregory Raifil, dashed lines aindicate Lthat the contiours
have been exliapolated and the efiects of Taultaing

have been neplected. The actual contours are frow
[ %)

Baker et al (1972).
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structure to the north west quadrant. It can be seen that
the straike of both the upper mantle anomaly and the surface
topograph are very similar although detailed comparisons of

gradients must await further analysas.

The Relation of the Ethiopian and Kenyan Domal Uplaifts

Le Bas (1971) has suggested that the two structures
are essentially independent and considers that they do not
ropresent an early stage in the developuent of an oceanic
rift as is the natural conclusion of the theory of Gass.
While it 18 agreed that the two structures did develop
independently, and this work would support the concept that
any contact between the two structures 1s at a considerable
depth withain the asthenosphere, 1t 1s considered that thas
1s not an obstacle to the theory of Gass for the following

Ireaors.

If the development of the rift system 1s considered
two points are apparent. First, the raift has developed,
both in Kenya and Ethiopia, in a sporadic fashion. Saggerson
and Baker (1965) show that there were three main periods of
uplift whach were interspersed with long periods of quiescence
and secondly, the history of both systems shous that the
Kenyan uplaft 1s at an earlier stage of development than the
Ethiopian structure (see section 1.1.2, for details). Gass
considers that continental rafting occurs when these 1solated
disturbances Jjoin together, Clearly, this stage has not
been reached but this 1s not to say that the process has
stopped rather that 1t 1s in another quiescent stage. In
thais light, any tensional process envisaged for continental

rifting, for example that of Oxburgh and Turcotte (1974), is
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likely to cause intermittent movements in 1ts early stages,
rather the apparently continuous movements of oceanic rafting
and the present theories of plate movements may only be
applicable when rifting has occurred along the whole length

of the African plate,

Thus the rift system may indeed be the beginning stages
of oceanic rifting but the development to the complete oceanic
form could take a great deal longer than expected and we are

observing the early stages of a long process,

The East African Rift and Other Continental Rafts

The seismic refraction line of Graiffiths et al (1977)
has indicated a 20 km thick layer with velocaity 6.4 km/sec
overlying material with an apparent velocity of 7.5 km/sec,
This latter has been ascraibed to the top surface of the
anomalous body under discussion. Refraction studies indicate
that the upper mantle, or at least the top surface of 1t,
beneath other continental rifts have somewhat similar low
velocities; 7.1 - 7.5 km/sec for the Baikal Raft (ArtemJev
and Artyushkov, 1971) and 7.2 - 7.7 km/sec for the Rhine Graben
(Mueller et al, 1969). Baker and Wohlenberg (1971) show that
the uplift surrounding the Grefory Rift has reached 1.7 km
since mid-Tertiary and similar uplifts are observed in the

continental rifts already mentioned (Illaes, 1969).

The East African Rifts and Oceanic Rifts

O0f rather more aintercst is the comparison with the mid-
oceanic rifts, as waithin the last twenty years a vast amount

of effort has been spent on elucidating their structure.

The structure of the crust and upper mantle beneath

Iceland shows a remarkable similarity with that derived for
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beneath the raift. Bath (1960) found a 6.71 km/sec layer

to a depth of 17.8 km with a velocity of 7.38 km/sec beneath;
Tryggvason (1964) showed that relative delays between Kiruna
(Sweden) and Reykjavik implied a thickness of approximately

240 km for an anomaly with this velocaty.

The deep structure of the submerged mid-ocean radges
has been investigated using seismic refraction and gravaty
studies. Velocaties of 7.3 - 7.4 km/sec have been found for
the upper mantle beneath the mid-Atlantic ridge (Ewing and
Ewing, 1959; Le Pichon et al, 1965) and 7.3 - 7.6 km/sec for
the East Pacafic Raise (Le Pichon et al, 1965) while Fig.8.3.
shows a gravity interpretation of the mid-Atlantac Ridge

from Talwani et al (1965).

In total the general structure beneath the mid-ocean
ridges 1s very similar to that postulated for beneath the
rift. However, the details of the structures are not known

and cannot be used as a control for the East African models.

Some indications of these are given from theoretical
studies of the mid-ocean ridges. One of the most intercsting
calculations 1s that of Oxburgh and Turcotte (1968) who
investigated the thermal regime of an ascending plume of hot
material beneath the ridge. F12.8.4. shows a model taken
from this paper which indicates the zone of fusion and the
numbers indicate the zZones within which the temperature
exceeds the olivine-tholeiite fusion temperature by the
number of degrees centrigade indicated. While 2t 1s obviously
difficult to transfer the scale of this structure dairectly
to the mantle bencath East Africa 1t 1s of ainterest that the
structure 1s similar to that beaing put forward. It waill be

noted that quite a considerable degree of partial melting 1s




Fipure &.3

Crust and upper mantle model for the mid-Atlantic Ridge
from gravity interpretation (Talwani et al, 1965).

Densities are in gm/cc.
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Structure of the upper mantle beneath mid-ocean
ridges from Oxburgh and Turcotte (1968). Numbers
indicate the number of degrees centigrade by ivhich
the predicted temperature cxceeds the olivine-

tholeiite fusion temperature.




08Z

07¢

00

091

0cl

08

07

0S¢



W

- 111 -

predicted and that from the discussion of section 7.3. there
will be a considerable velocity gradient both vertically and
laterally wathain the structure, F12.8.5. shows a diagram
from the work of Solomon and Julian (1974) with a similar
purpose but from a daifferent viewpoint. By assumaing a
temperature field in the crust and mantle, compositlon and

a velocity~density model 1t 15 possible to predict the
velocity distribution beneath the raidge. The shape of the
structure is similar to that of Oxburgh and Turcotte (1968)

although the scale 1s smaller, The model again has

considerable velocily structure down to a minimum of 7.0 kin/sec.

The details of this model are considerced suspect and, an
particular, the conversion from a degree of partial melt to
velocity 1s fraught with difficulties (for a fuller discussion
see sectlion 7.3.) and the work of Oxburgh and Turcotte (1968)
1s considered a more useful guide. This paper does, however,
make two inieresting poaints, It 1s sugrested that the
effects of refraction through the ainterfaces shown will cause
the rays to be deviated and as a result the earthquake fault
Plane svlution will exhaibit non-orthogonal nodal planes.

By studying the orientation they suggest that information on
the structure at source may be found. They also conclude
that the variation of delay time with azimuth is also

insensitive to the geometry of the structure.

Velocity Determanation and the Shape of the Structure

The entire analysis presented in this thesis has rested
on two assumptions, First, that the anomaly can be
interpreted on the basis of a singlc i1nterface and sccondly
that the concept of an average velocaity 1s meaningful ain this
context. The justification for thcese assumptions 1s now

discussed.,




)

Figure 8

Contours of constant P-wave velocaty for the mantle
beneath the mid-ocean ridge - from Solomon and

Julian (1974).
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The theoretical work of Oxburgh and Turcotte (1968)
and Solomon and Julian (197h) provides welcome support for
the assumption that the anomaly i1s most strongly influenced
by the upper ainterface. Thus in Fig.8.4, the regions with
the highest degrecs of partial meltaing have an almost flat
bottom surface and will thus cause negligible slowness
anomalies and it 1s only at the lower degrees of partial
melting that an appreciable dip occurs on the lower interface.
It must be remembered that the situation at the oceanic radge
1s dynamic compared witlhh the alumost static case of Lhe
continental raft. It 1s envisaged rather that the litho-~
thermal disturbance causing the upwelling gradually subsides
with depth until 1t merges with normal asthenosphere so that
density and velocity contrasts slowly change to zero. Fig.8.5.
1s even more encouraging from this point of view ain that

nearly Lhe whole anomaly would be caused by the Lop interface.

The second point concerns the velocity and 1s rather
more difficult to deal with; the two mmodels already quoted
indicate that wvelocity structure within the anomaly .s
considerable. Moreover, 1t will be realized that the 'average'
velocity so far discussecd 1s an immensely complicated quantity
depending on the weaighted travecl paths for all the events,
One further complication i1s that the average velocity as
defined by an azaimuth anomaly differs {rom the average velocity
defined by the slowness anomalies in a structure with a
velocity gradient. Unless the gradient 1s severe this effect
1is not significant but 1t does indicale the complexity of
the problem, Certainly because of these problems detailed
conclusions about the exact shape of the body cannot be drawn

but the general size and structure 1s considered to be well
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controlled by the data.

The question of the most suitable average velocaity 1is
uncertain. Optimum models were reached at wvelocities between
6.8 and 7.0 km/sec although further reduction ain the velocity
reduced the mainimum value of the function slightly. However,
since the top of the structure 1s believed to have an
approximate velocity of 7.5 km/sec an average velocaity of
6.8 km/sec implies an extremely low minimum velocity. Fig.7.5.
shows that a huge degree of partial melt in the most favourable
circumstances cannot reduce the P wave velocity much below
6.0 km/sec. Although a1t 1s not certain, a mean P wave
velocity of approximately 7.0 km/sec 1s preferred whaich
implies a thickness of some 200 km before normal asthenosphere

occurs.

Conclusions

The analysis of teleseaismic signals arrivaing at the
Kaptagat array station suggests that the mantle beneath the
Gregory Rift of East Africa consists of a low velocity body
with steeply daipping sides near the raift vhich become gentler
as the structure deepens, The structure has been shown to
be truly three dimensional in ithat 1t deepens on going north
and west from Kaptagat and any connection with the assumed
similar body beneath the Ethiopian dome must be at a
considerable depth. The optltimum average compressaonal
velocaity as found to be between 6.8 km/sec and 7.0 km/sec

implying a depth to the 'bottom' of the anomaly ol some 200 km.

These results have provided the basis to undertake a
further slage in the analysis of the upper mantle structure

beneath i1he rift and at the time of writing a new experaiment
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1s starting. The emphasis in this experaiment has changed
from array stations to the use of fairly closely grouped
stations consisting of three component sets. With the
processing techniques developed, and in process of development,
at Durham, 1t 1s hoped to deraive the angle of appronach of
locals and teleseisms at each three component set and t{thus
derive considerably more information of the tvpe used 1n the
present analysis; consequently, 1t 13 hoped that considerably

more of {he upper mantle can be mapped.

In addition 1t 1s considered that much useful ainformation
can be deraived from using the resulting seismic models in
a region where the gravitiy control is better but this must
await the publication of the Leicester gravaity study being

undertaken.
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Appendix A Calculation of the Normal to a Refracting Surface.

A A
Vectors Z and ? are deraived from the measured and

theoretical velocities as described in section 3.5.

N
N represents the normal to the surface causing refractuion.

ol A A
By Snell‘'s Law I, N and T are co-planar and this u.is

expressed by the condition

n, n, n3
1, 1, 3 = o
tl t2 t3

which may be wraitten

- - - = ED)
nl.(Lz.t3 13.t2) + n2.(13.t1 1l.t3) HB(ll.tz 12.t1) 0 A-(1)

(This may be shown as follows: define the normal to the

al

[rr A A A
plane containing I, N and T as N then

Al N
E N =0
Ay A
§ I =0
A7 ~
N . T =20
then
’ ' ] -0
nl 1y + n, .n2 + n3 .n3 =
n' + n, + n' L, =0
1 .11 5 *1l, 5 *tq =
! ! !
n1 .tl + n2 .t2 + n3 .t3 = 0

which for a non-trivial solution requires the determinant

to be zero.)
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If the refracted angle, which 1s taken as the angle
withain normal mantle materaial, 1is ¢ then
A A
N.I = cos ¢
Myed) + Nyel, + ng.l, = cos ¢ A-(11)

and the properties of the direction cosines requires
nlz + n22 + n32 =1 A-(111)

Equations A-(1), A~(11) and A-(111) may be solved
simultaneously to give two solutions which correspond
to the normal being between the obtuse or reflex angle
between i and %. These correspond to a reflection and
refraction and the refraction i1s chosen. The angle of
incidence 1s steadily increased and the behaviour tested
against Snell's Second Law. By an iterative process a
solution of any required accuracy may be found. Thais

procedure was carried out in the computer program

listed NORMAL.,
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Appendix B Ray Tracing Procedures,

B.1l. Calculation of reflection and refraction iu threc

aimensions.

Consider a ray originating from S (51,52,53) and
incident upon a surface ¢(xl,x2,x3) =0 at P (pl,pz,pj)
vhere (xl,xz,xj) 1s a right handed co-ordinate systiem
as shown (Fig.B.1.)

In the present work ¢.Ls described by

2 2 2

¢(xl,x2,x3) = ax;” + bx," + cxg” - 1 =0 B-(1)

which may be written more compactly as

X"AX =1 B-(211)
where
a oo
A =(o b o)
0 0 ¢
and
*1
X = x2
*3

and XT 18 the transpose of X,
If i (11,12,13) are the direction cosines of the
ray from § to g and its length 1s L then
P=5+L.I B~(121)

Now P lies on the surface 1#: 0 and so must satisly B-(1i)

so that

g
'S

|
i
'—l




Figure 3,1

Diagram to i1llustrate rav Llrac.ng procedures.
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A A A A
L2.(5T.A.;) + L.(§T.A.; + ;T.A.é) + §T.A.s =1 S3-(1v)

This quadratic 1n L may be solved to give, in
general, two solutions and the required root must be
chosen. Once the value of L has been calculated P may
be determined from B-(111),

In order to calculate 1lhe reflected and refractied
rays the normal ﬁ (nl,na,nB) at P must be calculated.

The darection of the normal to the i1unction is

given by

-

Vg1 % . ) 2, k

ax| ’bx; —313
A A A
(where (1,J,k) are unit vectors in tre direction of the

axes) and the direction cosines of the normal are given by

§ = ‘7é , B-(v)
T (v vy
By Snell's First Law the incident ray, the normal
and the transmitted ray (i) all lie 1n the same plane

A
and thus T may be written

ol A A
T = ¢ L ¢+ N
and from Fig.B.l. 1t may be seen that
A A A
PP,.T = PP,.I + P P,.N B=(v1)

The velocity of the 1incident, transmitted and refracted
rays are denoted Vl, Vt’ and Vr respcctaively.
The angle of incidence,X, 1s given by
A A
cos & = I.N
where o()lz" for a downgoing ray since n3<0. Snell's

Second Law now gives

sin& = sin f B-(vi1)
v v
b t
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Where for the downgoing ray /9> :’ir

From plane trigonometry

PP3 = PPl.sin('lT—O() = PP,.sin & B-(viz1)
and
PP, = PP, = PP.. sin o B-(1x)
_ o
sin(T-g) sin 8
= . S T~ = - .
and P1P3 PP, .co (- o) PP,.cos
= - Tr- = - . = - . .
P2P3 PP, cos(T-B) PP,.cosp PP,. sin« cotP
so that
PiP, = PP, - DP,P,

«S1nK.coto

-PPl.cosu + PPl

PP1.31n(N-ﬁ) B-(x)

sin ﬁ

Inserting equations B-(1x) and B-(x) anto B-(vi)

A A A
P1P2£ + PP1.31ngd-E}.§ = PP1.51nct.2

s:xnls sin f3
A A
T = sanP .T + sin(=*-$) ., N B-(xi)
sina& sin « -
and by B-(vi1i)
»~ A A
T=V, I+ (cosp—cosu.Vt).§ B-(x11i)
A v
1 1
A
The reflected ray R 1s most easily calculated by
/
replacing f by ® and V, by V_. Thus from B-(x11)
A A 1 A
R=1V.I+ (cose - Vt.cosu).N
Vl Vi
and for the particular case considered in chapter 6
when incident P and reflscted P only are considered
1
V.=V, and ot +o =T the equation simplifies to
A A A
R =1+ (cos(T-«) ~cosa).N
A A
= 1 - 2.cosa.N B-(x111)
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B.2. Rav Tracing through Plane Parallel Structures.

fa)
Consider the ray I (Ll,lz,lj) ancident at the

o)
plane boundary Xq + O so that N = (0,0,-1). The

angle of incidence X 1s given by

tH>

s

A
cosa = N.I = =:L3 B-{x1v)
The direction cosines of the transmitted ray

are now given by B-{x1i1s)

tl = Vt.ll
v
1
Ty = Vied,
v
1
t3 = -cos f3
(tl’to'tj) = (Vt.ll,v_.lz, - coeﬁ) 3-(xv)
Vv Vv
L 2

B.3. The Dip and Strike of (XI*EBLEB) = 0.

The direcdtion cosincs of the incident and
transmitied rays arc relaled to the measured and
1 (= ] « 1
theoretical velocity and azimulh (denoted Vm“%u’vth’ekh)

by the relations

t) = cothh.E L = cost.V_1
vth vm
t. = 51n9th.zi 1, = sxngg.zi
vth Vm
2 4\% 2.3
t3 = (1 - vt n)- 14 = (1 - VL )2
Vin v

(equations 3-(1), 3-{21) and 3-(x121) )
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IL the straike of the normal ais 7 then
tan‘1= 23

n

[

and by equation DB-{x11)

tan~(= t2'(V]/VL) -1, = {t

2

2.V1".L2-‘\,t)

- e e
tl.(Vl/Vt) 1, (tl.'l 137y

- - r
= sm&th.h.vl 51n9m.\_1.vt
Y7
ith Vm
[ L[] - e [ [
cos eth XE V1 cosb ..Yi Vt
Vth vm
= e .
sin b 51n95
vth vm
B-(xv1)
cos ath - cosOm
Vth Vm

It can be sien that the strike component of the surface

depends only on tlie measured and theoretical velocaitaies

and lhe azimuths and not on the velocities of the media,
If the dap of the normal 1s « then

cos o = ny= (1:3.Vl - 13Vt)

(V .cosp - Vt.cosu)

and thus substitutaing for i, and t

3 3
2%y (1 - vy
cos ol = (1-&).1- -V, VL
2 2
Vth vm
7 -
\1.cosF Vt.coso(
and since
A A
o = LTu = . . .
cCoSs 1 I “1 1l+n2 12+n3 13
A A
cosP= N.T = nl.t‘+n2.t2-'-r13.t:3

and 1t can be secn that the dip ol the normal depends not
only on the measured and theoretical velocities and azimuths

but also on the vclocities of the media, V1 and Vt.
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Appendix C. The array Response to Coherent and Incohercnt Noi.se.

C.l. Coherent Noise.

Considcr a wavefront crossing an array *rath wvelocity V
and apparcnt wavelengecth A. The array consists of n
sei1smometers and the rth seismometer at Q ais at distancc
a. and azimuth & from an oriagin O (Fig.Al). The vave
incident at azimuth @ travels a distance drcos(o-ur)
between crossing Q@ and P and the phase difference between
7 and P 1s thus

ﬁ‘_= dw de Cos(e‘“r> C-(2)
A

If all the seismomecters are summed viithoul any
delay then the summed output 1s gaiven by An with a
phase lag relative to 0 of &, the phase shifts may be

added vectorially to give

AnODS‘Y = zﬂ Qr Cos ﬁr C-(11)
An Sw Y" < i O S Fr C-(211)

-

a

where a, 1s the amplitude at the rth seismometer.

These equations may be solved to gave

AZe [(Zerwsp) « (Larsmpe)] c-(x)

G“-I [ ( i,u'smpr) /(il Qr CoSﬂr)] c- (v)

If the amplitude of the wave remains constant

and X"

over the array at a C- (1v) may be 51mp11fLed Lo give
[( Z cospe) + (Z:“Sm Be) ] C-(vy)
If all the waves are in phase then the amplatude

An 1s given by
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and an amplitude En whach corresponds to the amplitude

normalized to uuity for the in phase condition may be

written . 3 " 3 " 2
ESe An o [(Bemspf s (Zomp)]  ogua)
AL N -

As explained in section 6.3 1t 1s more usual to
sum the red and yellow lines individually and then
multiply them together. Tf the red line corresponds

to thc seismometers 1 to n and the yellow line to
2

seismometers + 1 to n then two subsidiary amplitudes

a
2

are given hy

Ans o[ (B wsp) s (L one)]
Ay: o [(“Zus{sr)"_., ('\z Smp,,)z]/:.

an

and

and so A = A ,A
r

Yy
B L '/[ R I ‘J}‘
Coo + s
A [ (o Vo (eae) T [(Zomm )+ (3 s
The corresponding ain phase res;onse 1s
2 2
A= Bala e

so that the normalized response 1is

£= &, [Fempr)s(Eeinn) ] L(Zompe)s (o) 15 oo(rann)

ra f:'_i"'l
Usually the delays are adjusted so that the in phase
condition corresponds to a gaiven velocity and azimuth
(Vl,el) in which case the relevant phase shaft at Q

for a sagnal (V,0) is
B = A dr D cos(0-o) - 2m dr D cos (O, ~ o )
r A\ d A

= J1T dr [ .?.Cosac.oso(r 4+ D_ Sind Smolp - .)f. Cos 9, Cos ol ~ g SmBSlnc(r]
D LA N\ M X,
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</
v
3
S
SN
| W

D
2 c_l: [wsx,(ausQ -:;iluse,) +S|nur('{5|n9-_)_‘
D

) ('»s(9'- d,-)
D A C-(21x)
where D cosB,= D cos® - D cos®h,
N , N N
and D sinP =D sinf - D sin B,
A A N

and thus the phase shift produced 1s equivalent to a
signal wvithh azaimuth eland wavelength X'whlch is the
difference between the vectors (D/),8P) and (D/Nl’el)'
The rcsponse as a function of (V,S) 1s tihus determined
by placing the origin at (%:91 +T),

This analysis may be developed to include waves
ol varyaing frequency but the variation ain frequency
o1 the waves from local carthquakes arrivaing at
haptagat 1s such as to make 1lhis unnecessary.

The responses for a frequency of 4 Hz deflined
by C={v1i1) and C-(1x) are calculated and i1llustrated

in Figs. 6.3 and 6.4

CcC.2. Incoherent Noaise,

If the noise 1s considered white the amplitude
a at each scismometer will be constant but the phase
will be random. If the phase angle at the rth seismometer
1s® then in analogy to C-(11) and C-(211) the resultant

Rn and phase angle Y may be written
]
Racosy = o Z Cos of,
r=

"
R.. SIV\Y : o Z Swa &,
rsy

so that

Q:= or {(§|uso¢r)z + (;

) |
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[ P n n
"
2 o5 & Z cosat, | + [ Smiole + $iw of Smel J
= o [_Z|Cpso(r +Z r J] Z‘ r rz“ rz J

s rz
r4) ™ 4

but dr 1s random so that the average value of cosolr
2
and 51nur 18 zero and the average value of san “r

2
and cos‘a  1s 3

2 2

R = a «(¥n + ¥n) = na?

For signal of cmplitude a at cach of thc
scismometers the summed output for the in phase
condition 1s

R = na
s
Thus without using the array the signal to noise

ratiov 1s unity but on using the array the necw signal

to noise ratio is

so that the signal to noise ratio has been increased
by Jn.
My thanks are due to P,D. Marshall for i1llustrataing

this proof.
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1)

STR;
VCLOCITY,
ASK;
ADD,159;104;
SPR;

FILEN,
ASK,

TALL; 36,

TINK; 1k,
INS;T3159;
INP,F;,1,2,
WEI;11,.155
OuUT;;31,2,3
TGOTO:;9;

3,4,5,6,7,8,9,10,11,1,2,3,“.5,6,7,8,9,10.11,
by
!h'516;50’51:5335hn61962;

14p0,A,B,D,2.6,2.6,1.0;0.01,0,01,0.4,2.8,2.8,9.0;
INS;C,159;

CALL, 36;

STACK;1,2,3,4
STACK,6,7,8,9
MUL; 50,51, 50;
60,60,51,
50,51,71;
ir;c(.71,0) 0;
5UB;71,70;71;
SQRT,71;71;
SUB;71;70;512,
GOTO; 28,
CLSE;
SQRT,71;12;
INT,12;.2;52;
WEI,52;.05353;
ADD;53,103;54;
ADD;62,63;62;
ouT;041.2,3,4,5,6,50,51,55,54,61,62;
IGOTO,17;
CONT;

INPUT,C:;1,2,3,%,5,6,7,8,9,10;1,2,3,%,5,6,7,8,9,10;
’ H H
, ™

0;
51;

GOTO; 1,
36SET;5O;51s52953360,61162’63s7030’0p0s0’-1p10)0v-0130;

D0;90,0;.0131;

SET;11;;
SET;l,2,3,“,5,6,7,8,9,10,,,,,,,,,,;
INP;3,1;591;
ouUT;,31,2,3,4,5,63;50,51,53,54,61,62;
IGOTO0,37,

CONT;
SET;61,-10;

RETURN,
END;

I
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rl=IC-1
DO 42 J=1,1C1
TTM2=TIM24TIMEZ2 1Y)

42 CONTINUE
C TRPAVEL TIME CUE TC DEVIATION (ALCULATED,

THETA={ATAN({YTN=VT) /[ XT3-XT)))%57,.295#
IF (XT.LT.XTO) THETA=TH=TA+120.)

IF (XT.0ToXTOWANDYTLLT.YTO) THETA=THETA+36™ .7
PHI={AZ-0ORIENT)457.29%6

IF (PHTILT.0.0) PHI=PH]1+360.0

¥=SOPT({ [XT=XT ) n (XT—AT 1)+ (YT=YT )32 {YT=VT)})
DEL==X+ABS({rNS({THETA-PHI}/S7.2954))
TEST=ARS(THETA-PKI)

IF (TESTeGT el o™ o ANDL TEST LT o270 % ) NFL==NEL
CELAY3=PFL*NTDN/111.2

RIR=AZ%5T 2956

AZINR=AZN*57.2°554

TREL=TTIM1-TIM24DFLAY3

WRITE(&+12) AIPLLIZNR, TN, CTEN, TTIML,TIM2,NELAY3, THETA,PH] , X

1, TDFL

122 FORMATI[' '3 2FET7.1+3F6.142F7.14FS.142F8.1,3X,F10.7)

10401
loef

COGNTIMUE
COMTINUF
sTCr

END



