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ABSTRACT

A seismic array of ten short period seismometers has been
set up at Kaptagat, 10 km west of the Elgeyo escarpment in Kenya,
by the Durham University Geology Department. This study concerns

the analysis of teleseismic arrivels. -

The method of onset time analysis is used to calculate

values of dT/AA and azimuth of approach for 34 events from epi-

central distances of 18 - 99°. Large systematic variations in

slowness and azimuth are observed as a function of the great circle
azimuth to the epicentre. These are similar to those found at other
arrays but are of unusually high amplitude. From consideration of
onset time residuals and the velocities of regional earthquake
arrivals at Kaptagat it appears that these effects are not caused
by variations in near-surface structure or by errors in the array
geometry. An explanation is developed in terms of sharply dipping
interfaces beneath the array, and the preferred model is of  a mantle
low velocity zone with sloping boundaries underneath the Gregory
Rift. This anomalous zone attenuates repidly westward to sink below

mantle material typical of the stable areas of Africa.

P-wave delay 'times are measured relative to Bulawayo for
78 events in the distance range 24 - 99°. Substantial values cqnfirm
the presence of a considerable low velocity body beneath the array and:
the absence of large variatilons with azimuth implies ultra-low veloc-

ities with relatively moderate dips on the zone boundaries.

A reinterpretation of Rayleigh wave phase and group vel-

ocities for the AAE-NAI path is made and found to be compatible



with the top of the low velocity mantle material sinking

eastward from the Gregory Rift underneath normel shield-type-

topmost mantle.

Although the model derived is probably not continuous
throughout the East African rift system, the upper mantle

structure beneath the Gregory Rift is similar to that suggested

to exist below oceanic ridges.



ACKNOWLEDGENENTS

I should like to thank Professor M. H. P. Bott for
the opportunity to work in The Departuent of Geology, and the

Natural Environment Research Council for a research studentship.

I would also like to thank Dr. R. E. Long for supervision -
and encouragement throughout my research and for invalusable |

criticism of this work.

I am grateful to the staff of U.K.A.E.A. Blacknest, in
particuler Hr., P. W. Burton, for advice and assistance. The
ISC, Edinburgh, kindly provided listings of earthquake arrival

times at Bulawayo.

Many of my colleagues in the Durham Geology Department
deserve acknowledgement for their help, in particular
Dr. X. Sundaralingam, Mr... A. K. Goodacre, and Mr. L. Arnold.A
Special thenks are due to Mr. P. 1{ H. Maguire, not only for -
the use of unpublished results from the Kapbagat array, but also

for help with day-to-day problems.



Abstract

CONTENTS

Acknowledgements

Contents

CHAPTER 1

CHAPTER 2

CHAPTER 3

CHAPTER &

THE EAST AFRICAN RIFT SYSTEM

Tels General Geology

1.2, The Kenya Rift

1e3. Bvolution of the Kenya Rift

1olre Seismicity of East Africa.

145 Structure from Seismic Studies

1.6. Gravity and other Geophysical Studies
el Theories of Rift Formation

2.4, Introduction '
2,2, Geology of the Keptagat Area
2.3 Array Siting and Design

2elys Recording Systen

2,5. Monitoring of Recordings

PROCESSING OF THE ARRAY DATA

3.1.1. Measurement of Slowness and Azimuth
3.1.2, Onset Time Analysis

5.1.3 lMethod of Least Squares

3.1y, Estimation of Confidence Limits
3+1+5+. The Data

3.1.6., Reading Onset Times

341+7. Error Analysis

%3.1.8. Discussion of Results

3.2.1. Analysis of Residuals

3.2.2., Discussion of Site Corrections

MEASUREMENT OF P WAVE DELAY TTME

Introduction

Delay Time Analysis
Corrections

The Data

Discussion of Results
Comparison with other studies

° -
. .

.

.
Ul e o —
*

3

FEFEFE

Page:

-

O OO W N =

16

16
16
18
19
20

21

21
21
2
25
26
27

33

36
37

39

39
L0
L5
L7
48
50



CHAPTER 5

CHAPTER 6

CHAPTER 7

CHAPTER 8

Appendix A

‘References

INTERPRETATION OF THE ARRAY DATA

5.1. Cause of Anomalies

5.2, BEffect of Dipping Interfaces
5.3 Location of Structural Features
5. The Models

5.5. Discussion

Te Introduction

2. Cause of Delays

3. Azimuthal Dependance of Delay Times
L. = Delays for Dipping Interfaces

5e Discussion :

INTERPRETATION OF SURFACE WAVE DISPERSION

Introduction

The Data

Interpretation Techniques

Limits on Interpretation

Previous Work

The Lid Model

Models from Powell Conjugate
Direction Method

Mapping and the Problem of
Non~uniqueness

Delay Times

Discussion

L]

.
Qo G AN e AN 62 B A WA \ LIRS
. ¢ o

P EEECEN BN BN EN ENEN|
. . .

e

Qe - .

.

DISCUSSION AND CONCLUSIONS

8.1. Discussion
8.2. Conclusions

Swnméry of Computer Prograrﬁs

Listing of Computer Programs

85

78
78
78
80
82

87
89

92
9L

- 98

98
101
103 .
109

124



CHAPTER 1.

THE EAST AFRTICAN RIFT SYSTEM

11 General Geology

The East African rift system extends for about 4000 km.,
beginning at the Junction of the Gulf of Aden and the Red Seé,
stretching southward and bifurcating south of Ethiopis to fomrm
the Western and Eastern Rifts (Fig.1.). These two features |
converge towards Lake Malawi and the system péters out aroﬁrﬁ the
Limpopo River aresa, although it has been suggested from seismicity
studies that rifting may reach as far as 24°S (Pairhead and Girdler,
1969). Rifting is not continuous along the whole length but al-
though variations in its pattern are common, it generally consists
\of grabvens 30 - 70 km, in width, mainly of Tertiary or iater age.

. However, in places, a very similar feult pattern of late Karroo or
Jurassic Age is seen, and there is correlation between the latest
dominant faulting and Precambrian structural trends (Dixey, 1956) .,
This suggests that movement occurred alo’ng lines of weakness resul-
ting from previous orogenic periods, ‘bu’c it seems unlikely that the
pers:'i.stence of Precambrian stress systems caused the major structures
of Tertiary or later age, as the older trends f‘oilowed by the rift
faults belong to orogenic belts of widely varying ages and structures

of differing kinds (King, 1970).

Faulting, which is particularly intense within the rifts,
is predominantly normal with dips generally 55 - 70°.  Rifts are
bordered by en echelon rather than single large faults, and reverse

faulting is very rare. Along the length of the rift system there is
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great variation in the altitude of the plateaux and valleys, but
the overall displacements seem to be of the same general order and

this, teken with the uniformity in width of the rift valleys, is

- perhaps indicative of the crustal thickness and principal stresses

being of comparable magnitude over much of East Africa (King, 1970).

In many places the size of the actual displacement has been
obscured by infilling of the rift valleys with sediments and volcan-
ics. The original drainage pattern in Uganda and northern i‘anzania'
was towards the Atlantic with the watershed along the line of the
Eastern Rift, resulting in greater sedimentation ’in the Western Rift
which is also extensively occupied by lskes. This drainage pattern
has since been changed, partly as a result of the considerable volcanic
activity. This volcanism is one of the most striking features of the
whole rift system and although there are correlations between rifting
and periods of eruption, both tectonic and ¢ompositional relationships
are still not clearly resolved. Marked differences in lava type exist
along the system with much smaller changes across the rifts. As a
simplification, the rift system has a preponderance of alkaline salic
rocks with carbonatite most conspicuous outside the rift zones. In
Ethiopia, lava tends to be less alkalic than elsewhere and this also
holds for areas of general volcanism when compared with isolated

neighbouring centres (Harris, 1969; Bailey, 196L).

1.2 The Kenya Rift

The Kenya Rift is a downfamlted belt roughly bisecting the
uplifted area of the Kenya Dome, an elliptical feature some 1000 km.
across. Northward around Lake Rudolf the rift zone becomes ill-

defined as‘faulting splays out and only a nerrow axial trough con-

“+tinues into the main Ethiopian Rift. Similarly the main structure
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continues southward into northern Tanzania until faulting forms a

broad zone of tilted blocks.

Centrally the rift largely resembles a classic graben, 60 -
70 km. wide, with dense sub-parallel faulting witﬁnth¢ rift zone,
individual displacements varying from metres to thousands of metres.
As well as subsidence of the floor, uplift of the rift shoulders has
occurred, this rise towards the flanks being accentuated by extensive
plateau lava flows which often reach 2 - 3 km. above sea level. The
volcanic rocks gssociated with the Kenya Rift Valley show great
variety but two main genetic seriés are distinéuishable: one strongly
elkeline and nepheline-rich (melanephelinite-nephelinite) and the
* second mildly elkaline with modal nepheline (alkali—basalt-trachybasalt-
trachyte-soda rhyolite). All rocks are alkeline end usually soda- |
rich with some intermediate trehds of more or less alkeline rocks,
although such as plateau phonolites show great uniformity. Eruptions
~are from central volcanoes of different sizes as well as from multi-

centre and fissure sources.

1.3. Evolution of the Kenya Rift

Studies of Miocene and late Pliocene erosion surfaces'(Baker
and Wohlenﬁerg, 1971), faunel evidence from sediments and isotopic
age dates (King and Chapman, 1972), allow delineation of the main
" phases of Tertiary rifting and accompanying volcanism. In early
Miocene times, upwarping of the Kenya-Ugenda border area and down-
flexing of the Turkhana depression immediately pre-dated the beginning
of volcanism with alkali basalts erupted from central fissure sources
in northern Kenya. A broad domal uplift of central Kenya of about
300 metres in the late Miocene formed a site for massive fissure

phonolite eruptions from as early as 16 m.y., but generally‘within



the range 12 - 13.5 m.y.amand ﬁephelinites and phonolites built
centrel volcanoes west of the rift (Elgon, Kisingiri, Tinderet).
At the culmination of this uplift rift faulting déveloped exten-

sively and basalt lava was erupted along the whole length of the

trough.

In late Pliocene and early Pleistocene times, voluminous
plateau trachytes and moderate to weak undersaturated lavas formed
centrsl volcanoes east of the rift (Longonot , Mermgai, Kenya) coin-
ciding with the last and largest uplift of about 1400 metres (Baker
and Wohlenberg, 1971). In general terms tectonic and volcanic events,
beginning in mid-Tertiary in the northern part of the rift, have
progressed southward. . In additionv, the earliest and latést volcanics
occur respectively on the western and eastern flanks of the rift with

a trend from undersaturated towards oversaturated types with the

, passage’ of time.

1. Seismicity of East Africa

The seismic activity of the rift system forms a continuation

of the zone of shallow selsmicity associated with the Mid-Atlantic

Ridge and extending around southern Africa: and beneath the Indian

Ocean and the Gulf of Aden (Rothé, 195L4; Girdler, 1964s). However,
whereas earthquake epicentres along oceanic ridges are largely con-
fined to a narrow belt less than 50 km. wide, those in East Africa

exhibit a much gréater scatter, which is also seen elsewhere in

_ continental areas (Sykes and Laﬁdisman, 1964). Much of the activity

can be related to different branches of the rift system, with the
Western Rift seemingly the most active larpge section. Studies using
data from networks of stations show that epicentres within this

region are generally associated with rift structures except for



a large group west of Lake Kivu (Sutton and Berg, 1956; De
Bremaecker, 1959; ‘x‘fohlenberg, 1970; Sykes and Landisman,‘196i|-).
Wohlenberg (1970) studied focal depths fof events in the WAeste‘rnl
Rift area and found all rellable determinations gave values of

less than 40 km.

' In contrast to the western branch of the system, the Eastern
Rift in Kenya shows little or no teleseismic activity and Wohlenberg
(1970) could locate no earthquakes of magnitude 3> 4.0 within the
Rift between 1°S 36°E and Lake Rudolf for the period 1957 - 1964.
- Activity around the Eastern Rift in this area ié largely confined
to the Kavirondo and Speke Gulf Rifts and the rifting in northern
Tanzaniva. Microseismicity is also very low in the north of Kenya
but increases southward, 5eing restricteci to the rift floor and
border faults with no detectable activity on the flanks (Tobin,
Ward and ﬁra.ke, 1969; Molnar and Aggarwal, 1971 )‘. As in Iceland
(Ward, Palmason and Drake, 1969) where microearthquakes correlate
with major thermal events, the high detection rates in southern Kenya
coincide well with steam Jets and hot springs. Thus local and micro-
seismicity results in the Kenya Rift seem To indicate a differen‘t
state of stress from that bencath the Western Rift (Gily, 1972),
and perhaps a low strength lithosphere below the Eastern Rift,

(Fairhead and Girdler, 1971).

Earthquake mechanism data in eastern and southern Africa
reveal dip-slip and strike-slip faulting. It is possible that no
simple stress system could produce the observed variation of fault
directions (De Bremaecker, 1959), but Fairhead and Girdler (1971)
conclude that the data are consistent with an WNW-ESE stress.field. ‘

In general the data are consistent with nommal faulting in the rift



system. (Banghar and Sykes, 1969).

1.56 Structure from Seismic Studies

Except for the rift zones, Africa seems to have a structure
similar to that within stable shield areas. Gumper and Pomeroy
(1970) studied surface wave and body wave data and derived a model
for fhe crust and upper mantle beneath Africa chiefly from Rayléigh
wave phase and group velocities in the'period range 10 - 63 seconds.
This, the AFRIC model (Table 1), is a modification of the CANSD
model of Brune and Domman (1963) for the Canadian Shield and the
similarities between the two indicate that the velocities found for
Africa are not substantially different from those associated with other
shiéld regions. The body wave travel-time studies give velocities for
P, of 8,06 lm/sec, and for 8y of 4.55 - k.72 km/sec., These values
are determined for more vari;d paths than were used in the dispersion
work and are lower than corresponding velocities for the Canadian
Shield and for the Western Transveal, where velocities for P, and Sn
of 8.27 lan/sec and 4.73 - 4.83 km/sec respectively have been found
from travel-time work (Willmore, Hales and Gane, 1952; Gane, Atkiﬁs;
Sellschop and Seligman, 1956). This values does not, 'howe%rer,' seem
typical of the rest of Africa; for instance, the Eastern Trans&aal,
where the P, phase has a veloéity of 7.96 km/sec. (Hales and Sachs,

1959), lower than those to the west.

Bloch, Hales and Landisman (1969) studied the crust of
southern Africa in more detail from short period Rayleigh and Love
wave dispersion dafa for the paths Pretoria-Bulawayo and Kariba-
Pretoria (Table 2). They also found that over a longer period range

that phase and group velocities are similar to, or slightly lower

than those for most shield areas.



TABLE 1

- AFRIC MODEL. 'Gumger and Pomeroy (1970)

B (m)  V(m/sec)  Volm/see)  p (a/co)
7.0 5.90 3.35 | 2.70
10,5 6.15 3,55 2.80
18.7 6.60 3.72 2.85
80.0 8.05 | 4.63 3.30
100.0 8.20 W78 3.
100.0 18.30 4,65 . 3.53
80.0 8.70 485 | 3.70
9.20 5,25 3.76

TABIE 2

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

B (m)  V(wfse)  Volw/seo)  p(eveo)
8.0 5.7 - 3,50 2.70

. 12.0 ‘ 6.2 3,6k 2,90
8.0 6.7 BN 2.95
8.0 6.9 3,97 3.00
9.0 7.3 | L, 2. - 3.20
25.0 : 8.1 L6700 330

8.3 R 3.37
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Bonjer, Fuchs and ifohlenberg (1970) determined crustal
response ratios by spectral analysis of long-period body waves
from two Hindu Kush earthquakes observed at stations Addis Abbaba
(AAE), Nairobi (NAI) and Lwiro (LWI) - see Fig.1. The data were
found to be consistent with crustel thicknesses of 39 km, 43 km and
55 km beneath AAE, NAI and LWI respectively. The ipreferred models‘ "
had an upper crustal layer of velocity 6.0 km/sec. and an intermediate
layer of velocity 6.7 km/sec. (Fig.2.). Sundaralingam (1971) .studied
. the propagation of Rayleigh waves across the rift system and found that
the dispersion curves tended to merge with that for the AFRIC model at
short periods, which indicates some crustal uniformity thxﬁughout Africa.
However, at longer periods, lower phase and group velocities than for
AFRIC suggest anomalously low upper mantle velocities beneath the Rift.
| As this effect is most pronounced for the path Addis Abbaba (AAE) to
Nairobi (NAI)(Fig.B.) , it is concluded that the main anomaly extends
along the eastern branch of the rift system, slthough some msntle

anomaly probably exists below the Western Rift.

The existénce of such a low velocify zone is confirmed by P-
wave delay time measurements (Table 3). Large positive delays are
observed at Nairobi and Addis Abbaba and a smaller positive value
at Lwiro. These are measured relative to Bulawayo and so provide
a measure ;)f the divergence of the structure beneath the Rift from
that similar to shield areas. These results are in brosad agreement
with those From other arrival time studies (Fairhead and Girdler,

1971; Griffiths et al, 1971). 1In addition; Guuper and Pomeroy (1970),
in their s‘cﬁdy of body waves found that the Sp phase failed to prop-

agate across most of the rift zone and suggested ltha‘c this was due
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TABLE 5

P-WAVE DELAY TIMES RELATIVE TO BULAWAYO

Sundaralingam (1971)

‘Addis Abbaba, AAE 2,7 + 0.3 secs
 Nairobi, NAT 2,3 + 0.3 secs

- Lwiro, LWL 1.1 + 0.3 secs

Errors are 95% confidence limits.



to 'a gap in the lithosphere'. Griffiths et al (1971) set up a
seismic refraction line within the Gregoxy Rift to further define
the axial structure. The results show a 20 km thick layer of P-
wave velocity 6.4 km/sec overlying a leyer of velocity 7.5 km/sec
(Fig.#.) , giving a similar structure to that found in Lceland (B&th,
1960; Bott, 1965). Gravity interpretation (Khen and Mansfield, 1971)
suggests that the 7.5 km/sec body thins away from the rift indicaﬁing
modification of the crust (Fig.5.). A similar interpretation to that
for the Gregory Rift refraction line could be given to results from
the Western Rift (Dopp, 196L) where a refractor of velocity 6.7 - |
6.82 km/sec. was observed at depths 17 - 33 km underneath a layer

of velocity 5.57 km/sec. However, it is more likely_fhat the former
" represents a crustal layer with probably a low velocity mantle layer

beneath (Wohlenberg, 1970).

1.6, Gravity and other Geophysical Studies

The East African Plateau is characterised by a broad negative
. Bouguer anomaly which generally increases in magnitude over the rift:
valleys. The Plateam is approximately in isostatic equilibrium, but
Bullard (1936) found negative isostatic anomelies over several rifts
as great as - 100 -mgals. The mé.jor ne‘gative anomaly has a wavelength
of several hundred kilometres and must be caused by a mass distrib-
ution at depfch,‘ While the existence of isostatic equilibrium indicates
that the mass effect of the Plateau block is compensated at depth by
a relative mass deficiency (Sowerbutts, 1969). Hence the cause‘of’
the Bouguer anomalies is pr§bably a body of low density material at
the base of the lithosphere, which extends underneath the Plateau
areas and is nearer the surface beneath individual rifts. Additional

contributions come from low density rift volcanics and sediments

(Searle, 1970).
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Studies of the Kenya Rift Valley have shown a small wave-

length positive anomaly superimposed on the much broader negative,
This is 40 - 100 km wide with a magnitude of about 30 = 60 mgals and
is generally centred about the rift axis. Using the seismic controls
provided by Griffiths et al (1971), Khan and Mansfield (1971) inter-
preted this anomaly from an east-west profile at 1° N and péstulated

a diamond-shaped body reaching to within 20 km of the surface (Fig.5.).
The gradients of the positive anomaly indicate that the upper surface
- of the body cannot be more than 20 km from the éurface but other
workers prefer a model with a mentle-derived body coming withinl or 2 km
of the rift valley floor in places. Baker and Wohlenberg (1971), from
gravity measurements ENE and WSW of Menengai, explained the pésitive

peak by an intra-crustal body of specific gravity contrast + 0.15, the
top of which is 10 km wide and 1.5 km below sea level undef the centré
of the rift. Similar interpretations have yielded wider intrusions in

the range 16 - 28 (Searle, 1971).

The presence of this intrusive zone within the crusf, présum—
ably derived from a partially molten body centred beneath the rift,
is supported by Quaternary grid faulting and the proliferation of
steam jets and fumaroles within the rift valley (Searle, 1971 ).
The grid faulting marks the trend of the positive anomaly more
closely then Tertiary faults bounding the rift and probably the gria
féulting and geothermal activity both occur where the crust is thinnest.
Microearthquakes show a similar pattern except in northern Kenya, where

such activity dies out.

No comparabie axial positive Bouguer anomaly has been found
over the Western Rift, and this, taken with volcanic evidence

(Illies, 1969) suggests that the Western Rift is in a less advanced

state of development than the Gregory Rift.
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Heat flow measurements are sparse in East Africa. However,
Von Herzen and Vacquier (1967) made several such observations in
Lake Malawi, and found strong regional varistions. In the north

- -1
and south of the lake, the mean values are 0.54 mcal.cm. 2sec.

and 0.70 pcal.crn.‘zsﬂ;c.-—? s lower than the world average but similar
to those found in South African shield areas. In th.e central part
of the lake, an abnormally high mean value of 2.30 }A.cals.cm.-zsec.‘-1
may be due to a small shallow magmatic intrusion. The low values, at

least those in the north, could also be due to local effects and

rapid sedimentation may have lowered the thermal gradient.

TeTe Theories of Rift Formation

It is now generally agreed that the rift system ‘is a ten-
sional feature and not a result of horilzontal compression as has
been suggested (Bullard, 1936; Willis, 1936). - It has been shown
by geological observation, gravity interpretation and earthquake
mechanism studies that the faults bounding the rifts are normal and
not reversé (Gregory, 1921; Girdler, 196la; Heiskanen and Vening
Méinesz, 1958; Sykes and Landisman, 196k; Fairhead, 1968; Pairhead
and Girdler, 1971), indicating extension of the crust. A variety
of processes have been suggested to account for the formation of
the rifts, including crustal doming (Willis, 1936), crustal thinning
(Girdler, Fairhead, Searle and Sowerbutts, 1969; Searle, 1970),
'necking' of the crust (Preund, 1966) and subsidence as a result of
isostatic forces (Girdler, 1964a). However, since the recent dev-
elopments in the fields of sea-floor spreading and plate fectonics R
most explana’t;ions of rift formation have been formulated in terms of

these concepts.

The continuous belt of shallow selsmicity which passes


http://yu.cal.cm
http://yiA.cal.cm
http://ju.cals.cm

11.

through the Indian Ocean, the GULf of Aden and the Red Sea

(Rothé, 1954; Girdler, 196L4a; Drake and Girdler, 1964) is taken

as the spreading axis befween rigid lithospheric plates, where

. new oceanic material is formed. The Gulf of Aden is underlain by
oceanic crust as wide as 200km and seismic, magnetic and gravity
interpretation (Girdler, 1958; Vine, 1966; Tramontini and Davies,
1969; Philips, 1970), suggest that the southern Red Sea has some

50 km wié.th of new oceanic crust. This means that Africa and Arabia
have moved away since Tertiary times, If the shallow seismicity in
East Africa also delineates a spreading centre then a simple model
defined by the seismic activity is that of three plates - the Arabian,
Nubian and Somalian plates (McKenzie, Davies and Molnar,» 1970). The
fitting of magnetic iinea.tions and 500~fathom contours within the
Gulf of Aden yields a pole of rotation for the Ara.bj.an plate rélative
to the Somalian plate at about 26.50N 21 .5°E with a roté’cion angle of
7.6° (McKenzie et al, 1970; Le Pichon, 1968). A fit of the coast-
lines on either side of the Red Sea.* north of 15°N'gives a pole of
rotation for the 'Nu’éian-Arabian plate system at 36.5°N ’180E (McKenzie
et _al, 1970; Fairhead and Girdler, 1970).  The poles of opening and
rotation a.ngles for the Gulf of Aden and the Red Sea can be combined -
to.place the pole for the Nubian and Somalian plates at 8.508 .31.OOE
with a rotation angle of ’1.90, which necessitiates an opening of ’;he
rift of 65 km in nc;rthern Ethiopia and 30 km in Kenya. The Arabia-
Somalia pole is in general agreement with observed geological features
(Gass and Gibson, 1969) but the positions of the other two poles are
more contentious. Fitting the Red Sea coastlines contradicts present
knowledge of the crust and does not explain the Danakil and Aisha
Horsts (Mohr, 1970) and a fit of the 2000-metre depth contours

might be more realistic (Freund, 1970). A change in this pole would
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alter th¢ position of the Nubis-Somalia pole. The existing
position requires separation in northern Ethiopia almost the |
whole width of the rift (Mohr, 1970) at that latitude and separ-
ation in Kenya is incompatible with the structural and gravity
interpretation of Baker and Wohlenberg (1971). 4 wider infrusive
body in the rift valley crust such as suggested by Searle (1970,
1970b) would agree with the proposed 30 km separation from plate
tectonics, and the trend of.‘bhe intrusion along the rift axis as
deduced from the positive Bouguer anomalies is compatible with the
computed relative motion of the two plates about the pole of Mc-
 Kensie et _al (197Q). However, the calculation of a reliable pole
of rotation for the Nubia-Somalia system may be impossible because
of the ambigui{:ies inherent ih the posi“qions of the other two Afro;-

Arabian poles (Al-Chalabi, 1971).

Roberts (1969) suggested that the Nubia-Somalia pole should
be at 30 N 4L7°E wrth a rate of opening of O. 7 + 0.3 cm/year/limb,
but this implies a separation of 140 km in ‘che north of the rift

system and 'impossibly large' spreading further south (Baker, 1969).

Instead of a three-pole system for the Middle East 'rift
zones as a whole, a one or two-pole system may be more likely
(Baker, 1969), with left iateral shear along the Eé.stem Rift (Gass
and Gibson, 1969), presumably from movement of the Somelia region in
’t;he saine direction as Arabia - north-eastwards - but at a slower

rate.

Also, it is possible that a single pole applied to East
Africasis too much of a simplification (McKenzie et al, 1970) and
that if plate tectonics can be applied in regions where spreading

is small and slow, then several plates have to be introduced to

describe the system. Such complexity would be expected in a
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multi-rift zone and is borne out by the diverse pattern of seismicity
and structural evidence. Separation in the Kenya Rift, for instance,
is probably significantly less at the northern and southern extrem—
ities than in central Kenya (Baker and Wohlenberg, 1971). Thus it
may be more relevant to think of the Kenya. Rift as a physical unit.,

A connection with the Red Sea and the oceanic ridge system has been
&stablished by seismicity and evidence from seismic refraction, surface
wave dispersion, P-wave delay times and gravity interpretation shows
that there are similarities between the sfmcture beneath the rift
system and that beneath some parts of oceanic ridges, such as in
iceland. This has led to .the hypothesis that the rift system is a.n
embﬁonic oceanic ridge (Wilson, 1969; Girdler, 1969; Harris, 1970)
but there are geological and petroiogical problems associated with

such a conclusion.

Volcanism in oceanic ridge areas is dominantly basaltic and
tholeiitic, occurring with a linear trend and gccompanied by high
heat flow, transverse faulting and an abundance of dykes (McConnell,
1970; Murray, 1970). Oceanic tholeiitic basalts exist within the
Red Sea mediar.x trough (Gass, 1970; Harris, 1970; Hutchiﬁson and Gass,
1971), but in East Africa there is a great predominance of alkaline
rocks, although there is considerable variation. These fgcks are
grouped together in large domes such as are found in other continen-
tal rift systems (Holmes, 1965; Le Bas, 1971), but without ariy'definite
. relation between the age of volcanics and the distance from the rift
axis. Although the most recent volcanics are generally near the rift
axis, there are the young, remote volcanoces of Mt. Elgon and Mt, Kenya
(Osmaston, 1971; McComnell, 1970). Transverse faults and _dyke's are
rare and heat flow values would not appear to be as high as those for

oceanic ridges (Von Herzen and Vacquier, 1967). A number of other
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evolutionary schemes have been suggested.

The coincidence of large topographic domes and volcanism

have led to the linking of the two into a pattern of rift develop-

ment. Bailey (1964) has suggested that the cause of the rifts is
upwarping of the crust leading to a relief of pressﬁre and pai'tial'
melting at the base of the crust and pe rhaps in the upper mantle,
ﬁi‘th the production of salic differentiate rock types. 'These woulci
be fpmed not by fractional crystallisation, as is widely supposed,
but by partial melting of parent crystalline méterials such as alkali
basalt. This overcomes the problem of the quantity of parent magma
required if the East Africen lavas were produced only by fractional
crystallisation (Wright, 1971).. However, the proposed ﬁechaﬂsm of

lateral compression to expla.il:l the doming movements (‘Wright, 1970) is

- difficult to reconcile with the tensional features observed within

‘the rift system (Le Bas, 1971).

Thé lack of continuity within the rift system has be‘en taken
to indicate that thére are a number of independent systems within East
Africa. Le Bas (1971) explains the uplif‘t in terms of ‘vex’ticail forces,
rather than horizontal compression, resulting from a phase change from
a dense to a _1ess dense minera.logicél assemblage at depth (Magnitsky
and Kalashnikova, 1970) and degassing of the deep upper mantle (Harris,
1969) .

Gass (1970), also recognising several regions of doming,
assumed that each is a result ofi&ocalised .thermal disturbancé
involving a discrete portion of the mantle being hotter than its
surroundings, resulting in heat and mass transfer (Elder, 1966; Harris,

1970). Partial melting and aen increase in volume due to the formation

- of light high-temperature minerals Would cause vertical uplift, but
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while still in an.early stage of development a low thexmal gradient,
and hence low heat fl.ow, would mean partial melting at depths of
about 60 km to produce alkali basalt magma. This would cbrrespond

to the situation in much of the East African rift system, whereas

for the Red Sea or the Afro-Arabien Dome (Gass, 1972), coutinued
magﬁna. injection through the crust has raised the thermal graaient
with the zone of partial melting extending to within 10 km of the
surface and favouring the production of tholeiitic basalts (Green,
 Green and Ringwood, 1967). This does not imply that all such litho-
thermal systems develop iﬁto sources of ocean floof although the
presence of less alkaline rocks in the Ethiopian Rift (Harris, 1969;
Mohr, 1963) could mark an intermediate stage, with fractionation in

a lower pressure region as the magma rises towards the surface, Also,
Mohr (1971) has found in Northern Ethiopia that basalts with tholeii‘bi.c
affinities are associated with the rift, but alkeline basalts are
observed on the rift plateaux, corresponding' to their formation at
different depths. This change in composition, which probably
relates to a lowering of the thermal gradient away from the axis of
the structure, has parallels elsewhefe 3 in the Rio Grande Depress:_i.on

(Lipman, 1969) and in oceanic ridge systems (McBirney and Gass, 1967),
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CHAFTER _2
THE _KAPTAGAT ARRAY STATION

- 2.,4. Introduction

The Seismic Array Station at Kaptagat in western Kenya,
(Fig.6.) was set up in August, 1968 by the University of Durham
Geology Department as part of an East African Seismic Project.

The projec“b objectives were to study the seismicity and the crust
and upper mantle structure of East Africa. Surface Wave Disper-
sion data from permanent WASSN stabions was to provide informabion
about structure on a broad scale, and temporary array stations were
installed in regions of particular interest to investigate problems

in more deteil, using a variety of seismic techniques.

Keptagat is situated on the Uasin Gishu lava flows, 45 km.
north-east of Kapsabet and 10 km west of the Elgeyo Esca’rpment, which
forms the western margin of the Kenya Rift Valley. The choice of
Kaptagat as an array site allows the monitoring of regional earth-
quakes from around both the eastern .and westerp branches of the rift
system and also from other seismically active regions such ‘as the Xav-
irondo and Speke Gulf Rifts. In a.ddi'l;,ion to the mapping of seismicity
in these areas the array data, including that relevant to distant |
earthquakeé , can be used to study the shallow and deep structure

beneath the Kenya Rift and the surrounding plateau areas.

2.2, Geology of the Kaptagal Area

Kaptagat is situated 2.39 km above sea level on the Uasin
Gishu plateau (Fig.6), which is characterised by phonolite lavas

dipping gently westward, There are two major lava flows (Tennings,



Fig.6.

Map of Western and Eastern Rifts showing ;
major faults. Also summaries of P-wave velocities
in km/sec for regional earthquake arrivals at
Keptagat (KaP). -
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1964). The lower Phonolite flow, exposed To the west of Kaptagaf
and extending further north towards Kitali, is sparsely porphoritic.
The Upper Phonolite flow is generally coarser and contains large
nepheline and.fel&spar phenocrysts and overlies the earlier flow
immediately east and north of Kaptagat, with a near continuous
erosion-scarp at the junction of the two. The Lower Phonolite

lies directly on the Precambrian basement system gneisses in the
north, although locally there may be a thin intervening pyroclastic
layer. The basement gneisses have a regional strike of NNW-SSE with
steep dips to the north-east. An estimation of the depth of lava
beneath Kaptagat can be obtained from borehole measurements in the area.
The only drilling site at which the phonoiite was plerced showed that
this was at 144 metres, with ebout 4 metres of soil at the surface.
As this site is 15 km south-west of Kaptagat and on the Lower Phon-
olite flow, this result and those from other sites suggest that there

is 150-200 metres of phonolite lava underneath the array station.

The plateau phonolites were erupted in Middle Miocene times
after the early periods of major Tertiary uplift, with lava flooding
over ﬁhe rift shoulders and infilling the young rift valley. Iso-
topic ages for the lava are generally in the range 12 - 13.5 m.y.
(King and Chapman, 1972). The rapid and voluminous eruptiohs of
lavas and the presence of phonolitic pyroclastic centres have led
to the suggestion that there were a number of centrel sources within
the rift, concealed during later volcanic episodes. ‘However, it is
more usual to attribute the flows to fissure souréesi probably on
the rift shoulders, (Jennings, 1964; Williams, 1970). This is
inferred from the gentle dips and the north-south trend of the lava
contours, although the presence of fissures has not been confimmed,

despite deep erosion of the rift shoulder volcanic succession.
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The Kapsabet Platea§~510ck is defined by faults to the

west and south and by the Elgeyo escarpment to the east. To the
west, the Nandi fault runs NN#/-SSE end can be traced discontin-
uously from dt., Elgon, with detailed mapping south-west of Kap-
sabet showing several faults of similar trend cutting perpendic-
ular to the Nyando escérpment, which forms the northern extension
of the Kavirondo Gulf Rift. The Nyando escarpment runs ENE-WSW
until obscured by the uppermost lavas of the Tinaeret volcano which
lies immediately south of the Uasin Gishu phonolites. Further
towards the rift escarpment it is inferred from drainage patterns
that subsequent movement along the Nyeando fault has caused an
escarpment trenaing east-west. This foxrms the southern bouﬁdary

of the Kapsabet Plateau. The oldest rocks overlying the Precam-
brian basement are eaﬁly'Miocene sediments and the differing heights
of these beds around the Nyando fault zone show that faulting post-

dated their deposition.

2.3, Array Siting and Design

In the design and installation of an arraf of seilsmometers,
several ofteﬁ conflicting considerations have to be balanced to
- obtain éptimum shape and dimensions. A simple arrangement of two
perpendicular lineé of instruments allows determination of both -
apparentvground velocity and azimuth of approach for earthquake
waves., The choice of arraey dimensions is controlled partiy by
the type of arrivals to be studied and the interpretation tech-
niques available. TFor velocity filtering, for instancé, the
‘sharpest response is found to be when the array arms are longer
than the signal ﬁavelength but less than five wavelengths (Whiteway,
1965; Birbill and Whiteway, 1965). Obviously, high velocities

cannot be accurately determined by a very small array unless exact
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measuring methods are employed. On the other hand, with a
large array laterel variations in sub-surface geology, if not
corrected for, can cause inaccuracies. In addition a large array

can often be difficult and expensive to run efficiently.

- The Kaptagat array consists of ten Willmore Mk.II short-
period selsmometers' set vertically to two seconds period and
arranged in an approximate inverted L-shape (Fig.7.), the yellow‘.
(Y¥) line running east-west and the red (R) line slightly NNE-SSW.
With arm dimensions of 4 -~ 5 km., good velocity filtering response
can bé obtained for P-waves from regional events of frequency 2 -
5 ¢/s and with up to sub-ioho velocities. Other methods can be
uged for analysing the velocities of distant earthquake P arrivals.
The instruments are set on phonolite, to ensure gooa seismic coup-
ling and minimise the effect of any local geological variations. The
selection of these sites and of the implied array dimensions also

helps to reduce maintenance problems,

The pits were surveyed using a compass and line method and
the pit co-ordinates are given relative to a point approximately

at the crossover of the two arms (Table 4).

2.4, Recording System

'The fecording system is substantially the saﬁe as that
described by Long (1968). Signals from the seismometers are
coﬁmunicated to the recording station by twin field-telephone
cable after being amplified and frequency modulated within the
seismometer package. At the central station, signals from ﬁhe
ten seismometers and from one long-period instrument are played

on to one inch, fourteen track magnetic tape at a speed of 15/160
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TABLE L

PIT CO-ORDINATES AND ALTITUDES

Pit x(km)  y;(km) Estimated Pit
Errors (km) Elevation(metres)

Y1 ~0.L46 0.166 | + 0.0010 0.0
Y2 -1.888 0.003 L0015 -30,0
Y3 ~2,6L5 0.025 + 0,030 5000
e ~3.720  =0.013 + 0,010  -50.0
Y5 - =4.750 -0.250 + 0.060 -70.0
R1 | - =0,098 -0.766 + 0.010 +10.,0
R2 ~0.114 1.425 + 0,020 _' +20,0
R3 20365  -3.077 £ 0,010 +30,0
Rh ~0,663 -3.736 . + 0.030 . +10.0

R5  -0.925 -5.200

I+

0.010 +30,0
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in/sec. A binary time code giving the day, hour, minute and
seconds is generated by a quartz crystal clock and recorded on
the tape, with a radio channel recording Greenwich Mean Time to

check the accuracy of the station clock.

To check that the seismometer lines are functioning and
8lso to give amplitude information, calibration pulses can be
generated ﬁi’chin the seismometer package by remote control from
the recording station and then transmitted along the sj:gnal line
and so on to the tape. The entire system isA powered by a single
set of twelve 6-volt accumulators at the station, the power being .
fed down the twin cable that also carries the frequency modulated
seismic signal. This arrangement avoids any difficulties that might
be incurred with power sources remote from the central station. Each

magnetic tape can record continuously for about eleven days.,

2.5. Monitoring of Recordings

" Playback facilities are available at thé Kaptagat record-
ing statilon and preliminary pickihg lists are prepa:ed on site
giving details of. all events recorded., For {:he purpose of this
study, these were used in conjunction with the epicen‘tral.infom-b
ation from the Preliminary Determination of Eplcentres by the
ﬁnited States National Qceanic end Atmospheric Administration
(NOAA) - formerly the U.S. Coast and Geodetic Survey - a.nd the
. _.Atomic- Weapons Research Establishment GEDESS (Young and Gibbs,

- 1968) proce‘ssing of these results to monitor and catalogue all
teleseismic events recorded for distances .‘150 - 99‘). For
recordings covering the period July 1970 to May 1971, seventy-eight
events were selected for arrival time analysis and thirty-four
events for the aT/d A study. The criteria used in selection will

be discussed in Chapters 3 and 4.
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CHAPTER 3

PROCESSING OF THE ARRAY DATA

34%1e7. Measurement of slowness and azimuth

The deri.vative of the travel-time curve for P-waves

is generally denoted by dT/dA or "slowness". This quantity
éan be estimated using an array of ‘seismometers as the inverse
of the phase velocity of a wave crossing the array. If the
instruments are arranged in a suitable geometrical pattern, such
as two perpendicular intersecting lines, a seismic wave will
cross the array with a finite apparent grouﬁd velocity and arrive
at different seismometers at different times. The apparent
velocity vectors can then be determined. There are two main

methods that can be used.

One technique is that of velocity filtering, with the
outputs of individual seismometers being combined after insert-
ing time delays corresponding to a signal wave of particular
velocity and ezimuth of approach. These delays can be altered
until the maximum correlator response is reaéhed and the inserted
delays cancel those incurred at the seismometers ‘by the signal.
Other procedures can be used to improve the clarity of a desired

signal.

The second technique is that of onset time analysis. The
arrival times of the signal at each seismometer are read from
playouts of the recorded waveformé and a simple set of equations
relating the geometrical co-ordinates and arrival times for each

instrument to the signal velocity and ezimuth can be solved using
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a computer,

The latter method may provide more accurate results
than ofher processing techniques (Mitchell, 1969; Corbishley,
1969). The use of correlator methods generally requires that
the array dimensions be at least as great as the signal wavelength
for a sharp velocity response using an L-shaped array of" instruments,
(Whiteway, 1965; Birtili and Whiteway, 1965). For the analysis
bf teleseismic signals, this would suggest an array of dimensions
of the order of 20 km would be necessary for good correlator res-
ponse. Using onset time analysis‘with clear early errivals, it
should be possible to read the records to an accuracy of about
- 0.0 seconds which wouid give reliable resulis even with a small

array.

3.1.2. Onset Time Analysis

Consider a two-dimensional arfay of m seismometers at points
Xiy Yis Yelative to some origin, usually the approximate crossover
point of the tw§ arms (Fig.B.). Seismometer i ;s then at a radial
distance R, from the origin and at azimuth ©;. If a seismic
signal traverses the array in direction OA at azinuth & with

velocity V and an assumed plane wavefront, we can derive the follow-’

ing expressions (Carpenter, 1966):-

Apparent velocity of wave along Ry is N

‘ GOS(ei -0()
Arrival time of wave at Xis Yi, relative to the origin O is 04,
where:

0; = = Rycos (84 -ct) =~ (x; sinoC+ yi cos oL )

v v



VELOCITY v
AZIMUTH &

Fig.8. Schematic diagram of a wave
Crossging an array.
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The arrival time relative to an arbitrary zero time, which will

normally precede the onsets at Sci, yi, is given by:

B3 = 0 + %y
where t, 1is the arrival time at the origin. Therefore,
tg o= 6 - (% sin o+ y, cos <) + &

v

&4 is the error in the observed arrival time, t;.

Slowness is the reciprocal of phase velocity and we can write:

3(1)

Here, C = to.

With m seismometers working we can observe t; for i =1,
m and we know x5 yi. Therefore we have m equations of condition
" and three unknowns, C, o and V(or dT/d A ), so we can solve

3(i) by least squares if €, are normally distributed to give C,sin &

VQ
and cos oL ."
-V
= C,

If 81 = sin® , 82 =.cos o s 53

then:

-4 2 2, =%
o = tan (S1/32), V = (81 +827) "2

Hence a value for dI/dA is given by the inverse of V. As 43
is the arrival time relative to an arbitrary origin we can measure
onset times for a particular event from any convenient baseline on

the playouts. In general, therefore, we can say, for the kth A

event in our analysis,
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i = O - Ry cos (B3 - ) (g@} + €y o 3(4a)
k

3.1.3. Method of Least Squares

To estimate the regression coefficients S1, S2 and S3,
we solve the equations of condition, 3(ii) by the method of least
squares. A matrix inversion method is preferred as it S'mplifies
the calculation of confidence limits to give an estimate of the '

reliability of the regression coefficients.

A full mathematical treatment of this method is given by |

Douglase (1967), and this is summarised below.

Given an equation of condition,

¥ = xia.l,l + Xo 3124- sesse Xnain'i"zi

Then x4, X2 «-. X5 eee Xy are the unknowns end ajq «.. &y, are
- the independent variables., ii is the error in 3’3.
We have m such equations ( i = 1,m) where m > n.

wm
' 2
For the best estimate of xi, 2 Z & . oo,

i_-.\

A%,
This implies:

’xli (a )2+x & : . & L
= %11 2 Z ; 841852 * eee X Z 834%n = Z 1ai1yj_1
= . R

i = =

Similar equations are obtained from equating AZ ¢ 2 o zero
i >
£ =1

‘

bxj

using J = 2,n, and multiplying each equation of condition by its
own coefficient of X3 and summing coefficients.

These, the normel eguations, can be written conveniently in

)

matrix form:
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_ I -
2 ey 334 Zaﬂ Bio  ses E&mn xﬂ 2%13’1
Z 12 %1 Ealz 832  ee Z%zain X2 Zaizyz

.

‘e

E 8in &j1 zain 850 eee Zainain 5 Zainyn
- 4L Jdu .
Where the summations are for 1 =1, m. .
‘ , -1 R
Symbolically, Ax =y andx=A 7 3(iii).

Hence we can determine the unknowns by inverting the matrix A.
The triangular decomposition method is used with a standard

computer subroutine (Douglas, 1967).

3¢1elre Estimation of Confidence Limits

From Section 3.1.3., the regression coefficients can be
calculated by solving the normal e quations. We can then estimate
coﬁfidence limits which give a range of possible vaiues for each
coefficient. There is then a given prc;bability that ’the true
value of a coefficient. lies within these‘ limits, Again, a full

mathematical treatment is given elsewhere (Douglas, 1967).

If Xy is the J th unknown, it can be shown that,

y; is the dependent variable and Kji a function of the independent
variables only. Also, if V(xj) is the variance of x5 and o> the

variance of y; (i.e. the variance of errors ii) , then

V(X 2, = 02 S 2
Z K V(ya. =0 Z K53
i=1 _ 1=1
We can evsluate Z K as this is the J th diagonal element

i=1 N
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-
of the inverted matrix A  in equation 3(iii).

We need to estimate the variance of the errors €,

which Awill be:
m

11,2
g2 = Z (€5 )
i=1

m-=n

2‘“ is obtained by substituting the regression coefficients in
i A

the equations of condition.

m - n is the number of degrees of freedom, as we have m
equations and n unknowns.

m
: 2
18 Xy are normally distributed with variance 82 Z K i
i=1

the 95% confidence limits are:

)
X5 % 1,96 s Z K31
i=1

This is, however, only true if the number of degrees of

freedom is large. If this is not the case, we can say the econ-

fidence limits are:
. 5 0
X3 X t s Z X .

Where t is students t and depends on (m - n) but is always

greater than 1.96. In particular, with no more than ten seismometers,

we cen never have more than seven degrees of freedom for each event.
3.1.5.-The Data.
Only teleseismic events listed in the NOAA Preliminary

Determination of Epicentre bulletins were used for the dT/dAA and

delay time measurements., Hence both the focal depth and epicentral
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co-ordinates are known and the epicentral distance and great circle
azimuth can be calculated. Any such listed events likely to have
been picked up by the Kaptagat Array were in{restigated using the
preliminary on-site picking lists and the AVRE GEDESS prinbtouts
which include extrapolated arrivel times at Kaptagat using the

Jeffreys-Bullen (1940) travel-time tables and the NOAA epicentres.’

Events were used in the dT/d A study only of clear onsets
were recorded on at least three seismometefs on each arm and, in
fact, most of the 34 events analysed were picked up ciearly on at

least eight instruments.

3.1.6. Reading Onset Times

Because of the small dimensions of the array, a method was

vneeaed to measure the relative arrival times of the signal at each
seismometer to a few hundredths of a second.. Three methods can be
used: (1) measuring the relative arrival times of the first peak
on each reécord; (2) measuring the first cross-over point and (3)

- matching waveforms. Corbishley (1969) studied the é.ccuraoy of
the three approaches by analysing 22 events from the same area
and he found that the lowest repeatable error in measuring ‘Ehe
onset times came with (3). This has been used throughout this

study.

The waveform matching technique was first used by Evernden
(1955) to calculate surface wave velociﬁies across tripartite arrays.
1t has the advantage that it does not require the recognition of the
first motion or crossover and so, at least in principal, signals with

fairly emergent onsets could be processed in this way.

“

The seismometer outputs are recorded on 1" magnetic tape
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and were played out, unfiltered, on to psper using a 16-channel
Jet Pen Recorder, All ten signal channels were outputted sim-
ultaneodsly with the binary time code. The playout speed was

adjusted so that 1 second on the records corresponded to about 52 mm,

so that an accuracy of 0.01 seconds could be achieved by reading the

records to a few tenths of a millimetre.

The waveform matching method involves, for each e vent,

tracing the waveform of one of the signals on to transparent

paper and then matching this curve by eye $0 evefy other seis-
mometer output, the relative displacements of the traced curve
| being measured relative to some baseline drawn on the paper recor&.
All events were played out eight times in this way, with the three
unknowns calculated for each of these and then averaged. v To’allow _
" for any variation in the speed of either the magnetic tape or the
Jet Pen Recorder paper, the equivalent length of one second was |
measured for each playout and the range of values was generally

less than 0.01 seconds, In addition, smell corrections had to be
made for the non~alimment of the Jet ?ens. The ink jets are fixed
perpendicular to the direction of the trace and a facility is

“available for generating a calibration pulse simultaneously on the

output channels. Any relative displacement of the pens could, if
significant, be measured and the onset fime readings adjusted by

this amount. This calibration was checked as each event was played

out.

Corbishley (1969) argued that variations in seismometer
characteristics can introduce errors in the onset time analysis
method, and concluded that in such a situation impulsive signals

should be used and wherever possible this was done,
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Lil\.wall, 1969; Douglas, 1967b; Davies and McKenzie, 1969).

Such errors have been interpreted in terms of anisotropy in the
upper mantle beneath island arcs (Cleary, 1967) or, in the concepts
of plate tectonics, a slab of oceanic material descending into the
mantle at thé Junction of two colliding plates and introducing an
a.zimuthaliy- dependent source term ’co’ bias travel time estimates
(Davies end McKenzie, 1969). On the other hand, an alternative
explanation could be station bias, or the lack of suitable correc-

tions for near-station effects (Douglas and Lilwall, 1968).

The degree to which either or both of these factors influ-
ence the results for earthquakes analysed in this s’cudy is difficult
to asses, and in the absence of any more definitive information, the
above figures for the Pacific will be assumed, Hence, the uncert-
~ainties in the NOAA data will be teken as 25 km in epicentral co-'

ordinates and 50 - 75 in focal depths.

Consider an epicentre E, which is at azimuth '8& to a station,
S, distance A away (Pig.9.). Assume the apparent epicentre, B
is distance D from the true epicentre, Then the calculated epi-

central distance and azimuth have errors d 4 and 4§ respectively.
From the Sine Theorem for spherical trigonometry,
'sin® = gnD ., sin 8
sin A

1
where @ is the angle EE S.

The maximum value of d& isvwhen © = 90° so that

LTI

If we take A = 20°, and D = 25 km = 0,22°,  °



i

“6°3Ta

v
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sin lde{zl mexe © 0.70.
Therefore for a.n epicentre at a distance of about 200,_ the maximum
error in thé azimuth to the sbation will be 0.7°, and the meximum
error in ‘epicentral distance is assumed to be 25 kms, corx‘eépond.—
ing to a deviation in the tabulated (Herrin et al, 1968)A values
of slowness of 0.1 sec/deg. The error in focal dep‘th of 75 T ,
for a surface focus event will also be ebout O.1 gec/deg. These

values will be less for more distant earthquakes. .

(3).  Altitude Corrections

The seismometers are not all at the same altitude, and
correction is made for the different distances a signal must travel

through near-surface rocks to each instrument.

Assuming we can epproximate the signal path to be vertical,

then each onset time ti is corrected to

5, - (hi - h)

VS

h., hy are the heights of the i th seismometersvand thev reference |
sei_smometere respectively. Vg is the subsurface P-wave velocity,
All seismometer sites are on phonolite and samples f{rom Xaptagat
show a mean density of 2.50 gn/cc. A corresponding value for v

of 4.5 km/sec is used (Woollard, 1959; Talwani et al, 1959).

(4)  ‘Focal Depth Correction.

We know the eplcentral co-ordinates for all events as well

as their focal depths, so that we can correct for the effects of

‘the latter on AI/A A using the earth structure of Herrin, Tucker



32,

Taggart, Gordon and Lobdell(1968)(Fig.10). Hence we can-deduce
the corrected values of slowness as expected from Herrin et al's

(1968) Seismological Tables.

Assuming this simple structure, the corrected distance

CRDEL for a focus within the first layer is:

COEL = DEL + H . tan i ‘ 3(iv)
where H is the focal depth, and i can be calculated from the

relation p =R sin i
v

R is the radial distance to the focus, V the velocity at this
level (Fig.10) and we can take p as dT/d A for distance DEL from
Herrin's vtables. By simple application of Snell's Law we can extend

3(iv) to cover any focal depth using the same model.

(5) ©  Random Reading Erroxs

Random errors will occur in reading the records both through
variations in the recording and playout systems and. elso through
the observation and measurement of onse’b times. Although we ca.n
correct to a certain extent for the former (Section 3.1.6.), some
errors will still remain to affect our estimates of slowness anbd

azimuth.

Assuming the reading errors are independent Gaussian

. 2 ' e
variables with variance ¢ , we also define:

ES 1i (= - 20 [l %i (v, - 5)2'

m
=] ' i=1

[xfj: %Z (2, - %) (33 -9
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where x; and yj are the co-ordinates of the ith seismometer,

where i = 1, m, Then Kelly (1964) has derived the following
J

expressions. The root mean square error in slowness is given

by:
S .2 2 | %
J-——- QOC]. cos A -2 [XYlsinA cos A +[YI]sinA 2
mD

and the root mean square error in azimuth is:

‘ sj;f;-; E(x].sinz A + 2 (:Xﬂsin A cos A +EYY]COSZA 2
wherevD = {XX-_] [YY] - [XY]Z

As the record- for each earthuake hés been played out
several times (Section 3.1.6.), and measurements of onset times
made using all playouts, we can estimate ¢ by calculatiﬁg Athe
variance of the onset time errors froﬁ the multiple readings.

The root mean square error averaged over all events is 0.007

seconds, and the corresponding values for the slowness and azimuth
errors are shown in Fig.11. These show that forv signals from an
" earthquake at distance A= 60°, the random reading errors should

" not be more than about 0.2 sec/deg.

3.1.8. Discussion of Results

Source pax‘émeters for the thirty-four earthquakes used 1n
the onset time analysis. are given in Table 5, with the calculated -
values of AT/AA and szimuth of approach for the Kaptagat array.
Error bars are 950 confidence limits, For the pufposes ‘of compar-
ison we havé assuned that the dT/dd distribution calculated from
the trével times of Herrin et al (1968). give "theoretical® values.

for given distances and that the deviation of the observed travel
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time derivative from the appropriate tabulated value for an
event 1s its slowness anomaly. Similarly, we can calculate
the great circle azimuth of each epicentre from the station
from the NOAA data and define the azimuth anomaly for that event
és the difference between the observed direction of approach and
the great circle azimuth. These slowness and‘azimuth anomalies

are given in Table 5, Fig.12 and Fig.13.

From these it cen be seen that the events analysed give
r’ather an uneven angular coverage around the station. The north-
east quadrant is well covered with epicentres in the active areas
of Southern Europe, Asia and the Far East. However, signéls from
the west were generally not well recorded during the period of the
study, and this, when coupled with the relatively low seismic activity
at high magnitudes and suitable distances (except for the Mid- |
Atlantic Ridge Area) is responsible for a fairly sparse distribution
of results from ESE to NNW. Confidence limits on bothvd'D/d.A and
dzimuth are generally substantial, as would be expected for measure-
merfcs on.high velocity signals across a small uncalibrated array.

However, some distinct trends can be delineated.

The values of dT/dA show systematic and very pronounced
azimuthel variations, which are evident from the snomely plot. From
N¥ to NNE there are large positive anomalies. That is, the measured
.slownesses are higher, and the apparent velocities lower, than valt}es
for corresponding distances given by Herrin for a mean earth model.
On the other hand, between ENE and SE the slowness anomalies are
significantly negative., Hence there is a change of sign in the
enomaly between about 35° and 60° east of north and another somewhat

west of earthquake 29. Despite the unsveen distribution of the data,
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this suggests that there is a continuous variation in slowness
throughout a full circle of azimuths. Although there is
scatter for events from similar distances and adjacent epicentres,

the positive and negative anomaly peeks are outside the range of

the confidence limits,

Fig.12 shows the‘ slowness anomalies for all events,. corr-,
esponding to signals from different distances. ‘_Sloxvneés is, of
course, a function of distance and we might expect the anomalies
to also show some such dependence, We can consider two‘small
groups of data relevant to epicentres within narrow az:‘mti’chal
ranges. Events 12 - 21 show anomalies increasing with distance,
whereas the smaller groupm of events 2 - 6 display the opposite
variation. Al‘chough the data are too few to allow fim conclusions
to be dﬁavm,‘ it seems that for large epicentral distances the
change in slowness anomaly values with distance is not great com¥

pared with the scatter of measurements.

The azimuth anomalies (Fig.13) are also significant although
. they show greater scatter than the slowness anomalies and a less
clearly defined trend. The largest negative values, corresponding
to a deviation from the great circle azimuth in an anti-clpclmise_
direction, occur between NE and ENE with changes of sign probably
around NNW and between east and south. The anomaly for eaxthhquake
25 is difficult to reconcile with the main body of the dé‘ba which A
would Apredict a negative azimuth deviation. Again considéring

the two groups o;f‘ events 2 - 6 and 12 - 21, both show an increase

_ in azimuth anomaly with distance , all the aﬁomalvies having the same .

sign.

Thus, although the variation in the measured azimuths is



less sharp and displays more scatter than that for slownesses,
both sets of data show a strong dependence upon the direction-

of approach to the array. Such systematic changes have been
observed at other arrays (Otsuka, 1966a, and 1966’0; Niazi, 1966;
Greenfield and Sheepard, 1969; Cleary, Wright and Muirhead, 1968).

/ .
However, the deviations observed at Kaptagat are unusually large,

34¢2.% Analysis of Residuals

Ideally, seismic arrays should be on fairly flat regions
that are geologically homogeneous and isotropic. Variations in
near-surface structure will cause the speed of seismic arrivals
to vary at individual seismometers. ZEstimates of such effects can

be obtained in the following way.

From equation 3(ii) in Section 3.1.2., we can express the

onset time residual at the i th seismometer for the k th event as
ik?

ik lk k 1 ETN » .
However, we can also write iik =Py + iik1 B
~where P, is the time correction for the effects of géology under-

neath the i th instrument, € is the remeining error in ¥, .

The values;of Py + €ilc1)-for_all events studied can be
used to define a site eorrection for each seismometer, which will
give information on the structure beneath. This will consist of
constant and azimuthally varylig terms and cen be approximated to |

a sine curve (Corbishley, 1970) such that

Py + &, = A;+B; sin (2 + By) + 1y 3(vi).
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Zk is the azimuth of the k th event at the array, and Ai s Bi
and E; are constants for each pit. We can solve this equation
v. by least squares in the presence of errors ryy on (Pi + %;).
A better approximation to the onset time residuals would include
higher order terms on the right-hand side of 3(vi). However, the
additional terms would be small and would complicate eny inter—
pretation of the structure beneath the array from these corrections
(Corbishley, 1969). In particular, 3(vi) can be taken as an épprox-
imate representation of the anomaly associated with a dipping layer
underneath the seismometers., The dip at each instrument may be
obtained from the phase angle E;. As sin (2 + Ei) is & meximum
when the azimuth 2y takes the value (90 - E;), then the pit.corr-

ection is a maximum when the azimuth is in the direction of dip.

We can compute &y f‘or} each event by substituting the
least squares values of (dT/dA)k, 'Ck and 1n the expression
for the observed minus the celculated onset times in 3(v). Equation
3(vi) is then solved by least squares for all events and a computer

programme has been written for this,

3.,2.2s Discussion of Site Correctiors .

" The site correction tems Ai: Bi and E; are given in
Table 6 with 956 confidence limits, and the onset time residuals
€,y are plotted for each seismometer in Figs. 14 - 18. Superim-

posed on these graphs are the curves fitted to the residuals.

Site corrections are generally attributed to. inhomogen~
eities in the Earth, but it is not easy to establish which part

“of the Earth is chiefly responsible. It is assumed here that
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any lateral variations in deep structure, for instance in the
upper mantle, will manifest themselves as values of slowness
lower or hlgher than expected but as these values are then

used to compu’ce the residuals, there will be little effeot on
vth_e time corrections at individual seismometers, . Thus the chief '

cause of the site corrections should be near the surface.

The values of A, By and B/ (Table 6) are caloulated |
using all events as there is ﬁo marked effect on the onset time
residuals due to the different epicentral distances involved. In
general, A; and Bi are fairly small and of the same order as those
estimated for other arraysof coxnpérable size (Corbishley, 1970).
The constant terms Ai do not exceed + 0,02 seconds, except for
that assoclated with pit Y3, Hence, there do not seem to be any
large lateral variations in near surface structure across the array.
This conclusion is in accord with geologicel evidence as all seis-
mometers are set on a substantial depth of phonolite which probably
does not show large variations in composition jnune&iétely beneath
the array (Jennings, 1964). In addition, these D.C. terms do not
exhibit any simple trend across either amm of the erray (Fig.19),
and do not correlate well with the elevations of individual seis-
mometers (Fig.20.). Thus, the corrections applied to'the onset
times (Section 3.1.7) before least squares analysis émbably allow

adequately for differing site heights. .

The B; terms are all below + 0,02 seconds and, theref'ore,j do
not indicate any systematic anisotropy in wave propagation, which
would tend to cause the azimuthally varying term to be large. The
absence of regular azimuthal variation is confirmed by the scatter

in the values for the phase angle Ej.
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ARRAY SITE  CORRECITONS

Ai(secs)

-0.005 + C.015
0.016 i' 0.019
0.029 + 0,021

-0.,017 + 0.019

-0.007 + 0.011

~0.020 + 0.012
0s00 =+ 0.010
0,011 0.021
0.010 + 0,015

0,01k + 0,022

Errors are 950 confidence limits,

0.008

- 0.0M1

0. 01k
0.016

0,008

0.008
0.012
0,018
0,005

0.009

B (secs)
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x
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x

i

0.017

0.022
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0,014
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0.016

0, 02

~ E; (degrees).

- 319.8
39.9
250.7
2h.3
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CHAPTER _ L

ASURDIENT OF  P-yAVE DELAY _ TLES

4.1. - Inbroduction

Cohsidefable variation has been observed m the travel times
of earthquake signals ci‘ossing different parts of Africa, indicating
lateral variationé in structure. Lilwall and Douglas (1970) computed
the travel-time corrections for several African. stations using the
Joint BEpicentre Method. A study of the DC component of these corr-
ections shows that, in general, the stations within the rift system
have positive correctlons whereas outside the system,.such correc-
tions are smaller, particularly in southern Africa where negative
values are common. This indicates a "slowing-down" of waves crossing
the rift valleys relative to the re;st of Africa. These results aré
similar to those from less extensive studies by Herrin and Taégart

(1968) end Cleary and Hales (1966).

Fairhead (1968), again using the Joint Lpicentre Method, fourﬁ
that; for epicentral distances of 0° - 30°, African travel bimes
dlffexed significantly from the J eff‘r:u.es—Bullen t:unes “but such
departures were reduced though not eliminated by u51ng Herrin's
tables as an alternative standard. Also, work on station correc-
tions for events w:i’chin this smaller distance range confimm the
ctﬁnclusions drawn from the results above, The shield re_gioné of
Africa have negative corrections, but those within the x‘iff system
have positive ones, indicative of anomalously low‘veloci’cies beneath.
This does ﬁoﬁ seem to be the case between the Hastern and Western

Rifts (Fairhead and Girdler, 1971).
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Sundaralingam (1971) measured the P-wave travel-time
delays for East African stgtions relative to Bulawayo (BUL)
usingvHerrin et _al's tables and events only in the distance .
range 25o - 900. He discovered large positive delays at Addis
Abbeba (AAE) and Nairobi (NAI),. but a smaller positive value ab
Lwiro (Lw1) .in the Western Rift (Table 3). This method uses
'the difference between residuals from standard travel-time tables
for given events at a pair of stations, in this case Bulawayo
being a standard in each of the three above cases. This proced-

ure will be used here and is examined in detail in the next secﬁion.

Delay Time Analysis

Long and Mitchell (1970) have shown that the difference
‘between the observed and expected travel times is given by the

residual R, where:

R=To+ T+ T, + T+ B L(1)

T, arises from errors in the earthquake focal data.

Ty

Tt is the error in the calculated travel time due to inacéurate

is due to anomalies at source.

tabulated values.
Tg is the delay caused by anomalies beneath the station.

E is the error from poor timing and misreading of seismograms.

The two-station method, by taking the difference between
residuals for given events at a station pair, attempts to isolate
the Tg terms by cancellation or réduction of the other factors in
order that the resulting relative delay provides a direct measure

of the crust and upper mantle differences beneath the two stations.
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Each temm in the above expression will be considered in turn.

(1) Errors in focal data T, can arise from an inadequate
or non~-symmetrical distribution of locating stations, oi‘ from
station or source ahomalies. This termm will vary ‘for d:é.ffe‘rent
regions hence for different epicentral distances and aZimuths-, and
also for events of differing magnitudes from the same region. When
considering the relative delay between two stations, aﬂy erroré in
origin time will cancel, but the varying curvature of the travel-
time curve implies that incorrect distance can give artificial
delays. All the epicentres and focal depths here were determined
by the NOAA and all but two have magnitudes of 4.8 or greater. From
section 3.1.7., we have assumed that epicentral co~ordinates are not
in error by more than 25 km and focal depths less than 75 km. The
erroi‘ in epicentral distance is a function of distance. and aisq of
the position of an epicentre With respect to the two stations. For
the events in the range 25° - 9%, cslculations show that the rel-
ative delays could be error by as much as 0.8 seconds from a;ssuming
incorrect distance alone. This is a maximum for events along a
great circle bisecting and perpendicular to a line joining the
stations and for a mislocation perpendicular to this great circie.
The contribution towards T, from miscalculating ‘the focal.depth
is most pronounced for deep and close events along a great cincle‘
joining the pair of stations. For a location error of 75 km for
a surface focus event, a maximum error of about 0.7 seconds would "

result for this study.

However, the actual error in each measurement of relative
delay depends on the direction of the error in focal position.

Beéause of the lack of detailed information for all the seismic .
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regions concerned, only the above maximum figures are presen~

ted.

(2) Ty 1s caused by anomalies in the crust and upper mantle

at the source of an ear’chqualce. The use of relative delay for

a station pair should result in considerable reduction of this
term, as the effect at source is likely to be in the same sense

fdr both station paths and of similar magnitﬁde unless the stations
are far apart, However, this does not hold if there ié a large
degree of inhomogenieity near the sowrce., For ins’céﬁce , the
proposal that the descent of cold plates of oceanic material into
hot mantle méterial beneath island arcs could lead to "fast" planes,
would suggest negative travel-time residuels for rays travelling
alrong this direction (Davies and McKenzie, 1969)., These would
tend to cancel out for' relative delay at two statiqns very close
together but as rapid laferal variations in structure and seismic
velocity are implied, this might not hold for well separated stations.
Such characteristics might be expected for the eérthquakes in this
study from the Philippines and the Celebes-Borneo area and this ,

will be discussed in a later section (L.5.).

(3) Ty is the error in the expected travel time celoulated

from stanfard tables. Unless epicentral distances are.the same
-for both stations, which is not usually the case, then inaccuracies
in the tables should not cancel. Herrin et al's (1968) tables
show much less scatter over many distances than the J effries-Bﬁllen
tables (Long and Mitchell, 1970; Fairhead, 1968) and have a similar
shape to other tables (Lilwall and Douglas, 1970; Cleary and Hales,

1966). Thus the main difference is a small DC component which
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will cancel with the station pair method. By using Herrin's

tables, we can probably neglect the Ty term.

(&) Ty is the delay caused by dirast and upper mentle anom-~
* alies beneath the stations, and_is the quantity we normally

wish to isolate. The relative delay beﬁween the two stations.
due to this‘termtﬂs - Tg4) cen act as a comparison between the

structures beneath the two stations.

(5) E is due to misreading of the seismograms. This can be

" due to four types of errors (Freedman, 1968):

(a) _MiSCounting: due té incorrectly observing the sechds,
minutes or even hours on the output time codes. . Obviously

large errors will be easy to détect and a second reading of the
arrival time will largely eliminate any differences greater than

a few tenths of a second.

(b)  Misidentification: this arises largely through the
signal onsetvﬁeing obscured by backgroundAnoise. In practice,
many records were discarded as onsets were indistinguishable to

a precision better than about half a second or more., In marginal
cases the onsets for adjacent seilsmometers were measured and 1if,
after allowance for the propagation lags, the estimates differea

by more than 0.5 seconds, then the record was rejected,

It has been suggested that some delays are "caused" by
consistent late reading of records (Stefansson, 1964) with onséts
lost in noise. Also, onséts picked from processed records tend
to be earlief than those from unprocessed signals. The chosen

signals were played out voth unprocessed and processed by an
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electronic band-pass filter. The filtered signal was used
as a check, but the arrival time was taken off the unfiltered

channel, as the first break was usually clearer,

(c) Instrumental Errors:  these are caused by variations
in instrumental response, recording or playout speed, and clock

erIrors.

Instrumental error is probably negligible. The playouts
were on paper with one second equivalent to 1 centimetre, ensuring
that most onsets remained reasonably sharp and any v‘ariat‘ior_ls in

paper speed were negligible.

The treatment of clock errors is more difficult. Log
sheets are prepared on site with details of three time checks
every day, giving the ¢lock error with respect to GMT.. Also,
Greenwich Mean Time was recorded on the radio channel. However,
due to clock Jumps, some arrivals could not be timed and were
rejected. Where time or radio checks were missing and also when
the clock had more than a vei‘y slow drift, the relevant records

were not considered.

(a) Reading errors: even if the preceding Sources of error
are eliminated, there would still be a random error term incurred
in reading the onset times, With the playout speed used, an |
accuracy of a few tenths of a millimetre is possible, corresponding

to a time error less than 0.05 seconds.

After computation, some extreme values for relative delay
were left which could not be removed by checking measurements éné
calculations, Therefore, assuming a nomal distribution, all

values outside three standard deviations from the mean vere
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rejected. This was thought to be reasonable as the probab-
ility of observing data outside this range in the normal case
is only 0,003 and these values are prbbably contaminated With

large values of =,
4.3, Corrections

Although the use of relative delay for a statioﬁlpair
reduces error terms, corrections have to be'considered for the
effects of the Earth's ellipticity, thé station elevationé, and
the angle of emergence of rays at the surface. These were

applied as described below, for each event at both stations.

1e Ellipicity Correction

Travel times from standard tables apply to a sphere‘of

| volume equal to that of the Earth - the mean sphere - and allow-
ance has to be made for the ellipticsl shape of the Barth. The
deviation from the mean sphere is about - 14 km at the poles and

+ 7 km at the equator (Bullen, 1965).
The time correction dE is given approximately by:

@ 1 () [ho+h1] | |
f(A) is a function of distance only, and is tabulated in

Bullen (1956) and Young and Gibbs (1968).

h, and hy are the heights of sea level below the station and
epicentre respectively above the mean~spher¢. In general this
is givén.by: |

h= ER (3~ sin® 0 )

E is the ellipicity of the Earth and R the radius of the mean
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sphere. O is the geocentric latitude of the station or

epicentre. dE is added to the calculated travel time.

2, Elevation Correction

A correction to delay time for a station at elevation
Z can be made by adding to the expected travel time for each

event a term dL, where:
7
dL = Z (Vé R _gos lq) - tan i

o —

C

- VR
:1.c is the angle the ray makes with the normal at the surface
in a layer of velocity V. |
VR 1s the apparent surface velocity of the ray chosen for the

appropriate station~source distance.

Kaptagat and Bulawayo are, respeétj;vely, 2.39 km and
1.34 km above sea level. For Bulawayd, Vo was taken as 5.4 kn/
“sec which has been suggested for the top 1.3 km of the crust in
the Transvaal (Gane et al, 1956; Clark, 1966). At Kaptagat,
several hundred feet of phonolite overlie the Precambr‘ian base-
ment gneisses (Jennings, 1964) and from density considerations,‘

a velocity of 5.5 km/sec was used in the elevation.correction. .

3. Correction for Angle of Emerpence

Usually delay times are interpreted in terms of plane
parallel layers, so it is useful to correct the measured delay -

time to give a vertical travel time anomaly Ty.

1
TvaS Oose"‘ TS1 OOSe

@ is the angle the ray makes with the vertical beneath

Station S.
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e’l

Station S1.

is the angle the ray makes with the vertical beneath

e, 61 and also 1, in Section (2) can be calculated using the.

rayvtheory, relationship P = R sin-j

. v
Lc, 1 :
Here i relates toAG. or @ and the other symbols are given

in section 3.1.7.(3).
L, The Data

The arrival times at Kaptagat were read from paper
playouts of the events stored on magnetic tape. All channels
were played out, but, in general, the arrival time was measured
from channel ¥Y1. This was found to be the most reliable
instrument and was also played out filtered. In a f‘ew'céses Y1

was not recording clearly for otherwise éuitable events and an

adjacent trace was read, a small correction being made for the
propagation delay between the two instruments. ’l‘he data for
Bulawayo was taken from picking lists prepared é‘b the Goetz

Observatory, Bulawayo, and obtained from the ISC, Edinburgh.

A computer program was written to facilitate the caléul-—
abtion of relative delays. The origin times, épicen’crai blatitudes :
and longitudes, and focal depths of all the selected events Were-
assuméd from the NOAA data and inpﬁtted along With the observed
arrival times at Kaptagat and Bulawayoc. The distances rand
travel times are computed for each event and station and delays
calculated after applying the above corrections., The delay at

Keptagat relative to Bulawayo can then be given as output.
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4.5, Discussion of Results

Seventy-eight measurements of delay time were made for

Kaptagat relative to Bulawayo and these are given, wWith source
parameters, in Table 7. As with the dI/A A data, the distrib-
ﬁtion of délay time values shows a heavy concentrafion within
~the north-east quadrant and an especially high density of results
associated with the active regions of Indonesia and the Philipp-.
ines. _Of the total of Eelays computed, those falling outside
Vthree standard deviations from the mean were rejected and the
variance for the truncated set of Seventy—eight'was estimated
using the method of Freedman (1968). The delays then have & meen

of # 2,20 seconds and 95% confidence limits of 2.00 seconds.

Teble 8 shows all the delays as a function of epicentral
distance from Keptagat. Although the groﬁp means are not by
themselves véry significant, because of the small numbers of
measurements and substaﬁtial scatter, there does not seem to be
any variation with distance above 400 with the values for smaller
distances having differences that are not significant at the 67

* level.

A detailed analysis of delay time variation as a function
of azimuth will be given in Chapter 6, but a review of values from
“different regions does not reveal any large amplitude trends. For
instance, group meens are 2,0 for the Hindu Kush regibn (five events),
2.5 for the Nicobar Islards (eight events), and 2.6 for Sumatra
(éight events); However, the lack of full circle coverage limits
the reliability of such an analysis. The mean for the Sumatra groﬁp
and also the means for the results from the Philippines (2.6 for five

events) and the Celebes region (2.7 for eight events) are of interest
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TABLE 8

KAPTAGAT P-7AVE DiLAYS RELATIVE TO BULAWAYO

Distance Mean Delay Standard - Number of

(degrees) (seconds) Deviation - Observations
20 - 30 | 1.3 1.2 6.

30 - 40 1.9 0.7 7

40 - 50 2.3 1.0 13

50 - 60 o 0.9 15

60 - 70 - 2.1 09 9

70 - 80 2. 42 40
80-90 2.k 0.8 T
90-99 2.0 0.9 6

TABLE 9

IWO STATION DELAYS FOR FEAST AFRICA

KAP - BUL 2,20 + 2,00 secs Present Study

NAL - BUL - 2,3 + 003 secs Sundaralingam (1971)
AAE - BUL 2.7 + 0.3 seos '

'.NAI - BUL 2,52 + 0,70 secs Lilwall and Douglas (1970)
AAE - BUL 2.73 + 0.67 secs | |

AAE - BUL 1.5 + 0,3 secs Cleary and Hales (1966)


http://se.es

49.

as they are from trench areas where i’c is presumed that there
is downthrusting of the oceanic plate into the upper mantile.
This could re;ult in an anomalous zone of the order of 100 km
wide in which seismic velocities may be higher than nbmal
(Cleary, 1967; Davies and McKenzie, 1969). As the relevént
earthquake foci: in the present study lie above this zone we

would expect delaysv from these regions to be less

than
ﬂhose from other areas, producing varistions with aéimuth and |
‘distance. However, the appare‘nt absence of such effects may meean
that either the gpéeding-up of seismic waves is not appreciable for
the particular station-source paths used, or that the two-station
method cancels such terms. Again, however, the scatter of the d@’ca

ensures that such conclusions can only be very tentative.,

Although all the delay time results except one are positive,
the 95k confidence limits of + 2.00 seconds show that there is
considerable scatter. This, as we have discussed, is not caused
by acute azimuthal or distance variations, although (see Chapter 6)
the former may contribute to&«ar:ls this to some extent. Another‘
small contribution may be from the mislocation of epicentres.
_although there is no apparent correlation between the deviation of
delay time velues from the mean and the number of locating stations
used. Systematic mislocation such as has been éuggested can occur
for earthquakes in trench reglons of underthrusting would produce
delay variations of the same sign which do not appear to be signif-
icant and are probably largely reduced by application of the two

station analysis method.

A simple study of the relation between the approximate

signal/noise ratio of the earthquake signal onsets and the dev-
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iation of delays from the mean value again reveals no depen-
dence. It seems likely that misreading of the seismograms
vfoﬁld cause greater scatter in delay time for emergent signals
than for sharp, large amplitude arrivgls. This, however, does

not eppear to be the main cause of the diversity of results.

The picking lists from Bulawayo gave arrival times only
to the nearest second, and so Van uncertainty of up to + 0.5
seconds could be introduced into the computations and this,
coupled with the effects of timing errors for the Kaptagat
records, probably contributes towards the scatter. The
rejection of KaptaLgat records because of suspected poor timing
was somewhat sub,jecfive. Clock Jjumps were usually of large mag-
n’itade ‘and hence easily detected. However, if the binary time
code could not be directly and frequently checked against the @IT
. time checks and the radio time signal, and there was a slow drift
of just é few tenths of seconds between such adjacent checks, then
this drift was assumed to be linear aﬁd appropriate corrections |
appliéc’l. This may have led to errors but prébably only of a few

tenths of a second.

L.6. Comparison with other studies:

The mean value for delay time at Kaptagat of 2.2 seconds
is very similar t§ that found by Sundaralingam (1974) for Nairobi,
both being measured relative to Bulawayo. The individual values
for Nairobi, ‘which is south of Kaptagat but only 25 km east of the
rift escarpment,showed no significant dependence on distance or
azimuth. These two means are also of the same order as the delay

for Addis Abbaba of 2.7 seconds (Sundaralingam; 1971), as shown in

Table 9. Also listed in Table 9 are values of relative station



corrections attributed to Cleary and Hales (1966), and Lilwall
and Douglas (1970). These represent the differences in the D.C.
components of the travel?-tj.xne corrections at the individual

‘stations that form the pairs listed.
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CHAPTER 5

INTERPRETATION OF THE ARRAY DATA

5¢te Cause of Anomalies

Large and systematic variations in the calculated values
of AT/AA and azimuth of approach for teleseismic events have
been found for the Kaptagat array. In section'3.1.7., correc-
tipns were outlined for the effects of varyirig f‘ocal. depths and
different seismometer pit elevations. Errgs in the focal data
used and the spproximation to plane wave-fronts ‘were found to be
able to account for only small deviations in slowness and azimuth. °
- Random reading errors vary with the azimuth of approach of signals
but will be random for any direction and are not large enouéh to
cause - the obse?:'ved variations. Several other possible causes

will now be discussed,

(1 Errors in the Array Geometry

The nmaximum error in measuring the co-ordinates of the
selsmometer éits was estimated at + 30 metres during the survey-
ing, except for Y5, where the possible error may be as higﬁ as
+ 60 metres. Consider an extreme case of an amm of the array. being
extended by a total of 90 metres. Then the observed slowhess. should
not be in error by more than 0.25 sec/deg for ahy of ﬁhe events used.
A more detailed treatment of this problem has been made by |
Mr. P. K. H Maguire (personal 'communica‘cion). Assuming that the
position of each pit is known to # 3;0 metres, their positions can
be varied systematically and envelopes of 'maxirmzm slowness and

azimuth errors computed for all directions of approach. This
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analysis confirms that although such errors in location could
contribute towards the observed anomalics, they could not be a

maJjor cause.

The larger error on Y5 is due to difficulties encountered
when surveying this area. However, the residuals for this pit -

do not suggest that it is significantly misplaced (Table 6).

(2)  Inhomogeneity of Local Structure

We can estimate the effects of inhomogeneity in the near- -
surface structure by considering the onset time residuals in'
section 3.2.1. PFrom the previous discussion, the apparent lack
of significant trends in either the A or B terms and their small
magnitude are not compgtible with the major cause of the anomalies
lying immediately beneath the array. It is useful, though, to be
able to estimate the inhomogeneities that do exist. We can then
reduce their effect on the measured slowness and azimuth by sub-
tracting from .the observed oﬁset times %5, $, for the i th seismometer
recording the k th event, the expression A; + Bj sin (2, + Ej) where

the symbols are as defined in 3.2.1.

These pit corrections have been applied and the even% para-v
meters are given in Table 10. In comparison with Table 5, for the
uncorrected values, it can be seen that the mean errors in slowness
and azimuth are reduced by 0.2 sec/deg and 1.6 degrees respectively.

However, the pronounced anomalies remain.

It is difficult to establish how accurately these correc-
tions compensate for the actual deviation in structure beneath

the array. If events from a wide range of azimuths are recorded



Q

e o © 0 o
[aVI 1

L)

i

®

|

o ¢ & o 8 o
-t [ag]
{

[3
Oy =t N W WO 00 M NN NS 0D e

w0~
~ NS m
b { [

o o

NV O T GO NONNNSOWON TN m
°

[

9°5Z~
gr92-
EaCYe
70 Y-
678~
AL

3°37-

§°9¢~
19—

B*LZ-
A A
T°11-~
56T~
S'el-

ATVAONY

O ® @ o 0 8 © 9 o ® o & 9 o o0 o

°

¢ o0 e ® D O @ ¢ © o € © g 0 o
L] rd o~ i

®

CMNOOPC A~ TTNOTEISOTOCMMMNOR A TS OO= D0 m
[ ]
MO TONOANTTONOSNMNONNANONYNMMNOCOTTIMN S

$334934
d0uy¥3 L
J34NSVIN

2°%6¢
€°1s¢
T°Ihg
L°s2Z¢e
9°8¢2
€°¢LT
2°¢1l
€£°g3
2°156
€*121
8°¢s
269 -
zZ°¢s
g°LlE
6°5¢
0°G9
£°62
€ *09
GeLe
6°9%
£°Gte
€ ve
6°2¢
Z°6
6°1%
gezZhy
0°02
S°11
neLe
22z
2°9
geLT
g°g
gezZse

NWIzZV

¥6°*1 L9°Q
£8°1 iv°0
94°¢ &5¢°0
Le°l 2y °0
Byl %0
Y201 - GH°D
g9°2- 24°0
25°1— HL®Q
1L°2=- H%°0
£¢g*Z—- 16°0
ZH°¢— €7 °0
812~ 1¢°0
02°c— wZ2°0
te*l- 8%°0
Leg°T- 91°0
#2°0—- 6£°0
1°2- 66°*0
92°0 Y90
06°0—- 1670
Ge®Z~ 66°0
Lo0°t~ 1€°0
73°1- 1L°0
33°1- 06°0
8¢ °C~ 9% °Q0
c?°1 30°1
g1°1—- 1.°1
6%°1 g% 0
1¢*0 22°0
L9°E 692°0
%60 L2°0
68°0  85°0
go°*2 16D
10 0e°1
20 °2 g7 °0

934/33S

IYWONV 904dd3 SSINMOTS

QiANSYdd
oL Tidvd

0c°01
3a L
5¢°01
L9°5
L1°L
y6°L
10°9
gy
38 °¢
6G°Y
BC®%
€2
26°¢
29 °¢
$9°¢
Le°s
7L
£6°6
G °g
96y
66°6G
Z9°s
Zv?s
81°%%
2711
06°01
L8
€8l
geeel
Ll

L9*L

Jec0t
6%°8
58°L

6°25¢
3258
L°OWE
yetie
1°112
8°GLT
5°611
6 %5
258
1°8¢
€°L8
5°58
0°58
LeTL
5°TL
9°0L
yeOL
L*59
%52
529
6°09
9°09
€°65
3°25
8°05
g°gy
8°8¢
0°8¢

T°ce

Q*0¢
8°6¢
5°8¢
§g*He
8°G

93a
WIZV

¢ ©

o

? % o O °
YN A D IEN. AN RN SO RN B 1S W e 0]
L OMNM~ST~mM

%3
°Z9
58
°7y
°63
°G8
° 4
°93
°ed
*L?
*65

°e3
°LS
°656

»
2]
N

°81
*hg
°5%
°he
°19
°19
‘0%
8°1%
8¢l

Pt NOT SN~ OUNNT NN R TN OND O ON MO

93d
1SIQ

vivad 1vY¥LIN3DId3

°e9-

7L°62
Iv°8
35°61
L9°€T
16°L2~
6Z°Lle
32°272
O%°Z01
61°001
21°65
86° L6
20°¢e21
1L°L6
33°021
65021
L2°8%
g1zt
9L° LS

£0°T01

L*TS
0v°so
£1°65
0g°88
5L°9¢t
GL"¢es
£6°8%
23°LL
L3°0y
39°65
52°*8L
QL LL
2Z°*°8s%
88 °GG
S1°6%

ONGT

eQ*Ahe
29°%L
A5
36°HE

13095 -

tH°el-
59°%c1~
ety
¥6°0
8871
09ce
Y5ty
LI°%
£E%°81

€3BT

128
GL®61
Y% °8
€6°¢c2
ILeed
269z
37°3¢
TL°52
66°9¢
£3°%1
98°¢21
75°6¢
Zv 3¢
TeceZ
23 °5%
36°6%
15%G6¢
Z3°Lte
Zetal

v

N Y O~ 00 0N D) e 0

~HWNM TN O~

NN NN O NN NN DA M

¢

o
—

3T
LY
9T
sl
71
£1
721
1t
21



511'0

on all seismometers then a good estimate of pit corrections can
be obtained. In the present study, the lack of full angular
coverage will, no doubt, have introduced at least some bisas.
Also, if all ten instruments are not recording a useful signai
and if the ones functioning on a line are bunched together ‘ai‘r
one end,then additional ingccuracies Wouid be present in the-
residuals. Thus, when selecting events to be énalysed, records

that fell into this category were rejected.

A check on the effects of errors (1) and (2) can be
obtained independently of the teleseismic data., Measurements of
the velocities of regional earthquake arrivels at Keptagat have
been made (Long gt _al, 1972) and a summary of these from west of
the rift is given in Fig.6, There. are two main groups of events
associated with crustal (6.5 - 6.7 km/séc) ‘and sub-moho velocities
(7.8 = 8.4 km/sec). Each group of mean values for different regions .
shows consistency and there is no sys’terﬁatic azimuthal variation in
velocity as exhibited by the teleselsmic signals. This suggests
that the latter trend is not caused by errors in the array geometI"y
or by Tocal perturbations in the near-surface geology. Thus alfhough
' they may contribute towards the anomalies, they cannot be a major

cause.,

In the sukbsequent sections, the slowness and azimuth values
used in the interpretation are those computed from onset times

adjusted by pit corrections (Table 10).

5.2, Effect of Dipping Interfaces

The azimuthal dependence shown by the teleseismic data

in Fig.12 and Fig.13 might bte expected for a dipping boundary

beneath the array. This has been suggested to explain similar



55.

variations observed at other arrays (Corbishley, 1970; Niazi,

1966; Otsﬁka 1966a, 1966b; Greenfield and Sheppard, 1969) ,v although
the magnitudes of the anomalies seen at Kaptagat are unusuélly high.
Non—-unif‘orm layering could be inferred from the structural complex-
ity suggested for the Bastern Rift (Griffiths et al, 1971; Khan and
Mensfield, 1971; Sundaralingam, 1971). This concept Will be devel-

.oped in the following section.

The problem of the refraction of a selsmic ray at a dipping
interface with a velocity contrast has been treated by Otsuka (1966D).
| The theory is given in Appendix A along with details of the comput-
ational procedure. A summary of the results can be given with

reference to Fig. Al.

For a seismic ray incident on a sloping boundary with an-
apparent slowness vector Pj ahd an apparent slowness vector after

refraction P, we cen derive:

EI‘ = -Ei + R : . 5(1)
whevre‘ R =(/l§r\2 -18;\ 2 Sin2§: - 15;\cos i)[_lg/s_g]r\ k 5(ii)

[8;1 , [Sp\ are the slownesses below end above the interface.
n is the normal to the dipping interface and k defines the vertical.
i is the angle of incidence of the ray at the dipping interface,

and can be determined if n is known (Appendix A).

From the definitions of Pr and Pi,

Slowness Anomaly dS [Eel -1251

Azimuth Anomaly dA ang(_Eji 2p)

We can extend 5(i) to cover refraction at several layers,

each with different dips, simply by summing the anomaly vectors
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Bj for each layer.({Appendix A).

R, the anomaly vector, will be perpendicular tovthe'strike
of the dipping interface. The azimuth of the incident slowness
is teken from the NOAA data and its magnitude from Herrin et al's
(“19'68)' ’cvables, for the sppropriate distance. In the interpret-
ation, we use the principle of least squares. The velocities on
either side of the interface (hence [8;| end [Sp| ) are assumed
and the direction of dip and the angle of dip varied through a
range of values, for each of which theoretical anomalies are cal-
culated for all of the data points. The root mean square dev- |
iation of the observed points from the calculated anomalies can
then be mapped over the range of the variables and a minimum
deduced.,  For a two-layer case, the angles of dip for both boun-
daries and their direction are varied. Finally different-velocity
contrasts can be assumed and the depéndence of the fit on these

parameters investigated.

5.3 Location of Structural Features

(1)  Dipping Moho

A sloping Moho could be binferred from se?smic and gravity
results. To the weét of the Gregory Rift the structure of the
crust and topmost upper mantle seems to be similar to that in
shield areas. The velocities of regional earthquake arrivals
measured at Keptagat (Fig.6.) show values of 6.5 - 6.7 kn/sec for
epicentres less than 200 km away and values of 7.8 - 8.L km/sec
for more distant events. The latter are similar to those found
by refraction studies in the Transvaal (Gane et al, 1956; Hales

and Sachs, 1959; Willmore et al, 1952) which were between 7.96 km/sec
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and 8.27 km/sec for the P, phase. The Kaptagat data for close
events are for earthquakes with focal depths of about 20 km,
prqbably from within an intemwdiate crustal layer. These
conciusions suggest a model with crust and sub-loho P-wave vel-
ocities 'sifnilar to those in the AFRIC model of Guuper and Pomeroy

(1970) which is teken to represent the stable regions of Africa.

They are also in accord with the body wave results of
Gumper and Pomeroy and the satisfactory propagation of the Sn
phase between the Eastern and Western Rifts (Molnar and Oliver,

1969).

However, from the refraction study of Griffiths et ol (1971)
along the axis of the Gregory Rift,a body of material with P-wave
velocity 7.5 km/sec is found to be within 20 km of the rift floor.
This is presumed to be dnomalous upper mantle. Khan and Mansfield
(1971') have interpreted the positive Bouguer anomaly along the
rift axis in terms of this body and postulated a wedge thinning
avay from the rift (Fig.5.). This could then indicate a Moho
dipping towards the flanks of the rift overlying the high density
and, presumably, high velocity mater‘iél. However, this would give
a high velocity wedge thinning away from the rift which would give
rise to teleseismic anomalies at Kaptagat of the oppoéit‘e sign to
those observed. From Fig.A2,, it can be seen that for seismic rays
travelling up-dip before hitting a sloping Moho, the slowness
anomaly is negative. The teleselsmic anomalie's are not; therefore, v

caused by a slope on the Moho.

(2) Thinning Low Velocity Zone within the Upper Mantle

The 7.5 km/sec velocity from Griffiths et al (1971)

probably represents the upper surface of the low velocity zone
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suggesfed to explain the long wavelength negative-Bougﬁér
anomaly over the Gregory Rift. Searle (1970) and Sowerbutts
(1969) showed that this body appears to extend for some distance
~away from the rift, This is only compatible with the regional
earthquake data from Kaptagat if the zone dceéens westward to
give way to ' normal! Sub-Moho material of velﬁoity 7.8 - 8.4
km/sgc. This could then resuit in a sloping bpundary over the
low velocity zone wnich would give teleseismic ariomalies of the
correct sign to explain the slowneés end azimuth data in this

study.

An interpretation of the array data was attempted in terms
of a single éloping upper boundary to the low velocity zéne. The .
velocity above the interface, W2, which gives lﬁr\) was fixed at
8.1 km/sec, the mean for the Py phase at Kaptagat. The velocity
V1 for the underlying low velocity éone, the dip on the interface
D1 and the direétion of dip Y were all varied through a wide range
of values but no minimum could be found forfits to either the
slowness or azimuth anomalies, This was because, in order to
explain the lafgé observed anomslies, extremely steep dips énd
large velocity contrasts would be required and under these con;
ditions it was found that some rays travelling up dip would hit
the interface/gt angles greater than the critical value defined
by V1 and V2, énd would be internaily reflected. This‘is more
pronounced for events at short distahces, with relatively large
angles of - -incidence i to the interface. Thus a single sloping
boundary over a low velocity zone, with sharp velocity conﬁrasts{

is insdequate to explain the anomalies.

A subsequent interpretation was attempted in terms of two
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layersl with slopes of the same sign but with velocity contrasts
across both, which were selected to represent a gradation in
velocity from a low value V4 for the anomal.ous upper mantle to
the 8.1 km/sec for V3, the velocity above the zone (Fig.Z’l'».)
This did not overcome the problem of internal reflection andli

- again no true minimum could be found.

(3) Low Velocity Wedge

An interpretation of the observed anomalies in terms of
a single upper boundary to the low velocity zone does not seem
possible. A more useful model is obtained when the slope of the
lower boundary of this zone is also considered. A lower inter-
1 face dipping towards the rift is presumed to overlie material
having a higher seismic velocity, thus reinforcing the anomalies
arising from refraction at the upper boundary. A somewhat similar
model has been used to fit gravity measurements (Khan and Mansfield,
1974). For a model of this type (Fig.21), V3 was assumed at 8.1
k/sec from the array data and V1 taken as 8.3 km/sec from the
A¥RIC model, these being fixed during the computations. The
depth to the lower interface was taken at 150 km, to calculate
the fadius R to this level (this scalar quantity is distinct from
the anomaly vector R). However, the theoretical anomaliés are

not very sensitive to changes in R of the order of 400 km,

The two interfaces are treated as lying in the same
vertical plane so that the two slowness contributions peak iswn
the same direction. The direction of the negative peak, that
is, the direction of the maximum thickening of the wedge s Yo,
is varied, with the two angles of dip, D1 and D2, to find a

minimum. Initially, V2 is fixed at 7.5 kn/sec (Griffiths et al,

1971) .
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Fig.21. Schematic diagram of model, with two
dipping interfaces, used in array
data interpretation (Chapter 5).
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Iwo sets of models are derived, the first with both
slowness and azimuth data fitted, and the second using slowness

data only.
S5¢4« The Models
(1) Model 1

The slowness and azimuth anomelies were b‘oth used in fitting
Kodel 1, and the RuSD's for the two sets of observed points from
their computed values combined. In fitting both simultaneously,
the RMSD's for each were weighted inversely in thé ratio of their

mean magnitudes and errors of observation.

Constraining the wédge velocity V2 to 7.5 km/sec, the‘fits ,
obtained for both slownsss and .azimuth are shown 1n Fig.22'and
Pig.23 respectively. The vertical bars indicate 95 confidence
limits on the observed points and the solid circles are the theo-
retical anomalies. It is j.mportaﬁ’c to realise that because we are
considering rays from different distances, they will be incident
on the dipping boundaries at different angles so that the computed
anomalies are depéndent on distance as well as azimuth and con-
sequently the computed anomalies do not lie on a smooth curve. It
can be wmore informa‘éive to plot the residuals of the observed points
from the values calculated for the model., These are shown for

slowness and azimuth, respectively, in FPig.24 and Fig.25.

, The model for a wedge of velocity 7.5 km/sec is that with
a lowey slope of 360 and en upper slope of - 26°. The direqtion
of meximum thickening of the wedge is '1250 east of north. Trom
the graphs of the fitted anomelies it appears that the \falues for

slowness would show a better match if the wedge angles were larger.

From Fig.24 those events from azimuths 0° - 35° show predominan’yly
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65 70 75
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Fig.27. Varistion in parsmeters for model 1
for differing values of wedge velocity
V2.  Explanation on pages 61 - 2,
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positive residﬁals whereas fhose between 500 - 90° east of north
are mainly negative. A change of sign of the theoretical anom-
alies between these two groups suggests that one or both of the
boundaries should be dipping more steéply. For the azimuth anomalies,
which should have a negative peak within the north-east quadrant
and change sign at 125o east of norfh, less steep dips would
probably give a better fit. Although the residuals (Fig.25.)

do not show the marked trend evident for slowness, the slight
prédominance of positive residuals between great circle azimuths
80° - 120° and 330° - 360° favours smaller values of D1 and/or
D2. A disturbing feature of the fit to both sets of data is the
number of points deviating from the computed anomalies,by.more
than their cénfidence limits. This is in part due to the apparent
compromise in the best fit for the two anomalies if considered
separately but seems mainly to reflect the scatter of the data.
This is also evident if we plot the weighted RMSD as a function
of the two angles of dip. PFig.26 shows this mapped over the
parameter space defined by D1 and D2. It shows that adjustmerits
can be made to the dips with relatively small effect on éhe RMSD.
In particular, the contours are open-ended, which implies‘that

D2 is.very poorly determined.

We have initially considered the wedge velocity V2 to be
7.5 km/sec as from refraction results. However, as this may only
represent the top surface of the anomalous mantle material wve havé
fitted similar models With other values for V2. A summary of these
is provided by Fig.27. This gives a plot of total wedge angle
(1D1Y + 1D2l ) against the velocity within,-for a best £it to

the data. At each of the values corresponding to velocities of 6.5,

7.0 and 7.5 km/sec, the individual values of D1 and D2 are shown in
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brackets. with, to'the left of the graph, the weighted RMSD of

the observed points from those computed for the model.. Although
the RWSD decreases as V2‘decreases for these fits, the wedge
velocity is also indeterminate as, presumably, from consideration
merely of the statistical fit, the preferred model would be a very
thin wedge of unrealistically low P-wave velociﬁy. Thus- it ‘appears
that any 1owefing of the velocity betweén the ﬁwo interfaces can ﬁe
compensated by decreasing the angle between them and we cannot from
the slowness and azimuth data alone distinguish between the differ-

ent models represénted,in Pig.27.

In all the models in this group the direction of meximum
thickening,‘ﬁ, was about 1250 east of north as derived for the

model with V2 = 7.5 km/sec.
(2) Model 2

This interpretation used the slowness data only; ‘From
Pig.28, the correspondence petween the computed'and‘observed slow-
ness anomalies forla wedge of velocity 7.5 km/Sec is much better
 than for Model 1. As might be expected, the azimuth anomalies
approbriate to this model shoﬁ a worse fit (Fig.29.). This wedge
reqﬁires slopes of 146° and -26° on the lower and upper boundaries
respecti?ely with a direction Y of 123" cast of nofth; This means
a steeper dip on the lower interface than for the model from the
combined data. We can see (Fig.30) that the trend in the slowness
residuals for Model 1 from predominantlj positive to negative from
° to 900 has disappeared, Howevef, agéin, several éf the computed
slowness ?alues fall outside the confidence limits on the observed
points. The azimuth residuals (Fig.31.) for this model have a mbrev

positive trend which for the expected negative peak: in the north-
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east sector implies less steep dips are required to fit these

data alone.

The direction of the wedge shows that it is thickening
most rapidly for an aﬁgle of 1230 east of north; which is not
significantly different from that for Model 1. ?he plot of the
RMSD for various.values of D1 and D2 (Fig.32) shows .tha’c;. again,
individual dips are relatively indeterminate. A similar plot to
- Fig.27 shows the variation in paremeters for different wedge vel=-
ocities for the Model 2 group (Fig.32), with th; same characteris-
tics evident - general lowering of the RMSD as decreasing values
of V2 are'aécompanied by less severe dips. The rotation is as
for Pig.27, with individusl dip angles in brackets and the RMSD

values for the slowness data to the left of the curve,

5.5 Discussion

)

/

From a comparison of Models 1 and 2 it would appear that
the slowness anomalies require more extreme values for the dips ami/
or the.wedge veloclty than do fhe azimuth anomalies., Obviously,'in
the ideal case both sets of data, teken individuali&, should yield
an identical range of possible models. It has been‘found'elsewhere
(Niazi, 1966) that azimuth anomaly cen bé unreliable as the errors can
be of a magnitude comparable with the values themselves., This is nof
the case here, however, as the anomalies are large in comparison with
the 95% confidence limits, but there is inconsistency in values e&en
for events from similar directions - a range of almost 400 between
great circle azimuths 80° ang iOOoieast of north. Thus slowness
anomaly is probably more useful in interpretation in this study.
. The scatter of values for both sets of data is prohably due to

rapid variations in structure and seismic velocity, deviating
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locally from the simple model that has been suggested. Pairs
of events (Table 10) from slmost the same regions - 13 and 1.,
17 and 19, 20 and 21 - have similar azimuth and $lowness anomalies
within the confidence limits but can differ considerably from values

for slightly less adjacent éarthquékes.

No formal errors have been determined for the final values
of the variabiés, D1, D2 and V2. The plots.of RMSD for the two
angles of dip (Fig.26 and Fig.32) provide a simple two—dimens.ional
representation of the difficulties involved, if‘ vie consider just
these two varlables, and estimate the range of values for each,
corresponding to one standard deviation from the minimum, then some
of the models thus described would not resemble a wedgé. This does
not mean that a wedge is not a sultable f£it but it does mean thaﬁ_

it is highly non-unique.

As a consequence of this non-uniqueness, before we can
reduce the number of possible models, additional data are needed
as constraints. Thus a range of models only is given, represented

by Figs. 26, 32, 27 and 33.

Although all the models have sharp velocity contrasts across
their boﬁndaries, this does not rule out the possibility of more
complex structures giving comparablevfits to the daﬁa. Similar
anomalies could afise'if the sides of the wedge were gradations
in velocity to a value at least as low as V2 somewhere within the
wedgé. As we cannot exclude the possibility of complexity Qiéhin
the wedge, the velocity measured at the top of the zone (e.g. by
seismic refraction studies),migh£ not give an sppropriate value

of Va.
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From a plot of RMSD for the minima at various values of
the angle W » the standard error in determining the direc‘cion;
of the wedge is about x 30° for both Models 1 and- 2,  The angle
q/ s as defined previously, gives ’che"direction of the maximum
‘thickening of the wedge. The value obtained from Model 1 is 125°
east of north and this can be related to the tectonics of the rif;t
in Kenya. North of Kaptagat, from 2.0 to 0.5% Jbhe rift valley
trends 20° east of north whereas from 0,5°N to 1.0°S its direction
is 20° west of north. South of 1.0°S it is again aligned 20° cast
of north. This has been taken as showing confirmation of licKenzie
et al's (1970) pole of rotation for the opening of the East African
Rift Valleys. Searle (1970b) calculates that this would involve |
relative motion of the two plates in Kenya in e direction 1_215.0 east.
of north. The ‘angle Y can be correlated with other: features,
although only approxima‘celj. The wedge eppears to thicken towards
the area of particularly impressive uplift marked by the Aberdare and
Nyambi Ranges. This is also a region of recent vélcanism with Quat-.
" ernary basalt eruptions and Upper Pliocene and Lower Pleistocene
basalt-phonolite-trachyte volcanoes (Baker and Wohlenberg, ﬂ97_‘l;

Wright, 1970).

For the wedge models we do not know the thickneés of the
crust or the depth at which normal mentle gives way to anomalous
material. Bonjer, Fuchs and Wohlenberg (1970), have studied the
crustal structure over East Africa and found thicknesses of 39-km a
at Addis Abbaba, 43 km at Nairobi, and 35 km at Lwiro., The ASRIC
model of Gumper and Pomeroy (1970), derived for Africa as a whole,
‘has é 36.2 km crust. In the absence of any fimm evidence as to
this value beneath Kaptagat we will assume that for AFRIC. If the

boundary between the crust and the 8.1 km/sec layer is horizontal,
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we can estimate the minimum slope on the top of the anomaly in‘
rorder that at some horiZOntal’distance up~dip froﬁ Kaptagat this
zone is still overlain by normal mantle matefial. Assuming the
axial structure of Griffiths et al (1971), the top of this 7.5 ku/sec
zone must dip at more than 350 to give way to'the 8.5 kn/sec leyer at |
a horizontal distance of 17 km from Kaptagat. This diétaﬁoe would be
associated with a seismic signal recorded at Kaptagat coming from a.
direction ¥ and hitting the Moho at an angle of incidence of 30°.
Thié would give about 12 km of the 8.1 km/sec material below Kaptagat.
A thinner crust with, therefore, upper mantle material nearer the
surface, would mean that such a slopge would not need to be as great

as 350.

This is a limiting case in the sense that if the top of the
anomalous zone cut into the crust instead of the mantle, the velocity
contrast would be reversed and a contribution made to the slowness
and azimuth anomalies that would contradict the observed variations.
This need not be critical, as it could be compensated by velocity

gradations below the tob of the anomaly, or a steeper slope én the
| lower boundary,but it would suggest that rays from short aistances
(lerge angles of inéidenqe) would feel iess of the cause of the
anomalies. A similar problem could occur at the léwer interface,
but is more difficult to treat quantitatively. The gfavity inter-
pretation of Khan and Mansfield (1971) suggesbs that the anomalous
zone is roughly symmetrical about the rift axis which means that it
is deepest below the centre of the rift, Even if this isvonly an
approximation, for small velocity contrasts and hence steep dips on
the wedge sides, a ray moving westward under the anomely could hit
the lower boundary of the zone to the east of its deepest point,
resulting in such rays missing the refracting edge presumed toncause

the slowness and azimuth variations. This problem would lessen with
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larger velocity contrasts and less steep dips (these consider-
ations “ssume that the total thickness of the zone can be partly

controlled by some parameter such as delay time).

Whether or not these effects are appreciable ‘is dif‘ficulﬁ
to establish, but to give an indi;:ation, those events with epi-
central distances greater than 60° from Kaptagat have been f‘i't.‘ced;
separately to a wedge Model 3. These correspond to rays with fairly
small angles of incidence, although the aivision of events was some -
what arbitrarily fixed at this particulsr distance velue. Only
slowriess anomalies‘ were fitted so that the Model 3 is to be compared
with Mod'el 2 The 18 events that were used give a very good‘.fi‘c,
with values of l;l;-o and - 38° for D1 and D2 rGSIJectivély for V2 =
7.5 km/sec (Fig.34). The RMSD is 0.45h which confirms that the
residuals sre low (Pig.36), aithough azimuth again does not f£it well
(Figs.35 and 37). The preferred direction of the wedge is slightly

changed, with the maximum thickening occurring at 118° east of north.

Two points are of p;articular interest. One is that an
improved fit is obtained, (Fig.38), mainly it seems becausé the
scatter on the observed points is less. Secondly this model, for
the same value of V2, has total .dips of 82° compared with 720 for
Model 2. This suppox'ts the idea of a wedge having gradations in
velocity from the outer boundaries to some very low value within.
Although close events appear to suit:a model less extreme than ‘chajb
for those more distant, the former still show large systematic
variations in slowness and azimuth, which must. indicate thét they
undergo‘ appreclable deflection at dipping interfaces. 4 model
consisting of gradations in velocity can be considered as several
wedges inside eech other. Thus close events might miss some of the

wedges at the vertical extremities of the anomalous zone. However,
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the fact that events even for these small epicentral distances'
experience the effects of a large anomaly would tend to favour
a very low velocity thin wedge rather than one much thicker with

small velocity contrasts,

The sevefity of the models suggested here, with very steep
slopes and low velocities, is unusual. Similar, but generally less
extreme structures have been suggested for an anomelous upper mantle .
zone beneath the western United States. Slopes of the order of 300
for a P-wave velocity of 7.2 km/sec have been proposed by Nuttli and

Bolt (1969) and Otsuka (1966b), with greater dips for higher channel

| velocities. An alternative interpretation would be that the anom-

alous material has almost zero rigidity (Hales and Bloch, 1969), with

a P-—’Waire Veloéity of about 6.0 km/sec and much reduced thickness and

angles of dip (Nuttli and Bolt, 1969).
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CHAPTER__ 6

INTERPRETATION OF P-WAVE DELAY TIMES

6.1 . Introduction

P-wave delay times relative to Bulawayo (BUL) were meas-
ured for Kaptagat (Chapter L), with a mean of 2.20 + 2.00 seconds,
where the errors are 95 confidence limits. The individﬁal delays
have been corrected for angle of emergence to facilitate interpret-
_ation in terms of plane, paraliel layers, The cause of the delays
will be discussed in relation to such a structure and then with
re gard tq the type of model suggested to explain the anomalies in

' ‘slowness and azimuth of approach.

6.2 Cause of Delays

The substantial positive delay at Kaptagat with respect o
Bulawayo indicates the existence of anomalously low velooity' material
beneath the array station. From the array analysis of regional
earthquaice arrivals and surface wave dispersion resulﬁs f'orb"u.he
AMB-NAT peth (Sundarslingam, 1971), it sppears that the crustal
structure away from the rift axis is similar to that for ‘ché stable
~ parts of Africa, as represented by the AFRIC model. If ther.l,-i
AFRIC 1s typical of the crust and upper mantle beneath Bulawayo,
it is likely that Kaptegat and Bulawayo are upon similar crustal
structures, Therefore, the cause of the delays does not lie
within the crust and it Will be taken that the entire 2,20 seconds
is a result of differences within the upper mantle underneath the two
As‘bations. It may be that the crustel structure for Bulaméyo would

. be more accurately represented by, for instance, the SASD 2 model
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of Bloch, Hales and Landisman (1969), shown in Table 2, or bthat
the crust at Kaptagat is similar to that suggested for the Neirobi
area by Bonjer, Fuchs and Wohlenberg (1970), in Fig.2, Calcul-
atlons show, however, that the use of these alternative models
does not greatly affect the value of the mean delay time attrib-

utable to the upper mantle.

From the array analysis of regional eventls, it has been
concluded that an unknown depth of‘ 'normal' mantle material of P-
wave velocity 8.1 km/sec exists beneath Kaptagat. Assuming 'tha’.c
this 1id to the anomaly is thin and does not significantly affect
delays relative to an AFRIC-type structure, a' mean velocity within
the anomalous mantle zone of 7.5 xn/sec (Griffiths et al, 1971)
would imply that a thickness of 207 + 188 km is required to explé.in
the mean delay time for Kaptagat. In the presence of such 1afge 95
confidence limits, any conclusions to be drawn from this result must
necessarily be tentative but the thickne;.ss is of the same order as
those suggested for low-veloGity zones beneath Addis Abbaba and
Neirobi (Sundaralingesm, 1971), Iceland ,and the Mid-Atlantic Ridge
(Pryggvason, 196k4; Francis, 1969), and the Western United States
(Nuttli and Bolt, 1969) when similar velocities are assu@ed. 1if,
| alternatively, a lower mean velocity is used to explain the Kaptagat
measurements, the zone would be thinner - 114 + 103 km for 7.0 K/ sec
and only 74 + 67 km for 6,5 km/sec. We cannot, at the moment, deter-

mine the mean velocity for the anomalous zone,

The effect of a finite thickness of high velocity mantle
" material (P‘—wave velocity 8.1 km/sec) overlying the channel can be
estimated. TFor instance, for a 20 km 1id, the thickness of the anomaly

for a mean velocity of ‘7.5 km/sec is only decreased by 7 km, with even
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smaller alterations if a lower velocity is used.

6.3.  Azimuthal Dependence of Delay Times.

In the previous section, parallel layers have been assumed.
However, fhe preferred model: for the low velocity zone as derived
frém slowness and azimuth anomalies hasstéeply dipping boundaries.
For this type of structure, it would be expected that relative
delay times would vary with a.z:i.mﬁ’ch (Otsuka, 1966b; Nuttli and
Bolt, 1969) assuming that the layering beneath the standard station
(BUL) is roughly parallel. Anomalies here in layering or velocity

beneath Bulawayo could complicate the paftern of mlative delays |

at Kaptagat.

In Chapter 4, a crude analysis revealed no significant
azimuthal variations, and this will be investigated now in more
detail, We can represent delay time as being composed of constant
and azimuthally varying terms (Herrin and Taggart, 1968; Bolt
and Nuttli, 1967; Lilwall and Douglas, 1970) by fitting a sine ‘
curve to the éielays: ' |

+ U ) ' 6(1)

T = A + B. sin (Z
. Jk J

Jk J J

where T, is the delay time relative to Bulawayo for the k th

Jk
event in the J th‘ distance range, ij is the great circle azimuth
of the k th event, and Aj, B; and Uy are constants defining the |
delay time for the J th distance range. This equation can be

solved by least squares in the presence of errors of; lec in essen-

tially the same way as for egquation 3(vi) and a similar computer

program to RESFIT is used.

In order to interpret the delays in terms of a structure
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with dipping layers (section 6.4.), the individual values are

not corrected for angle of emérgence at the surface.

1f all the data are fitted simultaneously, that is, only

one distance range is considered, then the appropriate form of

6(1) is:
2,36+  0.34 sin (ij + 28L4) 6(ii)

' This implies a function of amplitude 0.34 + O.41 seconds and the
phasé angle Uj gives the direction of the maximum pwsitive delay as
166° + 72° east of north. Hence the ezimuthal term is not signif-

icant at the 95% level.

If the delays are divided into two groups about an epicentral
distance from Kesptagat of 600; there 1is sufficient azimuthal cov-
erage in each to allow separate interpretations. The relative
delays for events from distances less than and greater than 60°
are shown in Pig.40 and Fig.41 respectively, with the solid lines
~ giving the computed fits to the data.v The A terms are not signif-
icantly different for the two groups, which suggests a lack of
distance dependence for the constant part of the delay time function.
However, whereas fbr the shorter distances there is no marked
azimuthal variation -B is 0,32 + 0,80 seconds - Fig.hﬁ shows that
delays for events from distances éreater than 60° change systemet-
iéally with the direction of approach. The amplitudes of the sine
curve is 0,96 + 0.68 seconds and the direction of the maximum positive

delay is 177°% 29° east of north.

6ol Delays fox‘DiQpinq Interfaces

A strucbure such as that shown in Fig.L42, with sloping
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Fig.42. Crust and upper mentle model used to
compute the azimuthal varistion in
delay time due to a low velocity (V2)
wedge beneath the station at L,
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boundaries to a low velocity zone, will produce relative

delay times that are a cyclic function of azimuth which is‘not,
in general, sinusoidal (Nuttli and Bolt, 1969). However, if it
is assumed that the strike directions for both the upper and _
lower interfaces to the anomalous zone are tﬂe samg, the diff-
~ erence in delay times relative to BUL for lef‘t-going and right-
going rays perpendicular to the strike at Kapbagat (Fig.42) for
evenfs from the same distance can be determined. This wili be
approximately twice the amplitude of the cyclic delay time

function.

Further simplifying assumpbions are made with reference
to Fig.l+2.v It is assumed that the structure benecath BUL consists
of parallel layers so that anyvazimuthal veriation in delay time
would be due'to effects in the region of Kaptagat. The crust for
- Kaptagat is taken as having the same thickness as lthat for the
AFRIC model, but with a mean velocity of 6.4 kn/sec. The thick-
ness cﬁ‘ ’che high velocity 1id to the anomaly is not known so if, is
taken as being elmost negligibly thin for a left-going r‘ay at G
(Fig.s2) and thickening westward. Thus a ray at G experiences
‘refraction due to this layer but the trax}el time within it is
disregaraed.' The thickness of the anomaly directly bencath Kap-
tagat; H, is calculated from the mean delay ﬁiine».frorn section 6.2.,
‘for a glven veloc;ity within the wedge. |

The difference $T in delay time for a left-going and a
right-going ray, both peréendicular to the strike difection for

the wedge model, then follows from Fig.42,



s

§T = FG+ 8G ~AB -=BC - CD = DB + (== ==\ . -
E V2 6., 8.3 V2 8.1 6. (& -xw) . &

The two rays are taken as having the same argle of incidence
i to the vertical in the 8.3 km/sec layer, and dT'/dA is the

slope of the travel time curve for the appropriate distance.

To estimate §T for the wedge models fitted to tiﬁe slowness
and azimuth a.nomalies,b the values of V2, D1 and D2 are taken for
Model 1 (Chapter 5). An approximete mean epicentrsl distance of
60° is assumed. From Fig.L3 the quantity b is half §T, that is,
roughly the amplitude of the delay time variation. Also plotted
is the value of B from section 6.2, for all the data, with the
hatched area giving the 95 confidence limits. The dashed hor-
izontal line indicates 'the. value of the azimuthal term for the
direc;’cion 1250 East of north, which correspbnds to the direction

of the meximun thickening of the wedge anomaly for Model 1.

If only the events for distance greater than 60° are
considered, and the parameters adopted from Model 3 for slowness
anomalies only, the computed values of b are as shown in Fig.il.
The angle of incidence 1 required to compute b is taken for an
epicéntral distence of 80°. Here the dashed line is appropria’cé
4o a direction of 188° East of North from the optimum fit for the'

wedge direction Y .

For both interpretations, a larger assumed distance and
hence a smaller angle of incidence to the vertical give smaller

delay time variations, and vice versa.
6.50 DiSOIlSSiOI’l

Equation 6(ii) gives the fit of the relative delay times
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Fig.i, Variation in amplitude of azimuthel delay time term
due to low velocity wedge model 3 with differing values
of wedge velocity V2 (curved line). Hatched area gives
95% confidence limits on observed amplitude of  azimuthal
tern (solid horizontal line) for events at distances
greater than 60° from Keptagat. Dotted line gives
observed amplitude at angle Y for model 3.



for all events, in terms of constant and azimuthally varying
terms. The value of the former, given by A = 2.36 seconds ,
implieé that a substantial mantle anomaly is experienced by
events from all azimuths. The value of A is derived for delays
uncorrected for angle of emergence and is a little higher then
if such a correction had been made, The factor Bjsin(ijl+ Uj)

is very small and for the data taken as a whole, the variation

with azimuth is not significant.

However, for a wedge such as Model 1, for instance with
a velocity of 7.5 km/sec for the anomalous‘mantle material, theA
difference in delays for rays travelling in opposite directions
can be as great as 3.0 seconds for events a distance of 660 from
Kaptagat. This occurs for rays perpendiculaxr to the strike of
the wedge and decreases for smaller velues of V2, Assuming we
can épproximate a sinusoid to the delay time variation then the
amplitﬁde of the azimuthal term b computed for Modsl 1 is greater
than the observed amplitude B even for a vélqciﬁy V2.as low as
6.5 km/sec (Fig.h3). The absence of a 1ai~ge B va:L{ze implies that
a wedge of very low velocity and moderately steep dips is required
for the observed delay times té be compatible with the type of |

structure represented by Model 1.

In considéring a léw velocity zone with sloping boundéries,‘
vthe effects of rays being deflected in a horizontal plane have
been ignored. Because rays are deviated in this plane, they will "
tend to travel further thaﬁ the distance between an epicentre and
the station measured along a great circle. This will cause an

additionél delay relative to the standard station. If we assume
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that the wedge exists for a distance of the order of 100 km

in every direction from Kaptagat, and that the maximum azimu’chai
| deflection suffered by rays from a distance of 6Q° is 25,0, then
the delay introduced can be as great as 0.6 seooﬁds feiative to
‘Bulawayo. This f‘actor will be zero perpendicular to the s'trike

~ direction of the wedge, but elsewhere will always be positive.

This will give an additional cyclic variation of a different.
' shape to that due to deflection of rays in the vertical plane.
For wedge Model 1, however, the difference in relative delay times
for rays travelling in opposite directions perpendicular‘to the
strike direction should still be as great as shown in Fig.t3 for

any given value of V2.

TProm.a comparison of Fig.L0 and Fig.4! the constant terms
are very similar but there iS a significant azimuthal tern only
for the greater distances. Although the phase angle U for this
group of events gives the direction of the maximum delay as 1770
East of North (Fig.41-'r)"vvhez‘eas that derived from the slowness
anomalies is 118° East of North, this difference is not critical
in view of the large errors involved. It is again the cas;e that
the magnitude of the azimuthal variation in obseryed dela;lr time

requires very low, velocities within the anomalous zone in order

to be compatible with the wedge model for the slowness anomalies.

For the simple wedge model in Fig.42, rays from large'
distances will exhibit smeller azimuthal vériations in delay
time than those for rays‘f‘rom short distances, assuming that
the- same model applies to all events. This is the opposite of
the observed trends, which would imply that the nearer rays

arriving with large angles to the vertical miss some of the
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~anomaly and s\_lffer less extreme deflections. This is broadly
1n agreement with the idea of velocity gradations rather than
' sharp contrasts arising from the interpretabion of slowness
anomalies, where more extreme wedée models were required to
fi‘é data for events from large epicentral‘dist:inoes. Howe.ver,
tnis is diffioult o Teconcile with the similarity of the

constant deiay time A terms for different distance ranges,
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HAPTER 7

INTERPRETATION OF SURFACE WAVE DISPERSION

Tele Introduction

The preferred model from the analysis of teleseismic

arrivals 1s that of shield-type topmost mantle thinning towards

the rift axis to give wajr-to material of anomalously low velo_city. '
"Sundaralingam (1971) ﬁas studied surface wave dispersion beneath
East Africa and from Rayleigh wave phase and group velocity data

he derived a mod,ei of the crust and upper mantle for the inter-
station path Nairobi (NAI) to Addis Abbaba (AAE) (Table 11)s  The
NAI-AAE path falls off the rift axis for much of its length, If

the mantle low velocity zone attenuates to the east as has been sugg-
ested it does to the west, then it would be expected that surface wave
sampling along 4;:his path might show evidence of this in the form of a
high velocity 1lid over the anomalous mantle zone. To test whether
this structural framework is compa‘b_ible with the dispersion data of

Sundaralingam, a new interpretation will be suggested.
7.2, The Deata

Sundaralingam determined Rayleigh wave phase and group
velocities for thé NAI-AAE path from the earthquakes listed in
Table 12, These were selected aé having epicentres close to the
great circle between the stations, and all are shallow focus events
with clear, well disperséd wave trains. The Rayleigh wave phase vel-
ocities were determined by the Fourier'Analysis Method used by Sato
(1958) and Toksoz and Ben-sMenahem (1963). The Multiple Filter Tech~
nique (Dziewonski et _al, 1969) is used to calculate the group vel-

ocities,



TABLE 11

MODEL EA1 (Sundaralingsm, 1971)

Blm) o (i/seo) 8 (w/sec)  p(aw/oo)
0.86 - 3.50 | 2,00 2.77
7.0 5.90 T | 2.67
10,5 6.15 '_ 3.55 '2.77
19.3 : 6.90 ‘ .g;gg | : 2,98
81.0 7.5 4,22 NN
99.0 7.89 453 | 3,30
100,0 8.30 4,65 A 3,53

8.70 k8 370

Parameters underlined were taken as active.



BARTHQUAKES USED FOR SURFACE WAVE INTERPRETATION

TABLE 12

Location

South Africa
Prince Edward
Isle :

- South Africa

South Africa

" S. Iran

Date

51,196k

25,2,196),

19.3.1966
19.3.1966
20,4..1966

TABLE 1

Qrigin Time
Hr.Min.Secs.

23 L6

00 34

1 51
17 16
16 42

10,7

32.0

}+9 .L;. :
40.9

5.7

TRIAL MODEL FOR PARTTAL DERIVATIVES

H(km)

7.0
10,5
18.7

" 30.0
50,0
100.0

100.0

8.70

o (/se9) R (/sec)
5.90 335
6.15 3,55
6.60 3.72
7.k 4.3
7.k 4.3
7ok 4.3
8.30 4,65
4,85

52,263

42,608

52,708

52,708

RS A

2 p(én;cc)

2,67
2.77
2.98
3.2k
3.2
3.30
353
3.70

Co-ordinates
degrees)

28.38,

57,508

19,8 E
19.9 E
48.2 B
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The phase velocity measurements cover the period range
14 = 59 seconds and the group velocity values a slightly smeller
range of 16 - 48 seconds (Fig.45). The effective depth of pen~
etration of Rayleigh waves is about 0.45 of‘ the WaVelength,' so.
the data provides infomation on the crust and upper mantle from
20 to 105 km. There are two important general feabures of the
curves. At shorter periods the éurves tend to merge with those‘
for the AFRIC model (Gumper snd Pomeroy, 1970) indicating some
uniformity in the crust throughout Africa. However,. at loﬁger :
periods,those for the NAI-AAE dispersion show much lower veloc-

ities; presumably due to material of low shear velocity at depth.

The phase velocity curve is fairly smooth at éh‘ort periods
but for larger values the scatter is as much as 0.0k km/sec. The
group velocity curve shows considerably worse scatter, up to 0.25
km/sec. It is,however, difficult to make a meaningful estimate of
the accuracy of the data. After considering errors due to refrac-
tion, epicentral mislocation, misreading seismograms and uncer-
tainty in’ instrumental response, Sunderalingam deduced that the
overall error in the Rayleigh wave phase velocity measurements is
of the order of 0.03 km/sec, although the error in group velocity
would seem, from the observed dispersion curve (Fig.45), to be

several times larger than this and may be as much as 0.1 - 0.15

xm/sec.

The effects of lateral refraction can be :imporﬁémt and
they can introduce systematic errors and an increase in velocities.
In this case, the interstation path is sampled from both directions
and data points from different e;fents show clpse agreement so it is

unlikely that the curves are strongly affected by refraction or

other effects outside this path.
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Fig.45. Observed Rayleigh wave phase (dots) and group

velocities (crosses) for the AAE - NAL path
(Sundaralingam, 1971) with computed dispersion
curves for AFRIC model of Gumper and Pomeroy (1970).
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T3 Interpretation Technigues

The methods mmmd to re-inberpret the Surface w‘aveb data

use as a criterion for fitting a theoretical model the root mean
square deviation (RMSD) of the observed curves from those calcul-
ated for the model. A horizontally iayered structure is derived
using as parameters shear and compressional wave velocitieé, Adept’h,
and density. Certain selected parameters are varied so as to obtéin
a minimum value of the RMSD witﬁin the Space' defined by these var-- |
lables. A non-linear optimisation technique is used in conjunction

with the mapping of the RMSD within the parameter space.

(1) The Powell Conjugate Direction Method

A full mathematical treatment is given by Powell (1964, 1965)
‘and Sundaralingam (1971). A description of the general principles only

will be- given here,

Assune we went to minimise some function F(x). We can cal-
culate it tp be f’l at some baée point X5 which éorresponds to our
initial model, and then to be f5 at some point }ﬁz where xp = X4 + S.
S is the step-size which is specified to control the accuracy vancl
swiftness of the search. F(x) can then be evaluatéd at a third

point X35 such that:

Xy x, +25 if > 6
x3 = x = S if < £

It can be shown tﬁa’z; tﬂe optimum x  of a quadratic passing through

‘the three points is given by: |

' 2 2 2 2 ' 2
X, = o(xz —XB)f1+(x2~x1) f2+(x12~x2)f3

nof—

(%o - %3 ) £y o+ (:c3 —x1) fo + (}:,l - Xp) £3
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If X and which ever of x1, x2 or x3 gives the smallest value

of F(x) differ by less than the required accuracy, vwhich is &lso
specified, then the minimum is found. If this ms not the case,
then one of x4, X, xz is discarded, this being the oné corres-
ponding to the largest value of_F(x) . Then the Quadratié _. inter-

polation continues using the remaining two function values and

that for xy.
The function to be minimused F(x) is given by:

F(x) = ne (RMSD)2
where n is the number of active parameters, that is, those that
are varied in order to find the minimum, These parameters can be
constrained within specified limits, and the current value of the

" paremeter is X, where
. 2
X = X4 =+ (Xu - X1) sin Y,

X,1 and X, are the lower and uvpper bounds of the variable respec-i

tively, and Y is the initial value.

This non linear method of optimisation has several advan-
tages..a: . Convergence is rapid especially near the optimum, where
the function is well approximated by a quadratic. All parameters used .
in the model can be designated active or passive, 'and the former,
as variables, can be constrained within reasonable limits, such as
those defined by geological plausability. This is useful as it can

be used to avold unreasonable varlations in the active parameters.

(2) Meapping

The fit of models to the dispersion data is also inves-



82,

tigated by calculating the RMSD for different values of the
aotive parameters and then taking a succession of two-dimensional
sections of this parameter space. This can be used to give an
approximate position for the required minimum which will serve

as a starting point for the Powell optimisation.- This‘shortens

. thelcompuﬁing time needed. After the optimised values of the
variables have been determined, the variation of the RMSD within
‘the vicinity of the minimun can be mapped. This shows the shape
of the minimum, which can be highly variable,.and the uncertainty

with which we can define the final parameter valties.

The PV7 computer program of J. Dorman is used to calculate
the group and phase velocities for a given model. This is coupled
with statistical and optimising routines for bothlthe Powell and
mapping processes, given by Sundaralingam (1971).4 The PV7 progrem
.‘ also corrects f‘of the effects of Earth curvature. The approxim—
ation of Bolt and Dorman (1961) is used for Rayleigh wave phase
.velocities'and that of Knopoff and Schwab (1968)vfor'group

velocities.

7.4. Limits on.Interpretation

Backus and Gilbert. (1968) have shown that there is a
fundamental 1limit to the detail of earth struéﬁure that can be
derived from gross earth data, and this reasoning has been applied
to surface wave inversion. Der, Masse and Landisman (1970) have
shown that the resolution of the data can be expresséd aé é minimum
thickness of a zone over which velocity may be deférmined to a given
accuracy. Thus thicknesses within a model can be chosen so as to
determine shear velocities within satisféctony limits. If we
choose layer thicknesses to be too small, then we lose accuracy

in the>deﬁexmination of the shear velqcity over that thickness.
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Also, resolution decreases with increasing depth. The inter-
faces between layers are not structural boundaries but define

limits over which a mean velocity value is derived.

Knopoff (1969) has obtained the following expressions for

the interstation phase and group velocities as a function of

%, Xo "
: A dx : dx
/ ox) / u(x)
o _ X 1 X1 . )
b X 4

¢ and u are the interstation phase and group velocities, res-

distance:

pectively, which constitute the dispersion data.

c(x) end u(x) are the phase and group velocities at distance x -
along the interstation path, the limits of which are x; and xp.
It follows that the reciprocals of the measured velocities, the phasé'
and group slownesses, are the distance averages of fhese guantities
. between the stations. Therefore any model we derive from the data

represents a mean structure beneath the interstalion path.

In their study of surface wave propagation beneath the
Canadian shield, Brune and Domman (1963) drew some general con-
clusions concerning inversion of’the'dispersion data, They found
that it is critical to select the proper framework for a moéel in
terms of the number and thicknesses of layers and to designate
parameters active or passive., This should be don¢ by considering the
amount of informétion contained in the date, by examining partial

derivatives and by deriving trial models under constraints. Allowing
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too much or too little freedom results in either unreasonable

final values for parameters or a non-converging system.

In particular they found that if density and shear velocify
were varied within the same depth range then large and unreasonable
variations in these quantities could occur without significant |
improvement in the fit. If the number of layérs in any depth range
was too great, shear velocity and depth could vary erratically with
adjacent layers also developing 'wildly high or low velocities, Also,
where the shear velocity contrast across an interface is small; the

depth to that boundary cannot be accurately determined.

If we only vary shear velocity "chen we can recover a final
value to 4some particular accuracy. If we also vary depths, then
'wé may not be able %:o obtain such a high degree of precision in '
Velociﬁy. From Der et al (1970) this loss cbrres;)onds to a prop-
ortional change in layer thicknesses., It is often uséful, therefore,
'to £ix the t.c;tal depth range of a model and vary the individual

thicknesses within this framework.

Te5e V'Erevious Work

Sundarelingam (1971) derived a trial model to use in the
calculation of partvial derivatives (Table 13). The framework of
the model 1is verj similar to that of the AFRIC model for the African
continent (Gumper and Pomeroy, 1970), but with lower vel§cities in

what correspond to the top two upper mantle layers for AFRIC.

The partisl derivatives for phase (c) and group velocity
(u) with respect to shear velocity are shown in Fig.46 and Fig.l;.?

respectively. From these curves a check on the layering can be made.
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If the number of layers is too great, then it should be possible

to combine two of the curves to, approximate s third (Brune aﬁd
‘Dorma.n,‘ 1963). However, this does not seem to ‘be the cese for the
trial model used here and the layering is roughly COrrect; From

the partial derivative curves, we can also deduce that the shear
velocities most affecting the dispersion curves are those for layers ‘
3 - 5. These can be combined to give a single upper mantle layer

(Table 11), under the lower crustal layer.

Partial derivatives with respect to fhe other parameters,
although not» shown here, reveal that ‘cl;le phase and group véloci’cy
data are not sensitive either to density, [ or to compressional
wave velocity, oL, and in deriving the EA1 model only shear wvelocities
and depths"&ere varied. A shallow sedimentary layer was introduced
and the shear velocities of the bottom two crustal layers and the top
two mentle layers allowed to change. Depths were generally not well
determined by these data but the thickness of the lower crustal layer

was also taken as an active parameter.

From Tables 11 and 1 we can compare the EA1 and AFRIC models‘
as their frameworks are very similar, If AFRIC is taken to represent
the crust and upper mantle for the African éontinenf outside the rift
zones, then the path Addis Abbaba (AAE) - Neirobi (NAI) is character—
ised by anomalously low velocity material in the upper mantle. The
- crustal structures are similar with the exception of the lower crus-
tal layer which, although being of roughly the same ‘chickness as

that for AFRIC, has a higher shear velocity.

7.6. The Lid Model

If we take the structure suggested by Griffiths et al (1971)

as typical of that below the rift axis, with a crust only 20 km
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thick, then this is much different from that thought o Lie

beneath Nalrobi to the east of the rift. Bonjer, Fuchs and
Wohlenberg (1970) deduced that a two-layer crustal model requifed

a thickness of 43 km below Nairobi. This suggests that the surface
of the upper mantle anomaly does sink eastwward away from the Tift
although not necessarily at the same rate as to the west. The
interstation path AAE - NAI in general lies off the axis of the rif£
so it 1s possible that the path as a whole is compatible with a 1id

of normel AFRIC-type upper mantle overlying the anomalous zone.

Fof the path NAI - AAE, a framework similar to that for the
AFRIC model will be assumed., Three types of 1id model will be used.
Models Wit and LC1 have a 1id of normal mantle immediately below and
'above the AFRIC Moho level respectively, while model CMT'incorpor-

ates both.these features.

The Powell Conjugate Direction Method reéuires the separation
 of the model parameters into the categories active or paséive, the
former being used as variables in the optimisation. The depth of
penetration of Rayleigh waves is about 0.45 ). where )\ is the wave-
length, which gives a depth range of 20 - 105 km.’ This implies thaf
the disperéion curves are sensitive to parameters for the lower cfustal
layer and the topmost upper mantle layer. This can also be seen from
the partial derivatives Where these two layers correspond fo layers
3, 4 and 5 for the trial models (Table 13). In practice, three para-
meters were varied for the 1id models; the thickness 6f the 1id and
the shear velocities for one layer on either side, these being
approximately comparable to layers 4 and 5 for the EA1 model.

Because these data do not determine depths well, the total

depth of each model was fixed and only the ind;vidual thicknesses

" within this framework were varied., The compressional wave
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velocity for the 1id was fixed at 8.1 km/sec from the Keptagat

array measurements.

The. parameters for iayers‘ outside the_'v range of the data
were generally fixed at the AFRIC values, Thus the second ubper
mantle layer - layer 6 in the EA1 model - was assigned a shear
velocity fixed at 4.78 km/sec. The data are insensitive to changes
in densities and compressional wave velocities. Therefore densities
were taken at the AFRIC values except where these appeared to ”bé
j.nappropriate to Bast Africa, when they were deduced fromv the gravity
interpretation of Searle (1970). For the tw§ layers in which shear
velocity F, was varied, the P-wave velocity, o, was calculated
using the relation o = 1.71+P (Anderson, 1965). ‘This was also
applied to the 1id, giving a shear velocity of L4.66 km,/séc for a

P-wave velocity of 8.1 lkm/sec.

Because the errors on the group velocity measurements are
greater than those for phase velocity, a weighting procedure was
used. The RMSD's were calculated for the two curves and then
: cqmbined with a weighting inversely proportional to their approx-
imate RiSD's for the EA1 model. This meant that phase velocity had
unit weighting but was favoured more than if the RMSD's had merely

been summed.

7.7, Models from Powell Conjugate Direction Method

The final model for UM1 is shown in full in Table 1k,
with layers 4 ~ 7 for IC1 and CM1 -also shown. The parameters
underlined were varied, UM1 has a 1id below the Moho with thick-
ness H(5) and the thickness of the topmost mantle layer is H(6)
= 80.0 - H(5). Similarly, for LC1, H(4) was constrained to be

18.7 - H(5). These two 1id festures were combined for CM1



TARLE 1L

MODEL UM1

Leyer (i) (m/see) R (m/se0) o (a/c0)
1 o - 0.86 3.5 2.0 - 2.77
2 7.0 5.9 - 3.35 2,67
3 10.5 6415 5.55 2.77
L 18.7 6.81 3.91 2,85
5 16.0 8.1 L, 66 3.3
6 6.0 6.96 300 3,22
7 100.0 8.2 L.78 S WO
8 100.0 8.5 - w65 353

Welghted RMSD = 0,028 km/sec (RMSD phase = 0.015 kn/sec)

MODEL LC1

L 8.5 6,27 3.60 ' 2.85
5 102 8. w66 3.3

6 80.0 6.15 bt 3,20
7 ' 100.0 | 8.2 W78 300

Weighted RMSD = 0,033 ki/sec (RMSD phase = 0,019 km/sec)

MODEL _CMA

4 12, 6.7 3.72 2.85 .
5 15.5 8.1 4. 66 3.3

6 70.8 7.06 L. 06 3.22
7 | 100.0 8.2 4,78 3.k

Weighted RISD = 0,030 lm/sec (RWSD phase only = 0,017 lan/sec)

Parameters underlined were taken as active.
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so that: ‘
H(4) = 18.7 - H1(5) and H(6) = 80,0 - Hy(5), where
H(5) = 1{1(5) + Hy(5). The individual thicknesses here were

_both veried and had final values of 6.3 km and 9.2 km.

In all three of the models, the 1id is thin, about 16 km for
UM1 and CM1 and only 8.6 km for LC1. The effect of introducing the
lid is to depress the shear velocities in the layer bénea.th, where
the shear and compressionél wave vaiues are in the ranges 4.00 ~ 4,14
kin/sec end 6.96 - 7.15 km/sec respectively. These compare with the
BA1 velocities for the topmost mantle layer of 4.22 km/sec and
7.35 km/sec. One would anticipate too that if the 1id is omitted,
it would have the effect of raising the shear velocity of the lower
crustal layer also. In models LC1 and CM1, in fact, the values are
lower thari for EA1 and correspond more closely to the shear velocity
of 3.72 km/sec for this layer in the AFRIC model. However, these
shear velocities, and the compressional wave velocities celculated
from o= 1.74B , are lower than those suggested for an inter-
' meriia‘ce layer in the crust from sevismic refraction work in the.
Transvaal (Willmore et al, 1952; Hales and Sachs, 1959). Model
U1 shows P- and S-wave velocities of 6.81 km/séo and 3,91 kn/sec
for this layer, more in agreement with the refraction work but

higher than those for AFRIC.

For EA1 the combined RMSD for phase and group velocity data
was 0.039 km/sec (RMSD for phase only was 0.020 km/sec), using the
same weighting for the individual RuSD's (7 : 1) as for the 1id
models. For the latter both individual RMSD's for the phase and
group velocity are lower (Table 14) and this cen be seen quelitat-
ively from Fig.48, showing the computed dispersion curves for ‘che‘

three 1id models and for EA1.
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For‘phase velocity, the 1id models suggest a steeper gradient
at short periodsjwhich is marginally a poorer fit than that for EA’l
but at longer periods the effect of the lower shear wave velocities
in the upper mantle layer for ’cheA 1id models gives a shape closer

~to that of the observed points. For periods greater than about 50
seconds, the computed curves tend to reach higher values than those

for the observed points.

However, the chief differences in the dispersion p‘mduced by
~a 1lid model and that for EA1 can be seen in the group vélocity
curve. The velocities for short periods rise much more steeply
than for EAY and fit the observed data more closely., The main feature
of the cﬁrve is the negative slope at long periods for a l‘id. This
would seem to be characteristic of a high velocity channel, aﬁd has_‘
also been ob'served for phase vveloc‘ity curves under these conditions
| (Xnopoff, Schlue, and Schwab, 1970; Berry and Knopoff, 1967). There
is some confirmation of this sign change in the obser‘;ed curve,
although the points are relatively few and quite we‘ll_ scattered.
In. general, the shape of the observed group velocity curves is more

compatible with those computed for the 1lid models than for EAl.

7.8, Mapping and the Pro‘blem of Non-Uniqueness

To estimate the reliability of the inversion results for the
1id models we can map the RMSD over ranges of the active parameters.
These maps are presénted for the model UMl, although the two other
models show essentially similar features., They are given as a series
of two-dimensional plots for the three variables, and the contours
shown correspond 1o one and two RMSD's from the xﬁinimum value for

the model, all using the combined, weighted RMSD for phase and group

velocity.
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A characteristic of all three RMSD maps, Figs. 49, 50 and
'51, is that the contours are inclined to the axes and elongated.
Mpre specif‘ically, from Fig.L9, the change in RMSD for unit change
in the shear velocity for layer 4 is only two-thirds of the RMSD
change for a similar change in the shear velocity for layer 6. If

the changes in RMSD were equal, then the contours would be circular.

The inclination and elongation of the contours seem to char-
acterise important contributions towards ﬁon-uniqueness. If the
contours were small circles, then each of thé two quantit-iés can be
specified within fairly narrow limits and one quantity cannot, for |
instance , be increased away from the minimum and the rise in RMSD
diminished, even in part, by a change in the other quantity. If
the contours are elliptical a.nd roughly parallel to one 6f the axes
then the quantity along the major axis is badly determined by the data
but a change in this cannot be significantly compensatled by a change
in the variable along the minor axis of the ellipse. However, in the
present study, the contours are inclined and elonga_ted. Thus, from
Fig.49 , an increase in B(4) away from the minimum produces a rise
in RMSD that can be partly reduced by decreasing the value of B(6).
The inclination, then, is a representation of the auto—correiation
function of the two layers 4 and 6. The considerable elongation of
contours in Figs. 50 and 51 also suggests that depths e;re not well

determined by the data.

From the maps we can see that UM1 -~ this also applies to LC1
and CM1 - is highly non-unique. There appears to be interference
between layers L4, 5 and 6 and in this situation the assigning of
confidence limits to the variables becomes difficult. If we neglect

the problem of interference we can calculate errors by, for instance,
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finding what significance a shift dv of thg disperéion curves

has on each parameter separately, where dv defines some accept-
able range (Berry and Knopoff, 1967). Similarlj, if the contoursi
were perfeét circ:.lés;, we could considef each active ‘p‘arame’cer in
~turn and find its extreme values for, say, one RMSD from the min-

- -imum for the model. This is not a satisfactory procedure in the ”

- present case, with interference between the layers, and we cannot

treat one active parameter in isolation from the others,

In this siﬁuatioh, it may be horé constructive to give raﬁges
of possible models. To this end, the RMSD mapping tecﬁnique is used
to compile Fig.52, which represents extreme values of the variables,
but with all solutions falling within one RiSD of the minimum. We
could have taken as a criterion of acceptance two RMSD's frgm the
minimum, in which case more extreme models would be possible.. In
particular, these would have’ included the possibility of having no
high velocity 1id with a shear velocity for the anomaloqs mantle
layer of L.1 - 4.3 km/sec. Also, for model LC1, this possibility
exists evén for an RSD of less than 0.056 km/sec for large values
of %(4—). This is in some ways a less flexible framework ‘Gha;n that

for UM1, as the 1id thickness is effectively constrained to 18.7 km.

From Fig.52, [3(14.) can be as low as 3.75 km/sec which is very
similar to the value for the AFRIC model and is also seen for LCH
and CM1. Also there is the possibility of having ultre-low-veloc-
ifies in the anomalous mantle zone, if the 1id is thick. Such a‘
small shear velocity with a similar thickness has been proposed tp

explain surface wave dispersion results from the East Pacific Rise

(Knopoff, Sohlue and Schwab, 1970), although with a thicker 1id.



DEPTH (km)

SHEAR VELOCITY (km/sec)

35 L0 L5
0 : - - )
e ——-ﬂ
I
: (.);,’
'3 EENCN
; Co
b o -
-
(@),
50 -+ |
.
(l). l—-—:-—-—-—-——-——-
S
o (1)
. 1 .
S
o
S
S
(1) S
100+ Do
S
. I ¢
[ ¢
. ' .

Fig.52, Extreme models for UM1 all within one RuSD of the
minimum, compiled from Figs, 49 ~ 51. Lines of saume
type indicate the extremities allowed by varying any
two B(4), P(6) or H(5). Numbering indicstes the
continuity of one extreme model of each of such pairs.
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- All the solutions from Fig.52 involve a zone in the mantle
With a shear velocity much lower than that for the equivalent

depth range for the AFRIC model.

We can use the RNSD mapping technique to check the effect
of introducing a second &nomaleus upper mantle layer, that is,
vaq(ipg the shear velocity for the layer 7 in the 1id models., If
we take the Ul1 model and introduce R(7) as a fourth variable,
the best fit is for a model UM2 with a 1id 12 lm thick under a
crust of shear velocity 3.91 km/sec (P-wave velocity 6.83 lm/sec)
and ovérlying the two anomalous mantle layers 6 and 7 with shear
velocities 4.08 lm/sec and L4.59 km/sec (P-wave velocities 7.10
lan/sec and 7.99 km/séc) respectively. The only marked change in
the active paremeters is that for B(7) which is lower than the
constrained value of 4.78 km/sec in UM1. The dispersibn curves
(Fig.53) show slipht deviation froin ‘those for the three-paré.meter
Z_Lid models, with a small depression in phase *feloqity at long

periods but an increase in group velocity for the same region.

We can check the relevance of treating R(7) es a variable
by examining the RMSD contours for ?(6) against {3(7). From
Pig.bl, the RMSD for a value of 4.59 kﬁ:/sec is‘not significantly
different from that for §(7) = 4.78 kn/sec. ' The contours are
. open-ended even for one RMSD from the minimum indicating that F(7)
could take on é large range of acceptable wvalues, Ihus it cannot

te accurately detemmined from the present data,

7.9, Delay Times

Sundaralingam (1971) has measured P-wave delay times for
Addis Abbaba and Nairobi relative to Bulawayo using the method

outlined in Chapter 4, and obtaq'.ned meen values of 2.7 and 2.3
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7600

180-0
77

swn 1300NW



95.

seconds for the two stations (Table 9).

If we assume Bulawayo is on a structure similﬁr to that
given by the AFRIC mode}_ we can calculate fhe‘ delay for the
Rayleign wave models for ALRE-NAT relative to BUL. This gives
positiye delays for the models UM1, LC1 and Gt of 1.39, 1.28 and
1.33 secon@s respectively. These are lower than the 1.53 seconds
associated with model EA1, with two low velocity layers in the
upper mantle. However, they are alsol mord than 1 second smallex"
than!;fthe mean of the observed delays at AAE and NAI. There are

a number of'possib'le explanations for this.

(1) Some of the anomely may be outside the range of the data.
As the iid models only incorporate one low velocity mantle 1ayex;
with respect to the AFRIC'mbdei, this gives a maximum of 80 km for the -
anomaly thickness but it is quite possible that enomelous material
extends well below this. If, for instance, the zone was 100km .
thicker this would involve layer 7 in the 1id models having & P-
wave velocity of about 7.4 km/sec and a shear wave velocity of

4+.25 km/sec, This would be lower than as derived for the corres-
ponding layer 6, for EA1, and also for the 1id model UM2 with ES(?)
variable, but as the phase and group velocities are not sensitive
to shear velocity variations at such depths, we ce.nﬁot accurately

determine these:values,

(2) The structure along the interstation path could be complex.
Surface waves sample the whole of the path between NAI and AAE and
so the velocities and depths derived refer to some mean structure
along that line. On the other hand, relative P-wave delays, it

is assumed, are relevant to the crust and upper mantle immediately

benecath the stations. The interstation path lies well to the east
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of the rif't in northern Kenya. From gravity measurements the
negative Bouguer anomalies are greater at NAI and AAE_ by about
6'0 - 80 mgals than near Lake Rudolf. Thus the oéntral sedtion
of the interstation path may héve less mantle anomaly then exists
below the two stations, where there are similar large Bouguer
anomalies; If, therefore, the structure beneath the NAL and AAE
sections 1s more typical of AFRIC than that actually below tl‘le
stations, the mean mantle anomaly experienced by surface Waves

will be less than that revealed by the relative delays for the two

stations.
(3) The estimates of compressional wav'e‘velocities may be in
error. The relationship o = 1.74? is used to evaluate P-wave

veioci‘cies from the derived S-wave values. For the crust, a

better figure might be 1.73 whilé » although this ratio generally
incwases with depth, values as small as 1.71 - 1.72 have been found
for the upper mantle (Anderson, 1965). However, a more direct est-
imate of the relationship between o and [3. for the structure beneath

' 2 2
the rifts wight be mads by applying the formula & =L4B + k
¥ r

using %o derive k/@ the o and P mea.surevd by seismic refraction
(Griffi’dhs i_el_l, 1971). Considering the anomalous upper mentle
layer 6 in the 1id models, for the optimum .shsar velocity values
the corresponding compressional wave velocities then become

7.07 = 7.15 lm/sec. These are slightly higher then those using |
® = 1.7-B and would tend to give the models even smaller delay

times.
7.10 Discussion

The type of model suggested in this study, that of a

crust and topmost upper mentle very similar to that for AFRIC
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but underlain by a low velocity layer, gives a good it to the
data. It is difficult to estimate reliably the errors on the
observed velocities, although the RiSD for phas¢ only of 0.015 -
0.019 km/sec compares favourably with Sundaralingam's figure of
O;Ojkm/sec for the overall error of observation for the phase
velocities. Group velocity is less accurate in this case with

the unweighted RMSD for this alone being 0,094 - 0,101 km/sec.

From a consideration of the RMSD's for the models, those °
with a 1id seem to give a marginally better fit to the data than
EA1. This does not mean that one of the 1id models represents the
best it to the observed curves, but that for the framework chosen,
each model corresponds to an RMSD minimum within the parameter -
space defined by the ranges of the variables, Although the choice
of a lid-type model appears to match more closely the shape of the
6bserved curves, we éan only say that these final models are qoﬁ-
patible with the dafa and not that one of them represents uniquely
the structure beneath'the station path. Because to a certain extent
the deéths to the layer interfaces were pre~selected these ére not
structural models and the velocities are means over the layer thick-
nesses., An excepfion to the former waé that one or both of the
bouhdaries of the 1id were varied to give some idea of its‘thickness.
Althouéh we cannot determine the depth either to the top or the
bottom of the 1id, the preferred solutions indicate a fairly thin
layer with a lower crustal layer above it that may also have vele>
ocities similar to those in the stable shield regions of Africa.

The anomalous mantle beneath the 1lid is, of course, still present,

but showing lower velocities than the model without such a lid.

Although the shear velocities are mean values determined
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over the layer thicknesses, this does not exclude the possib-

ility of cowmplexity within layers, and velocities could change

by gradations involving at some point a value lower than the

meen, and hence velocities for the final models could fall

below the means of 6,96 ~ 7,15 km/sec somewhere within the

channel. The suite of possible models within one RMSD of the
‘minima (Fig.Sé) for UM1 includes a structure with sn .ultra-low
velocity channel benesth a thick 1id of narmal upper marfcle
material. Such low shear velocities have been suggested from
Rayleigh wave phase velocity dispersion for paths crossing the

‘F.‘.a.sit Pacific Rise (Knopoff, Schlue and Schwab, 1970), although a
channel of velocvi‘cy as low as 3.5 km/sec lies beneath a much thicker
1id, which is required to explain higher phase velocity values than
for the AAE-NAI path in the period range 25 - 4O seconds (Table 15).
An alternative model, for almost identical phase vélocities f‘fom fhe'
"Western Mediterraneen Basin, is also shown in Table 15'(Ber'ry and .
Knopoff, 1967). The computed phase velocity curves for these models,
" and that for the Mid~Atlantic Ridge (Francis, 1969) are shown in
Pig,55, the mantle layers being overlain by assumed AFRIC crust.

' The‘higvher phase velocities in the period .range 20 =45 seconds

for the Mediterrancan Basin and the East Pacific Rise illustrate

the effects of a thick 1lid, whereas the only modelwithox_lt this
feature, that for the Mid-Atlantic Ridge, has phase velocities lower

than for UM1.

The upper mantle beneath the central part of the inter-
station path (section 7.6.) may be cleser to the AFRIC type of
structure than that underlying the two stations. As the surface
waves give velocities rélevant to the path as:a whole, with the

apparent phase and group slownesses being the distance averages



TABLE 15

UPPER MANTLE MODELS

EAST PACIFIC RISE - AP (1) (Knopoff, Schwab and Schlqe, 1970)
H(km) - & (kn/sec) P (km/sec) P (gm/oc)
86 80 Loh5 3.0
46 ' 7.95 3450 3L
100 8.9 L. 77 3.53
90 8.81 4,89 3.60
9.32 5.19 3,76

WESTERN MED. BASIN  (Berry and Knopoff, 1967)

H(km) & (km/sec) F(hm/(sec) . P (gn/cc)

18 | 7.70 Wali5 3.k
20 8.17 1..80 3.0
139 8.17 ka0 A
100 8.49 L.77 . 3.53
90 8.81 L.89 3.60

9.32 5.19 3.76

MID-ATLANTIC RIDGE (Francis, 1969)

H(km)  (km/sec) F\ (kn/sec) f (gn/cc)
21,0.0 7.4 .20 3.2
100.0 8.2 450 3.53

8.7 L.85 3470
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Fig.55. Computed Rayléigh wave phase velocities for 1id
- model UM1 and structures shown in Table 15. '



97.

_of the phase and group slownessés for the different reg‘io‘ns
(Iir;opoff, 1969), it might be more accurate to interpret ’Ghis

as a mixed path. This would presumably result in lower shear
velocities within the low velocity channel for the sections of
the path including Addis Abbaba and Nairobi than for 'the path as.

a whole.

The derived models do not contradict the structure of
 Griffiths et al (1971) which relates to the axial part of the
Rift, but they do imply that there is rapid modification of the
crust and upper mantle eastward. The velocities within the anom-
alous mantle zone for the surfé.cé wave models are lower than those
for P and S waves of 7.5 kn/sec and 4.53 kn/sec observed within the
"Rift. This could be due to lateral variations in .velocity or may
indicate that the values from the refraction work are represen?
tative ‘of the. top surface of the enomaly but that there is a

decrease in velocity for some depth beneath.
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CHAPTER_ 8

DISCUSSION AND CONCLUSIONS

8.1. Discussion

An explanation has been given of the arfay data for
teleseismic events in terms of sloping boundaries associated
with a zone of anomalously low P-wave velocity within the upper
mantle beneath Kaptagat. A simple model of two sloping inter-
faces with sharp velocitj contrasts suggeéts a wedge shape for
the zone (Fig.56), which cuts into the crust underneath the rift
(Griffiths.et al, 1971) but thins westward away from the axis.
The anomalous rﬁaterial then gives way underneath the array station
to topmos£ upper mantle similar to that in the stable areas of |
Africa. These data do not provide information on the structure
to the east of the rift and any pOSsil;le thinning of the mantle

anomaly eastward, However, Rayleigh wave phase and group veloc-

-ities for the interstation path AAE-NAT are compatible with a 1lid

of '‘nommal' mentle material overlying a low-velocity channel. The
absence of large azimuthal variations in delay time at Kaptagat
implies that ultra-low velocities are present within the -anomaloﬁs '
zone. Instead of sharp velocity contrasts gt boundaries, a more
realistic model probably involves a wedge with velocity gradations,

the 7.5 km/sec detemined by refraction work within the Gregory

.Rift representing a higher velocity upper surface to the anomaly.

There appear to be strong similarities between the structure beneath

the Gregory Rif’c, as derived from these and other geophysical data,
and that underneath both oceanic ridges and some continental fea-

tures. The Gregoi'y Rift is characterised by considerable ﬁplif’c
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ovér a wide area, as much as 1.7 km since Mid-Tertiary times (Baker

and Wohlenberg, 1971), with axially a shallow crust of P-wave veldci‘by

6.4 lgn/ sec overlying anomalous mantle with a velgcity from refraction
studies of 7.5 km/sec (Griffiths et al, 1971). The oceanic ridges
generally stand 2 - 4 km above the mean depth of the oceans and the
western United States, forming an extension to the uplift of the East
Pacific Rise, has been raised 2 km since the Eocene (Bott, 1965). Other
continental features such as the Rhine Gra.ben and the Baikal Rif't also
reach elevationé of 2 km or more (Illies, 1969). From refraction studies,
similar upper mgntle velocities are found beneath these regions - 7.1 - 7.5
km/sec for the Baikal Rift (Artemjev and Artyushov, 1971), 7.2 - 7.7 kn/sec
" below the Rhine Graben (Illies, 1969; Mueller et al, 1969), 7.3 = 7.4 B
km/sec for the Mid-Atlantic Ridge (Bg,th, 1960; Ewing and Ewing, 1959;

Le Pichon et _al, 1965) and 7.3 - 7.6 km/sec for the Bast Pacific Rise

off South America (Le Pichon et al, 1965). Velocities of 7.2 - 7.6
lay/sec have also been suggested for the upper mantle beneath the |

western United States (Nuttli and Bolt, 1969; Otsuka, 1966b).

There are some particularly compeliing comparisons between the
geophysical models of the Gregory Rift and those for oceanic ridges.
The crustal structure of Griffiths _e_g__a_; (1971), is very much like that
suggested by Bath (1960) for Iceland (Table 16). The wedge model
~ proposed here for the mantle anomaly (Fig.56) is broadly similarv‘in
shape not only to thatA suggested from gravity studies over the Gregory
Rift (Khan and Mansfield, 1971; Fig.5) but also that for the Mid-Atlantic
Ridge (Talwani 9_45;@_1, 1965; Fig.57). The latter also has the top sxir7 |
face of the anoma;ly sinking below normal mantle away from the centre,
However, if the velocity from refraction work is taken as being appm-?
priate to the gravity model of Khan and Mansfield, this is inadequate
to explain the large mean P-wave delay time measured for Keptagat

~ (Chapter 4) and also that for Nairobi (Sundaralingam, 1971). This



TARLE 16

CRUSTAL STRUCTURE OF ICELAND

FROM SEISMIC REFRACTICN

‘Bath(1960)
H (km) Vp (lan/sec)
2.1 3469
15.7 6.71
7.38

T
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problem can be resolved in twé ways, both of which are in agreement

" with the Keptagat data as a whole. Firstly, if the boundaries on
.the anomalous material represent gradations in velocity, as suggested
in sections 5.5. and 6.5., and the 7.5 kn/sec is only appropriate A

to the ﬁpper surface of the zone, there could be a decrease in velocity
for some depth below this, producing a greatez: delay time ‘thén for-the
case with a vertically constant velocity. Secondly, if there is ?ar—-
‘ tially molten material at depth, the denéity contrast with the surr-
ounding mantle should be quite small (Bott, 1965), implying, from
consideration of the gravity field, a deeper zone than for the solid
case, As the rigidity modulus is zero on fusion, partial melting
would cause a stronger reductién in P-wave velocity than in density,
possibly producing ultra—lqv: velocities., A cbmbination ofv these two
| f‘aotors could then give a model to satisfy the gravity date which also
agrees with the considerable D.C. temm and absen;:e of large azimuthal

term in delay time, as observed at Kaptagat.

Par?tial melting could then be responsible for the | pmc:luct‘ion
of large quantities of magms (Green, Green and Ringwood, 1967) and
hence provide the vqluminous volcanics in the area, A partially molten
. zone also implies very low shear velocities, Surface wave interpret—
ation gives shear velocities generally about 4.0 km/sec for the low
velocity channel beneath the interstation path AAE-NAT and models with
deeper zones of 1owér velocity are also possible. In ad.ditibn, it ma;y
bev more realistic to consider the interstétion path as made up of three
sections, with the mai'n anomalies being associated with the e'nd' portions.
Thus the shear velocity in the upper mantle beneath Nairobi should be
lower than 4.0 km/sec. This suggeéts an ultra-low velocity zone such
as that below the East Pacific Rise off the Gulf of Califbrnia (Knopoff,

Schlue and Schwab, 1970; Table 15).
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tructure »roposed here is linecr

3

It seems unlakely thet the s

clong the length of the Last african rift systew. The positive

Bouguer unomaly along the axis of the Gregory Rift, - which nurks onoi-
alous material cutting into the crust, is knowm to stretch at least

0 JR) I < a s - :
from 1. N 40 1.25 8 (Khen and lMensfield, 1971; Sesrle, 1970). Hovever,

)

the Ethilopia-Kenya-Tanzania-lialewi rift valleys are physicﬁlly dis-
continuous (Le Bes, 1971) snd Baker and Wohlemberg (1971) believe that
Gilatation is much less in the northern and southern extremities of the
Kenya xift thun in its centre. The direction of méximum thickening of
the wedge models -~ 1250 east of north for Model 1 - coincides with the
directlon of motion expected from plate tectonics if the XZast asfrican
rift system can be regarded as opening about a singls pole of rotation
,(McKénzie, Davies &and Mo;nar, 1970; Searle, 1970b). TFor the above
‘reasons and others there are strong objections to this assumption.

The airection of thickening points towards a region of considerable
uplift defined by the isberdare and Nyambi ranges and the shape of thé
anomalous mantle may well be more relevant to local phenomenon such &

the uplift of the Kenya Dome.

although the structure suggested in this study is probably hot
continuous throughout the Bast aAfrican rift system, it does suggest that
the mantle beneath the Gregory Rift, uand probably other regions of +the

‘rif't system, is similexr to that beneath oceanic ridges.
8.2, Conclusions

The array analysis of teleseismic events suggests thot the
Gregory Rift consists of a zone of anomslous lovw-~velocity material
betvieen thinning lithosphere., The anomalous mentle cuts into the

L -
crust along a feirly narrow axisl zone. Ultra-low velocities within

the mantle such as are thought to exist below the Last Pucific Kis
Wity
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(Knopoff, Schlue and Schwab, 1970) seem to We required, With
axially a crust and topmost mantle very much like that found in
Iceland, a structure,similar to that beneath oceanic ridges is

indicated.,

Because of the apparent rapid lateral variations in stmcturé

- for the cruét and topmost mantle, a more exhaustive study of regional

- earthquakes is recommended. Analysis of focal depths and velocities
across the arrsy could be used to give de\tailea structure to the west
of the rift and more information on the aﬁcia.l zone of the anomaly ,
could be obtained from hypocentres to the east of the rift. Fault

- plane mechanisms for lo‘cal events would provide information on the

- principal stresses involved in the region of the Gregory Rif‘;c and also

for such areas as the KavirondeGulf.

Useful extensions of the present work would be the calculation
of relative delay time using Nairobi as a standard and re-interpretation

of the AAE-NAI surface wave dispersion in terms of a mixed path.
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APPENDIX A

A.l. SEISMIC REFRACTION AT A DIPPING INTERFACE

Consider a seismic ray of slowness S; incident on a dipping
interface defined by its nommal n, with a refracted ray of slowness

S, (Fig.al).

P; and P.. are apparent slowness vectors - projections on to the

horizontal surface of Si and Si.
The lengbhs of the vectors are proportional t6 their slownesses.
From Snell's Daw:

l_s.ﬂ sini = lgrl sin. T A(l)
where i is the angle between n and Si, and r is the angle between

b oand S..

Sy is in the same plane as n and §3. We can resolve Sy into

componen‘bs. along OA and OB.

Sr = (Bpenman + (2 ASi)A B
Sp = Eremwn + 81-Ei.mn . AL
e+ 8¢ = 81+ (8p.n - 8 -2)n

"= 83 + (ISl cosr- 183l cos i) n

FProm Snell's Law,

2 2 .2 . . .
| Spl cos r ~[8;\ cos i =jl§rl -185]° sin® 1 -]85) cos i = £(4)
Then Sg = 83 + f(1). n | A(iid)

Now if we take the projections of Si, Sy on to the horizonﬁal

plane to give P; and Pr, the spparent slowness vectors,



DIPPING
INTERFACE -

Fig.A.1-. Effect of refraction of a seismic ray at
e dipping interface. '
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Py = (}_c A §-1> Nk o= 55 - (:5_,1 o k) X A(iv)
Br o= (kASy ) Ak = 8.-(8. .8k

Here k defines the vertical.

We know S firom A(iii)

Pro= 85+ (1) -1 k-3 (k) k

= 8:- (8 -0+ ) [n- (2.5 g

From A(iv),

Pr = By + [(_ls'\.r_l)_AE] £(1) | e

[H

We can define SLOWNESS ANOMALY 4S Qgr\ -12;1 )

AZIMUTH ANCMALY dA = ang (Bj.B,)

“Also P =pP: +R o A(vi)

and R = £(1i) [ (kan)a l«:] = the anomaly vector.

A.2, ZERQ DIP CONDITION

If the interface is horizontal and not dipping, n is vez_*ticai,
and lg'/\ n = 0. Therefore, R = 0 which j_mplies that a horizontal

interface cannot cause an anomaly.

A.3. . WULTIPLE INTERFACES

If we have m interfaces,

B = Bis 4 + Ry

. L 2 . L[]

Prm = Bim v &
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For the J th interface, _EJ. = f(ij) {:}: A Ej] Ak

But P

. . = P ..
=i,J = =1r,(3-1)
. ' v m
) — I | E .
" ‘ 'I-r’m - 'Ei:1 ¥ J=1 BJ

‘Hence we can extend the problem to cover several layers so long
as we know the anﬁle of incidence of a ray to the lowest interface,
and its incident slowness there. The anomaly vectors for each layer

are then summed.

A, Parallel Dipp:‘:.n;i T,ayers.

The velocity of a layer with parallel boundaries é'Loes.v not

affect the results.
From A(ii), for the j th interface,

8r,5 = Bi,3

if we take § = 1,(1+ 1) .oo. m.

+ (8p,5 - By - 81,5 < By) 1

Spn 7 8,10 Gryey By em)y

§r,m - -S-i’m * (§x‘,m e Iy~ '-S-i,'m . P-m> Zn

If the interfaces are all parallel, Ly =074 = eevee By

But again, -S-r,l = 81, (1+1)

Therefore, if we add all equations for 1, 1+1, ... m and apply

the above conditicn,
/

-S-r,m = -S-i,1 + (§-r,m « - §j_,1_ . .12) n

This does not include the slowness for layers between J = 1 and J = m,

so that, for instance, an interface need not be a sharp discontinuilty
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but can be a gradual change in slowness between parallel layefs.

A.5. Computational Procedure

The apparent incident slowness _l'_’i is assumed from the
- NOAA azimuth and Herrin et al's (1968) travel time tables. The
anomaly vector R is in the direction of dip of the ‘interface and cén
be seen to be a function of the angle of incidence i of the ray at
the interface. This gngle can be calculated from

s 4L [ | .

ek (?.{L) | | (vii)

Where i1 is the angle of incidence of the ray to ’Ghé vertical fro?a
which we can calculate i if the angle of dip, defined by n, is.knOWn.
dr/d A is the gradient of the travel-time curve for the reievant
signal with slowness S84 at radius R to the interfage s Where R is
a scalar distinct from the anomaly vector R. ’l‘hﬁ.s is dependent upon
the depth to the interface which is taken at 50 km forva one layer cagse
and 150 lﬁn for -‘tvtovlayers. These values are ordér of magnitude figures
as ’ché theoretical anomelies are not very sensitive to small changes -

both in R, and correspondingly, in the depth to the lower boundary.

The anomalies produced are dependent upon the ahgle of incidence,
i,"and, therefore, the epicentral distance, & , of an earthquake. This
is illustrated in Fig.A2., which shows the slowness and azimuth anom-
alies due to a dipping Moho of velocity contrast 6.7 to 8.1 km/sec and

g dip of 100, with a direction of dip of 90° east of north.

The principle of least squaresiis used to obtain a fit of the
data to some theoretical model. Considering a wedge model as in Fig,.21,
with dip angles of D1 and D2 and veloéity contrasts V2 - V1 and V3 - V2

ot the two boundaries and with a direction of maximum negatilve slowness
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anomaly at some azimuth Y ; the following procedure is useds

(a) Values for V1, V2 and V3 are assumed and D1, D2 and Y taken

i

as variables.

(b) The theoretical anomalies for each event are computed for the
appropriate epicentral distance, and angle i, for given ranges of

the variables.,

(c) For each value of the variables, the root meean square dev-
iation of the observed points from the computed theoretical values

is calculated.

(a) The RMSD values for the combinations of variables are mapped

and the minimum taken as giving a best £it to the observed data.

(e) This cen then be repeated for different values of the wedge

velocity Ve,
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COMPUTER PROGRAMS




PROGRAM 1. ARRAN

Given the onset times at a specified number of
seismometers with known co-ordinates, ARRAN computes the
apparent velocity and azimuth of approach of the‘signal
and the onset time residuals at each pit. If ‘bhe epicentral
distance is known, Herrin_gg;gl's (1968) apparent‘veloci%y
is also found for the appropriate distance and this can be
corrected for focal depth (see section 3.1.7.) if the latter
is given és inpﬁt.‘ Site corrections of the form A + B sin (4z + E)

can be inputted (section 3.2.1.).
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ITF SAKE EVENT oLT FMCRF CNSET TIMES RACK TC (AG0 ] Rfl=1y, STN=EL AN

CUTELTS = LFFARENT VFLCCTITYyAZINUTELEFPLES 0 BOTE,OTT ELCTRLALS

CIMERNSTION PITCLOY, XCL )y YOIV G AT(LEYN G F T8, 0010500177,
TSUMRUGN) ySUVCLSn ), W S g 222 (G0 ) FF (20, 18), 08 {27,717,
ZAINC(R0), fP(“T),lIbF(Cf), (300 34) g ST G RUS,4) ST {2 ) P{Z44),
aAVR( ‘)yAVC SO) S AVSE(ST ) AVSC GO, SULMSC (e ), SUMSELTrY,

SECUZC20) g SFRLZ0,20) gASTOV (20 ) yASTCA(ZT) fLRFEVITNY,ST(ZR Y,

5Eﬁ?(?),£(j)yU”Vle)yvpkﬁ(]“J)9[V (Z)gVE L2, A0, 0T ) KT (1),

EEATTIO) G BENTALIN) ,FVVILDY ,TE(TD)
COVMNMON/ZDALZCY 3 YN, VEEA _
COMNMON/DALTI/TEL,CFP, r!rler
COMMON/TI/ZETT
ccvwrm/pz/Amzvsu;Av»,USCCC,HVA7,tAvv,LAVA7
CONMONZED /NP TIT VR 4 AVC 5L
REAL™H RLARK /! v/ :

CQT" ST/?‘?,O?C{‘)'Liozczq—"‘o1’9212»-{7(;7?et71v2a/"/‘,/1;.»*(‘5”9:’92'(?(79
1202624202728 202013201 7C3 0516002368421 42.12M0 02001 130,170,
28,:;\C?,?:°ﬁf‘5(’Lof"F’(’,?_.(",‘74’?0{{—'@,:9(64,70'.‘_-("/

CATA X/=0 al OBy =g by =168y =0 63 =T, C00, miighbf =l flit,—1,€64EF
172Cy—4a 150/ .

P‘\T/\ Y/~ TFLy 0‘4‘7.59"30:.,.’779"307361"’50’(':(.41016’7.‘10'7’5"')10‘ L'y"*’.oﬁl

PI=LGC*ATAR(105)

HTICN=197,2/P1

RACIUS=6£371.024

CICK=RACTILE/PTIOT

REAT (& 32 VEMIN,VTOD

BOFORMAT (I X3 FTs  yiXeFEL,2) ,

FEAC(A Y (FTUIY 20T, RTLT),EA(T),T=1,17)

C FCRNMAT(1X, F7°,,-X FEoB IXy FEeRyFTal)

NPUNCH=1

REAC IN FARANETFRS CCOF ARSLY AND £ VENT

TG PEAT (S, 10PTYNNN p STN G NFVEN
1((" F(Qf'AT(:X,I; y?X,"Z‘y?XqI'?)
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N=%

TF(ASTN L ENLSIN)CC T 150
WRTITE(¢380F) ‘

FCEMAT(YFRT)

NR=1

NAFVEN=NEVEN

REALLR G2 LGy DEFLUSAZ GNP EAN .
BN AT (B X F a2y IX FEg 2, F T2 y7X,11)
LSCrS=usSa?

LSAZ=USA7/FETCT

GOCONTINpE -

NR=AR+1

CONTINLFA

Gr 10 17¢
QE":E(%,IQ)I\PIT,TF/‘(T
FFNNAT(ax,I?,FEeC)

FEAC IN CNSET TIMES ANC TATC MATRIX

£
AN ]

et gl

SCLVE FQUATICNS CF CONDITICN RY LESNST

) =t

NPTT

lJC Lo K:.y
PEEC(S,12) AFTIT,T
R T{TX,42 ,GX,F1C°5)

|,f 11 1= *1/

EAPTT-FII(1)012,1%,11

CONTINUE

AT(I)=T/7TFACT

Lik)=1
Cr=(USCCE+EACT))/RTCR
HITI=(FI(T)=-EMIN)/ICOD0
FIKy3I)==Y(T)
FIK 2 ) ==X(1)

F(K,')Z",.»

ATOI ) =2AT (T )~FITT/VYTCP—(A{T)I4RI(]I)x

FAK,4)=AT(1)

G CCNTINLE

M=APRTT
NC=N+1

CALL NCRN(FSyR Ny M,INTRX)

?
CALL STLVE(F S48, N, ¥y INMTEX,0)

THEN CERUCE VELCCITY AND A7TIMUTE

VEAR=] o0 /SCRTISI)*SL1Y+S(2)25¢(2))
VV NP ) =VPAF ,
AZBAT= AT AN (VRATSS (2 ), VRAFAS(T))
AZPAR=ATEAEXETCL
[E(A7PAR ,CEo N, 00 TC BC

SIN{EA)) -

SQUARES
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CAL =0 LAPTDAER
GO T s
SO PT=AT AR
CONTINL™.
ABT(NE)=DA7
WETITE(e,27CT INT v A
ZO0T FORNMAT(SPLEYCLT v,
: 1 ,‘\ZT.'-”UT}‘= t,c7_“’/j)

AN
t—r

R, 0AT
13,4t VELCCTTY= ', F45.7,

RESIDUALS CCMPUTER PY SURSTTITUTICN COF RFGRFSSTON CCEEETCTENTS:

oNaEe]

CCF=%(2)
SLRFS=(,
D261 1=
(‘{ )._Jj (\
SE(T)=r L0
261 CONTINUE
DFE=FLCAT(NM=72)
T=5T (-7
CSUMSG=GLC
AC‘D:(?G (.

o
1,NPTT

I= :
E{T)= AT(I)+<(1)‘Y(I)+°(/)‘X(T)-F(3)
CUDY==S{L)2Y (T)=S{21X(1)1+5(2)
ER(NE,IY=R(])

CORANR, T)=C (1)

Eb=g(T7)

CC=C(1)

DDTT=PTIT(T])

SLMSC=SUNMSC+{TI=R(T) "
22& CONTINUE
CONFICENCE LIMTTIS COFMPLTIELD CON
(1Y COS(P20a}/V,STN{RAZRARY/V AN C
(2) VELCCTITY L 27INMLTE ANE C

=QUMSQ/LF

AVS

Sf=T‘ CRTLAVER) /2D .

EQO(I)-Ta\FPT(AVQﬁ COwn

ERPLD ) =TS CRTLLYSO F(7))

ERE(2)=T%SCRT(AVSQAT(2))

SIGV=VRAR®Y AR VﬁﬁﬂﬁﬁﬁDT((S(?)*ERK(E))“%’+(¢(“)*FFU(9))**f)
STCAL=RTICIAVEARNMYRARKSORT ((S(LIXEFR (21024 (S Enm {2 ) aa7)

EC=FPR(3)
SENC=EC
ASTCA(NR)=STICAL
ASICV(NR)=CSICYV
DO 112 Ll=1,10¢



TA=FLOCAT(LL=1)
TC=FLNATLLL) _
YC( r‘ OCEQTAOAF{FOFTLOLTO

CCN«TNL:

=
F

TCIGC T7C

GC TC
CONTTNLE

106

IF ANEAN=N,TREN THE
PRECETING,

HESLLTS aFRE

TF(NMEMNGNELDICE TC £72
NSR=ND
neoft
T=L (%)
SLMy=EN
SUir A= ,0

SUNIV=( 0

SLNVEA=C,C

SUvMC({T)Y=0,¢
SUMR(T)=0,7

NCOEC NR=1,NSP
SUYR{I)=SUNRIT)4ED (N7,
SULMC(T)=SUNMCLT)+CF(NR,
SLHV=SUNMV4VV(NR)
CUHI\-—QIJM[\.;.; ,’\](r\D)
SLMEY *<Lb€V+(A°IiV(h")“”“)
SUMEA=SUMFA+ASTIGA(NR) %2
CONTINUE

CONTINLE

AVV=SUMY ZFLOAT(ANSP)
CAVAZ=SUNA/FLOAT(NSR)
CVEVESORT(SUMEV) JFLOATINSE)
VEZ=SQRT{SLMEA)/FLOAT(NSR)
FNSR=FLCAT(ASR)

EAVVEVEY

EAVAZ=VEZ

ﬂ‘pIT—((”.,’ '\.)

FCRMAT(/Z7777177)

WREITE (A, FEINNEVEN ,NER
FOAMATIOX Gy YENENTT G TE&,3%, 14,1
WRITE (4,847 )AVV EAVY
FORMAT(//VCALCLLATED VELCCITY=
WETTE(E,8L2)AVAT,CAVAT
FORPAT (R CALCULATED AZTIMUTES Ty
TWRITF (fy F44YLSCGS
FCRMAT (YL SCES A7 TMUTE= 1 ,E03,7)
DU 67 K=1,NETT

I=L(¥)
AVR (T )=

K=1 4 APTT
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SUVR(T)/FLOAT(NED)

VLUS=VPRALLE=T )+ (CEL=TAYR(DCL-TA) %
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AVE(T)Y=SUNCUTYZFLOAT(NSR)
CAVE=2VR(T])

CAVC=AVC LT
PEPIT=PIT(
WRITE (A, AR
FCPEMAT (1 X,
CONTINLE
CONTINLF
WRITE(s,TCRSINESR
ECONMAT(/ /Y COPRECTING Cel AND VO F(R [ECTER=
CALL DALT
CONTINYE
CALL PLN :

TE(YINCLEC2.0VCE TN i0Q

Tr‘P .

rr\r*
SURGOUTINE NDRNM{Y g Xgh o Nyl INTRX )
DIVENSICN Y(lfﬂyﬂ),x(a),ﬂ(?,é)
NT=N4+1 ‘

)

1) :
YPPPIT,CAVR,,CAVCE

LG g X FT 0ty 2X 47 T04)

OO 10 T=14N
015 d=1,0
A(I'J)tCeﬁ

nC 20 K=1,M

A(T JY=ALT I +Y (Ky Ty (K, J)
CONTINUE

IF(JoFGeNC) °C TC 15
AJ,T)Y=A(T 44)

CONTTINUE

CONTINLE

RETLEN

END

BY MATRTX TAVERSTCON

SURECUTINE SCLVEQY 3 X 42, My Ny IFTEX,D)

CIMEINSION INDO2231),C(221) 3 Y(XCT 94) o X (FY 40 (3,

Flhrhqlrﬁ E(2Y,0(2)
AMAX=D T

nnooZ T=3 y M

INC(T) =T

TF(ARS{A(T 3 1)) =ANAX)Z 42 ,%
ANMAX=ABS{A(T,1))

JF=

CCNTINUE

REVES T

Neo111 J=1 MV
ITFTTIE=J)E,64¢
C=TNE0J)
INCOOY=INC (TR

IND(IF)Y=191C
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neE 11 I=Jd0,.

A(I,\J):A(I’J)/A(J9\l)
L0010 K=JdC,M
AT SR )Y =A(T G RI=A(T L, dV AU 4K)

TE(K=JT) 14,164,110

IFCARSIALT JKY Y= AMAXYLIOD 10,17

14
17 OAMAX=ARS(A(I,K))
I1F=1
10 CONTINUE
LT CCNTINUE
11 CONTINUE
€S DO 140 1C=1,MV
[=M+1=-1C
IT=1-1 .
CO 41 JC=1,1T1
J=1T+1-JC
JT=J+1
Wh==A(T1,J)
IF(IT=0T)147 4,473
42 00 47 K=JT,17
WO=WN=A (K, d)=C(K)
42 CCATINUFE
41 C(J)y=weC
41 CONTINLE
DO 40 K=1,17
AT, ¥)=C(K)
40 CONTINYF
47 CCATINUF
D0 YRY IC=1,M
1=+ =10
[T=1+]
"v'l:A(I'I}
DO 8¢ J=1,»
IF(I-J)87,52,584
B2 Wh=l, 0
GC T w5
EZ ‘*!‘“.:10“?
" G010 &=
4 AC=A(T,J)
BEOTF{I0=L) 86,1,
E7 NC 8% K=1T,4
WOSWO = 2 (T K)® A (K )
EE CONTIMUE

43,43
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Sif=0,0

Do &7
STC=ST
‘7 CONTIN
X{J)=S
C(Jdy=2
& CONTTN
RETUFRM
"EAND
CCREFECTS
SUERCL)
DINEN
CONMMON
Comney
RALC=£(3
PI=4,oD
RICT=1

DTICK=RA

nooin

& C(J)=Al
e CONTINLE
D08 =i,
ACT yJ)V=C(Jd) /W
fe CUNTINLE
185 CONTINGE
BT e I=l,M
e TFR(IND(T IV AL 40,61
61 J=INC(T)

SO0 A7 K=l
SI0=A(K,1)
AlKaTY=n(K,J)
A(K,J)=ST10

2 CONTINUE
[STC=INC ()
ING () =)
INC{T)=18TC
GO TC A3

0 CONTINLFE
DC 57 I=i,V
RETY=A{I,v41)

S CONTINUE
o6k J=1,V
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TINE LCALT
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/A TI/0EL,CEP,COEL,CV
Tra02%

FATANLT )

KM /FT
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K“lya
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FO(KY=]

10 CONTIN
cco1m
RIKK)=

11 CONTIN
ne 1z
TA=FLD

Do
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L=
KK=1,7

fAl-CNM{KK)
Ug

L=1,

AT (L —T)

A) WL ), R (7))

RIN(ICER)
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TC=FLTAT (L)
TPl o GLeTAANE L, CEL LY TO)G0 TC
CONTIMNUF

17

P=PAR/(VIL=1 )+ (CHL =TAYS(V{L)=VIL=")))

VULN=FAL/P

FR=GAMN=CED

IF(CEP,Clalr(1))er 10 3
X=VW (L) AR /EH
FOQIY=ATANIX/SCRT () oiim (X*X)))

FLUL)=DEPSTAN(FR (1)) /CTCK
CLEL=DEL4FL(L)
WQITE(ﬁ,éé)Fl(I)
FORYAT(/Y FLUI)=Y4FT7,7)

GC T 7

SYMLYHE /R (1)
FRO{IY=ATAN(X/SCRT(1a =1 xX)))
FO(1)=CMIIIRTAN(FR(1))/CTK
IF(DIP.GTEMIZYYGE 70 5
X=VyM (2 )P /R : _
FRIZY=ATAN(X/SCRT (L ,0=(X"¥X)))
FRUZ)=(CEP=TNM (1) )HTANCFER(2)) /TTCK
COFL=0ELAFTLIV+F0(2)
WRITE(LLES)FL (1Y, FO(2)

FORMAT (/Y FROL)="4FTs 3, FO(2)=1,F7.%)

CISH S

X=UN(2)%F/F (2)

FE(2)=ATANIX/SART (a2=(X*X)))
FRAZ)= (M (2 =TV (1) VAT AN(FE(R) ) /CT0K
X=YP (3)5F/ Gk
FC(’}}-AT[F\(\(]["V".Q'{(W - (X,\-*
EL(IN=(LEF=TN(ZV)ATAN(FR(=

COEL=PLLAFL(1) #FD(2)4F0(3)
WRITE (6,66 ) FLALY,FLE2) F0(2)

RO IV

¥

)
) Y/CTCK

y)

FORMAT (/Y FO(1)='4FTa3," FLA(2Y=1,F7

CONTTINUA

PCoYae =0 ,500

TA=FLOAT(L~1)

TC=FLOAT (L)

ITF(CT L CPRoTAMANI GCLEL LLTLTCICE TC

CUONTINCE

CV=VIL=1)+{COEL=TAYH(VIL)=-VIL=1))

WRTTE (e, 8)0FL VLN

fﬁRVfT(/'UNFFPQFCTFE CEL=t,Féeoi,!
RITE(E46S)ICNEL,CY

FC“NAT('CCPPFCTEC

RETIRA
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PUNCHES CLT, IR PECLIRED,ReSTOLALS ARD
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COMMOMN/PI/NNEVEN AV, LSCES,AVAZ ,EAVY AV A7

CONMMON/F2Z/NDI T AVR,AVC, L
COMMON/RPLTT/REL, TEF,COEL,CY
COMMON/TI/PTT

Cv=pAvVY-~CV
CA7=AVLZ-LSCAS

TF(CL70CTam AN NG NEGLAZ LT 180, 0)CN TO 327
IF(CAZ.GT,10%, a)rr C 21
DAJ=240,0+4047
GO Tr )
DAL=DAZ~260,0

CNT INURE
WRTTCO (34 1)NNEVEN yCV TV, LSCESGCAZZCIELWLEP,TAYY,TAVAT
FORVAT(TEgFFal yFEal 3Ffhal yFhal jFblal yFhal yFTalyFée?)
WRITL(242)INPITyANEVEN

FC“?"ﬁT(;X,I:*,?X,I/S)
WRTITE(2,3)AVV,AVAZ,CV,LSCGS,ONFL
EORY AT IX g F 72y 3Ky F8, 302X, Féal s ZX9F8n2,y2XyFFal)
NRTYL kK=1,NPTT
T=t{K)
PETT=PITI(])
RES=AVR(T)
REC=AVC(T)
WRITELZ 96 YETTT,RE
FUOPNAT (EX 233X, F
CCNTIMUFE

RETULRN

ENT



PROGRAM 2  RESFIT

RESFIT takes the onset time residuals for several
events from given great circle azimuths and fits these data
to a curve of the form A + B sin (4z + E) by least squares.
This is computed for each of ten pits., The observed residuals
and the computed best fit curves oal_ri be given as output using
a. graph-plot subroutine. Here the 'GRAPH' program of
Mr. P. K. H. Maguire is used and this is avaiiable ffom the

Durham Geology Department.



SO AN OO OO OO OO YDA Oy YTy MY O

FROGRAN FESFIT

TOPIT OFESICUALS R(I) TO PLT)=A+%5SIE (27(1)45)
FCR OEACK EIT wiTh SUFFRIWFCSEL (CUPUTHD CURVES

CERCCGEAY CTCOOT
LR S
F oAy P,8 FOR CACH PTITY

CLIPLTE 6o
ALSO VALLES
REAC IN CN S=FILENAVE
RIS

NTCT

TCTLL NCo CF PITS  (30)
Carp z2

NETIT = NCO, CF BITS WORKINC FOR AN EVENT
NEVEN —~ FVENT IDENTIFIES®

CARL 2

V = VELOCITY COCMELTEL FOR EVENT
AZ - RZINUTE COVMEUTEL FCR EVENT
LSCGS ~ NCAA AZTINMLTH

CeRC 2 TC CUARD NPIT42

APTIT(J)

- ICENTIFIER
RLJY = RES

PIT
ICLAL FCR FIT AFIT(J)

CART NPIT43  —mme- CEACK TC CARLD 2
TE NPIT=C FNC CF [2TA

IF NETIT CT © FPESICUALS FCOR MEXT EVENT

sLCOCI )R FS(2 D0, FC "(”.?“f),

CIVENSTON fPI*(I“),°(7”),((; Iy

LSCCHTS,200) ,0C(10)4RC(1C (j{)yFTT(")yr( ;P,K),Q( 1 B{2,4),
PC(3YDA7(1C, O“)'ANAL(l. PYLICC), LAl ")9ITT(5).TW(’”7),
ZENLLICND), YQF(‘)yTF?P(q')y'fP(L()7FFL€(1J)y£“F (10) 3 ST (42)
CATA ST/YZ2.706 64,203 330182 300076370870 370007 2,708,220,
12, /5/1702759a923-,2017§,7 TE0 o lhE 20128, 2,120 4207100000100
20 LG Ry e N 2a Bl 20T a2 a0 420 0hl g0 ,NEN 2,008,005,
EZo“Q 7 e LG C 200ty 2o 0l 37002020020 32.021 42,001 ,7021,
42 o )C‘.,:\of'z’.0(04‘}2},7:0(:3237?¢Q‘~‘:12053(“”"9200?'\:/

DATA PIT/PETIT,1E2Y QIR FRLY ARG IV T8 IYD 1 TyTd IVt iYEL)
PI=4an32TAN(1,C)

RICC=1&87,0)F1
REAL(E,4)NI0T
G FCEMAT{(1X,13%)
N0 41 I=1,10
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LCC(T)=n

COCNTTNLFE
REAC(EZIINFTITNCVREN

TOFCRMAT(2X, 12,7X, 1£)
TF(APTT,0C.7IGC TC 170
REAT 5,20V, A7, LSCAS
EORCOVAT(IX,F7e2, 20, FEL2, 17X, FEL2)

[

LC

1

REAT(E, )(ﬁ’TT(J), (J) 9d=1,NFIT)
FORNAT (A%, 22, 3X,F10,F) ’

r J-’-’].,f\pIT

PRIT=PIT(Y)
RR=FK{J)

(IS

'l

1 I=31,NTCT

TR(APTT(OI-PIT(INITL 12,11

1 CONTINUE
TOLCO(IY=LCC(T )+
LC=LCD (T
Caz{T1,LC)=LSCAS
RES(I,LC)=FR
FCO(T,LC)I=SIN(LSCBS/RTOD)
SCCUT,LC)=CCSIUSCES/RTCD)
N CCNTTINUE
GC Tr s¢

3 CCANTIANUE
NCo42 I=1,MNT0T
NE=LCCAT)

WRITF (2,328
FCRVMATI{1X
WRITEA(Z2,72
FCRMAT (4 (¢
COGMNTINUE
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N=

ne o z~o
Ne=LCC
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FOULTICNS CF CCADITICN

23 K= Lehf o

T)=FCC(TI,LC)
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CONTINUE,
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NG=N4T |
SCLVE FOUATICANS CF CONDITICN

COLL NOFMUF,SeFhyMy IVTEX)
Cabl \rL\E(F‘ S:Hv sy IMTREX,E)
RC(TI=SORTLSOTI2S(TI+45(02)25(2))
BT =ATANZCS(2) (1))

ANSL (T ¥=EC0])=e0n
TROAM AL CINCT o )G TC 20722
ANOLUTY=ANMLIT Y +3E0 0

3030 CONTINYF A

OO

AC(T) S{2)
CALCULAT‘ RESTTOLALS. ﬁhD ERRCPS ON A,Fy ANL E

SLNSC=0, 0

PL 221 K=1,NE

LC=K ' :
RAN(LC)Y=PES (T, LC)~(<(1)+FC(I)‘<IA((FAZ(I LCHI+ANAL(T)Y/ETCL))
SUMSO=SUMSCHENILCY®RN(LC)

221 CONTINUE

DE=FLOAT(NE=~2)

AVSC=SUMSG/LF

T=ST(NE~-2)

ERZ(T)=TxSCRTOLAVECHD (L))

FREE(2)=TxSCRT(AVSCHC(2))

ERR(2)=T=SCRT{AVYSQAT(2))

THER(I)=ERR(Z)
ERBR{TI=SQUT((SCL)IMERR (I )24 (SUZ)V=ERP(2))¥x2) /R0 ()
fPQF(T)=SC§T((S(?)*ERF(1))**2+(S(1)*EQP(2))“*')/ ‘
T(RC(I)*BC(1] ))

FRAN(I)=CREE(TISRTCD

2T - CONTINUE
WRITE (642228 (THER(TYZERB(I),E QAA(T),I-‘.IC)
2728 FLRMAT(2(3XyF10.5))
WRTTE(E,22¢) ‘ :
226 FURNMAT(abd % RESICUALS FTITTEDR TC K=p+E3STIN(L7TNMUTE+ALO )Y ) -

1
WRITE (64209
26 FCRNAT (7

wPITF(~,3
3N FCPNMAT(2X
PN f4 1=

NE=LCC(T)

DCOES (0=1,NP

UALLT)=0AZ(TLLC)

PY(LCY=T00 .08 ES(T,LC)
§8 CONTINLE '

o 8L MA=1,12

’
) . .
Xy VAN 12X VR GOy VALF{SAT) V4 X Y2LE(TEC) )
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/‘?\ "X I"lr\ JyT‘YyF}.i:“oE7?X1F1"ﬂgo:3y::Xy;:(,:sZ)
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FLCT

I

™~y

FoININ

DN

LCOC=NR+NMA
UALLOC )Y =3, 0% FL0AT (A=)
ACV=UALLCCI+ANAL(T)
TACLCCI =LA COYHANALLT)

PY (LCCHI=AC(TI)+RCCINVAESINC(UMILCC)+ANAL(IN ) /PTOD)

BY(LCC)I=100.0%EY (LCC)
CONTINUE

)

NER=AR+]
NEND=NR4+;2
N#=NE
NNMEX=NE4+]2
JJF=?
TIT{1)=

CALL GRAFF(UA, FY  NVAX NN, JJF,T1T)

NG 2F1 MMA=T G NEANL

EY(NMPAY=EY(MNA) /10T o7

CEATINUE

WRITE(E,22C)PTT{T)

FCRNAT(//1GXy Y BESICUALS FCR PIT
WRITO(E,224)F1T(])

FORMAT(LF],' CALCULATEC CULRVE FPR

"AZ',?X,'AZ+AL9’,4X,'
WRITH (&,
FC#?AT(ﬁ
CANTINLE
S1CF
C.r\ﬁ'

SURROUTINE NCENM(Ya Xy, IMTRX)
LIVlsSICh Y(f“),é),X(‘),I(? 4)
NC=N+1 ‘

01y 5X 9 FEal EX4F1C.4)

CC 10 I=1,N

CC 1% J=14NC

A{I J)=0,10

CC 20 K=l,¥ .
AT o d)=A {1, d)+Y(K,T)%Y{K,J)
CAINTINEE

JF{JoECLNC)ICGO TC 168
ACdsT)Y=0(1,4)

CONTTINLE

CONTINLE
IF{INMTREXNELV)CD T0 FFRE
WRITFE(E,30)

RESICUALS AND CLTPUT CRAFE FCE EACE FIT

tyhZ)
RTY

CAaLC

)
’
)(UA(LC(),TA((CC)'PY(LCF);LFCthP NTAD)
&

FCRVAT (/8Cx ¢ "CCEFIICIENTS FROM NCRMT)



£67
66E
c£ée
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DC 666 T=1,A

WRTTE (£,66T) (A(T,)5d=1,NC)
FORMAT(EOX 3 4F1C.E)

CONTINUE

RETUFN

ENT

SURFFUTINE SCLVE(
RIMENSICN INP(2%)
DIMENSTON B(3),0(3
ANAX=0o %

L2 I=1,V

Aald Ny INTRX L[

-

- =<

INB(I) =]

[FCARSCO(T y L) Y=ANMEX)Z 42,72

TANAX=ABS(A{TL1))

[F=

CONTINUE

WM =Na

DO 111 J=l,MM
IF(IF-J)é4€44
ISTC=INC ()
INCOJ)=INCATFR)

IND(IFY=18TC

DC & K=1,W
STC=A(1F,K)

CA(,K)=STCE

CONTINLE

EEMAX=C,C

JC=Jg+1

I I SN R

BT d)=ACT ) /A0d,d)

OF 10 K=JC,H

AT K =D (T 3K = (T3 d)*A(JyK)
TE(K=Jr) 14,06, 10C :
TP (APS ALY M) )= AN BAX) 10, 10,17
ANAX=GES(A(T,K))

IF=1

CONTTNUR

CONTINLE

CONTTNUE

NG 167 10=1,0N

=41 -1C

IT=1-1

Neowl Jr=1,17
J=T1T7+41-JC

JT=041
Wl==n(T1,443)
TE(IT=dT ) 341,423,873

CNC 42 k=JTLIT

WE=Wlm A (kg J) 0 (K)



47 CONTINUE
1141 C{J)Y=wC
43 CUNTIMLFE
OO 40 K=31,1T7
A(T 4k =CLK)
40 CONTINUEZ
&l CONTTRNUEF
CODM 1R T(0=1,M
[=v41-10
IT=T+1}
\N:A(rvI)
DC 86 J=1,V
IF(I"J)%?,E?154
Nm:":a’:
GC TC 45
WC=1,7
GG TN 188
WC=p(T,d)
BE JF(IMN=1)1%¢,156,587
E7 DO OBG K=1T,v :
WC=Wl=A(T, k)% 2 (Kyd)
se CONTINLE ‘
A6 ClJ)=wC
¢ CCNTINUER
CC &0 J=1,¥
AT ,Jd)=C(d)/
& CUNTINLE
150 CONTINUF
CLC ED I=iL,wv
IFCIND(T)=T) 61 60,61
J=ING(T)
o0 A7 K'-:’.‘,y""
STO=A(K,T)
A{KyT)=A{K,J)
AlK,J)=8TC
€2 CONTINLE
ISTC=INC ()
IND Y)Y =d
IND(I) =T
GC TN &3
£C CONTINLE
nroan I=1yw
Q(1)=A(T,4M4]1)
GO CONTINLUE
RrG6E J=i,¥
SIC=" 41
NOET 1=0,N
STO=STC+A(I,J)*P(1)
£7 CONTINLE
X(J)=S70

Y
¥

(92
~NY

(1]
(3¢

%
Ny

=
Y

[S2NNe N
[

STC



r(\J):{.‘*(JyJ)
€e CONTINLE
CORETUCN

ENE



PROGRAM 5  SLOWFIT

SLOMFIE fits observed deviations in siowness and
azimuth of approaéh to theoretical defiections for a model
of one or two dipping interfaces. Graphs of observed and
computed anomalies‘can be given as output. The final output
is a matrik of RMSD values, the minimum of which indicates the
best fit to a model wifh parameters within the specified range

of the variables (Appendix A).
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