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ABSTRACT

The teleseismic P-wave travel time residuals at the Ahmadu Bello University
(A.B.U.) Zaria seismic station were measured with respect to the Jeffery-Bullen (JB)
tables. A total of two hundred and thirty (230) events at epicentral distances
between 24° and 180° was selected from recordings covering the period January
1985 to December, 1992. The limited number of events used was due to the low
operational gain (due to high cultural background noise) at the station which
permitted only events whose magnitudes are large enough to be picked. This was

further reduced to 108 events which have residuals less or equal to 5.

The data obtained were used to create the station history plots which display
the travel-times on the distance-time curve, event locations on a world map

centered at Zaria and the P-wave residuals for the station.

The station absolute residuals for all the selected events vary between -4.1
s to 5.0 s with an average value of 1.08 s + 2.0 s. The azimuthal biases were then
taken into consideration by sorting the residuals into 10° azimuth by 10° distance
bins. A new station average residual was calculated to be 0.72 £ 1.81 s by summing
over the average residual for that bin. These are then referred to as the residuals
before and after sorting respectively. The large standard deviation of the average
residuals suggests that the variation in the residuals cannot be accounted for by
considering the data as belonging to one homogeneous set. The data set was
therefore sub-divided into five regions on the basis of similar azimuths and
propagation path to the station. The average residuals for each of the five regions

are:



() Mediterranian +1.05%0.85s
(i) Kazakhstan -0.90+0.40 s

(iii) Burma/India/China +2.33+1.18 s
(iv)  South and Central America +1.40+1.00 s

(V) North Ascension Island  +0.20+0.70 s

Relative travel time residuals of the station were calculated with reference to
some group of stations located in the stable West-African Craton, Congo Craton
and the seismically active East-African rift valley by considering some events
distributed randomly in the five different regions. It was found that the trend of the
relative residuals is an indication of lateral inhomogeneity of the crust and upper
mantle between the various stations and Zaria station. It was also found that the

relative residuals are highly dependent on the direction of approach of the P-waves.

An inversion of the travel time data was attempted using the tau-p method

of inversion. However the observed data were found to be too few and sparse in

any given azimuth to yield meaningful results.
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CHAPTER ONE

INTRODUCTION

1.1 General Background

Teleseismic P-wave travel time residuals find useful applications in the study of
crustal and upper mantle structure especially with regards to the geoadynamic
processes taking place in these regions. The basic assumption of the method is
that seismic wave velocities vary not only as a function of the dilatant behavior
within the stressed medium, but also with changes in the state of the material
caused by external processes such as heat, pressure and other similar factors. it
is, therefore, of interest and practical importance to monitor tectonic regions for
velocity changes. A distinct velocity difference is expected, for example, between
stable shield regions and regions of recent tectonic activity. These variations

manifest themselves in many ways, including:

1. regional deviations from standard velocity-depth functions.
2 lateral variation of crustal structure

3. lateral variation of the upper mantle low veloc.iy Iaye}

4 | !ateraf inhomogeneities in the fower mantle.

One approach to the study of this effect is to use the largé number of recorded
teleseismic earthquakes as signal sources to monitor P-wave travel-time residuals
in order 1o isolate velocity changes accurring in the vicinity of the receiver. This
approach is uséful, for example, in regions without local networks and of low

seismicity, such as in Nigeria where velocity data on a local scale is not available.

i



However, travel-time residuals suffer a major difficulty in isolating that part of it
associated with changes in crustal velocity niear the receiver from travel-time
vanations produced by earth structure near earthquake source and along paths
withi}l the lower mantle. For this reason, the station residuals may be isolated by
independent studies of the area around the station region(e.g. seismic refraction
studies) or through the relative residuals. Relative travel-time residuals are
compuied relative to a reference station in a group, and ensures that the residuals
are not limited by the uncertainty of the absolute value of the travei-time but by that

of the slope of the travel-time standard (Agarwal et al.; 1976).

1.2  Aim of the Study

The present work is a detailed study of the teleseismic P-wave arrival times
of events recorded at the Ahmadu Bello University (A.B.U.) seismic station, Zaria.
~ The observed arrival-times are then used to determine the travel-time of the events
with a view to establishing the absolute travel-time residuals of the seismic events.
These are then used to study the geocdynamic processes taking place along the
propagation path and to establish the velocity structure beneath the propagation

path. The study is made up of the following components:

1. Creation of a data base for all seismic events recorded at the station, so as to
facilitate access to the station data.

2. Estabiishment of the station history of Zaria. This inciudes the plot of raw data
of trave| timé versus epicentral distance, showing all the events on map of the

world with Zaria as the center, and plotting the histogram of residual with the

U i '
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fr?quency of occurrence.

3. To establish the relative travel time residual between Zaria and some nearby
stations in West Africa, Central Africa and East Africa so that the effect due to
travel time variations produced by the earth structure could be reduced to that
of the earth structure along the propagation path.

4. To investigate the gross properties of the travel time residuals, taken into
consideration the azimuthal dependence of the residuals.

5. To determine the velocity structure along the propagation path using an

inversion technique based on tau method (Bessonova et al. 1974, 1976 ).

1.3  Previous Studies

In Nigeria, Earthquake studies have been at a low level prior to the 1984
earth tremors which occurred at [jebu-ode, South-western Nigeria. Since then, the
need to study earth structures in Nigeria to better predict possible future occurrence
of earthquakes and other natural disasters has been a major concern. This formed
the basis of the organization of a National seminar on earthquakes in Nigeria held
at the A.B.U. Zaria in 1985 ( Ajakaiye et al.,1989}. The seminar focussed attention
on the theme "The implications of earthquakes in Nigeria" with the following sub-
themes:

i. Detection and prediction of earthquakes

ii. Historical perspective of earthguakes in West Africa



i Faults/Fractures in the Nigerian landmass
L]

iv. Engineering design considerations for earthquake prone areas.

, Other pubtications an earthquakes in Nigeria include that of Ajakaiye et al.
(1987) on the July 28, 1984 Southwestern Nigeria earthquake and that of Ige (1984)

on the December 21, 1975 tremor near Fagwalawar Garu in Dambata, Kano,

Prior to the present study, several authors have used travel time residuals to
get information on crustal and upper mantle structures and also the geodynamic
processes at work. Ojo (1994) studied the teleseismic P-wave travel time residuals
at the A.B.U. Zaria station and concluded that there is significant consistency in
travel times of earthquakes within each of the three regions investigated thus
suggesting that the quality of the data obtained at the station is satisfactory. Also,
the pattern of variation of the residuals yields some insight into the differences in

structure of the upper mantle in the three regions studied.

P-wave travel time residuals have also been used to investigate tectanic
activities and to delineate structures in many island arcs especially in the Aegean
region { Agarwal et al., 1976, Gregersen, 1977, Panagiotopoulos et al., 1985 ).
Panagiotopoulos et al (1985) studied the travel time residuals in South-eastern
Europe and concluded that the crust in this region is continental. Engdahl et al
(1977) used relative teleseismic P-wave travel-time residuals between Alaskan-

Aleutian stations to examine the plate structure beneath Alaska.



1.4  Choice of Technique

‘

The Ahmadu Bello University Seismic Station, Zaria was installed in 1983
with the primary aim of monitoring earthquakes or earth tremors in order to establish
the level of seismicity in the country. Shortly after the installation, an earthquake of
intensity IV occurred in ljebu-Ode area in 1984 justifying the station. Another
earthquake with body wave magnitude 4 occurred causing damages to houses in

the Gembu area of Taraba State in January 1987. All other earthquakes recorded

at the station were of regional and telesesmic distances.

The choice of technigue used in the study is borne out of the fact that the
travel times of seismic events are usually affected by effect from the source region,
propagation path and the station region. Therefore, seismic waves travelling from
source 1o a recording station could either travel faster or slower, that is have
negative or positive residuals, respectively, depending on the propagation path (Ojo,
1994). Also, the use of relative travel time residuals is justified because of the non-
uniqueness of the absolute travel time residual (Agarwal et al .; 1976). Accordingly,
it was decided to use the relative time residuals of Zaria station with respect to
some nearby stations in West, Central and East Africa. Zaria station was chosen
as a reference station because of its central location compared to the stations in
Cote D'lvoire, Ghana, Cameroon, Central Africa Republic and Zaire and Kenya. The
effect of this is to reduce the influence on the travel time residual to that due to

station region only.



. Finally, since the travei-time residuals provide only gross information about
the station region, an attempt was made fo invert the travel time data using the tau-
p method of inversion {Bessonova et al.; 1974, 1976). This method is simple
because it neither involves estimation of p, the ray parameter, by numerical
differen;[iation of travel fimes nor involves interpolation of the fravel-time curve
between actual observations. The function is estimated directly from the observed

travel times and distances (T, X.



CHAPTER TWO

BRIEF GEOLOGY OF THE WEST AFRICAN SUB-REGION

2.1 Introduction

The Geology of Africa is dominated by the Kalahari, Congo/Zaire and West-
African Cratons (Fig. 2.1). These are composed of Late Archean and early-middie
Proterozoic crystalline basement rocks which are non-conformably overlain by
middle to late Proterozoic - earliest Paleozoic shelf sedimentary sequence and
successions within younger Paleozoic basins (Clifford, 1970). Kennedy (1964}
noted the dorhinance of 650-450 m.y. K-Ar ages in the upper Precambrian terrains
but did not recognise indications of the classic orogenesis in the non-Archean
terrains, except in the Danara-Katanga belt, and hence used the term "Pan-Alrican

thermo-fectonic event to identify major episode in the African geological evelution.

The major geological features in West-Africa are mainly the West-African
Precambrian Craton with its sedimentary cover and the surrounding mobile beits,
largely of Upper Proterozoic age but locally affected by Paleozoic overprinting.
Black and Caby (1979) showed that Late Precambrian orogeny referred to as
Dahomeyide Orogeny in the south eastern part of the Craton {ook place at Hogger,
Nigeria and Dahomey, followed in the early Palacozoic by several post-tectonic

granitic infrusions.
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2.2 The West - African Craton

\

The West-African Craton is a very extensive portion of Precambrian crust
extending approximately 4.5 million km* (Rocci et al.; 1991), located approximately
within Longitudes 0° and 15° 5W and Latitudes 25° 15N and 4°45N . It is stable
since 1700 m.y. ago, and bounded on all sides by more recent mobile belts mainly
of Pan-African age, such as the Mauritanide fold belt on the Western edge and the

Pan-African mobile belt on the eastern edge (Fig. 2.1).

More than half of the craton is covered by sediments of upper Proterozoic to
Late Paleozoic sediments of the Taudeni basin. The West African craton crops out
in two main Uplifts; the Leo Shield in the South and the Reguibat shield in the North
(Rocci et al.; 1991). It is formed essentially of two Precambrian Cratonic basement
(Bessoles, 1977). These are the Late Archean rocks dated about 2,750 - 2,600
m.y. and the early Proterozoic or Birrimian rocks mainly affected by the Eburnean

Orogeny (2000-1800 m.y.).

The Late Archean rocks are exposed in the South-western part of the
Reguibat Shield (Barre're, 1976) and in the western portion of the Leo Shield, while
the early Proteroic or Birrimian rocks are the main parts of the cratonic basement
in the Leo Shield. They also make up the northeastern part of the Reguibat Shield.
in the Leo Shield, especially in Burkina Faso (Upper Volta) and Cote D’lvoire,

geochronological data suggest a Burkinian Cycle (2400-2100 m.y.) distinct from the
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Eburnean Orogeny (Caen - Vachetter, 1888). Granites were emplaced between
L]

2000 and 1700 m.y. (Vachefte et al.; 1975). These intrusions mark the end of the

gcrustal evolution of the West African Craton and it has been stable since then.

2.3 The Pan - African Mobile Zone

This zone was first mentioned by Kennedy (1964) as a main tectonothermal
episode which affected the borders of the previcusly Cratonized West African craton
at 5501100 my. They comprise the Haggar massif (or Touareg Shield) to the
North, and to the South, Dahomean - Nigeria horst (Fig. 2.2). it is [ocated to the
East of the West-African craton. The Pharusian - Dahomean Orogens which
extends through Hoggar in Algeria (Bertrand and Caby, 1977), the Iforas and
Gourma régibns in Mali (Reichelt, 1972; Caby, 1987) and the Dahomean chain in
Benin and Togo (Affaton, 1975; Trompette, 1979) are interpreted as the result of an
oceanic closure and collision around 600 m.y. (Black and Caby , 1979) between the
West African passive margin and an eastern continent including the Hoggar Shield
and the Benin and Nigeria Shields. The Pan-African suture which marks the
boundaries between thermally activated areas and cratons and also the site of
ocean closéd through paratectonic orogeny can be traced from Morocco to Togo

(Leblanc 1976; Black and Caby, 1979).
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2.4 Lithospheric Structure of West Africa from Seismological and Heat Fiow Data
4

2.4.1 Seismological Data

P-wave studies of the West African craton margin in Senegal (Briden et al.,
1981; Dorbath et al., 1983) revealed that a major seismic discontinuity, extending
down to 150 - 200 km, separates the cratonic structural block which is characterized

by highest velocities (Roussel and Lesqoer, 1891) from the Western Mobile zone.

The study of surface wave velocities along paths crossing the Aftican
continent (Dorbath and Montaguer, 1982) provides models for vertical distribution
of fithaspheric velocities and allows the generalization of the Local P-wave results
to the whole continent. The model shows that the cratonic areas are characterized
by higher shear-wave veloctties than mobile zones. The model, however, does not
account for {aterai inhomogenetities within the lithosphere because only a few
distinct paths are considered and also because an a priori crude regionalization in

craton and mobile zones is used for data inversion (Roussel and Lesqoer, 1991).

A recent interpretation of long period records of surface waves (Hadiouche
and Jobert, 1988) without any a priori geological canstraints improves the lateral
resolution and provides a more accurate three dimensional image of the fithospheric
structure beneath Africa. Hence, Hadiouche and Jobert (1988) explain that the West

African craton is characterized by a fast lithosphere to a depth of 240 km, whereas



i3

the Ran-African eastern mabile belt is characterized by a slow kthospheric zone 150

km thick which trends NW - SE and extends from Sahara to Red Sea.

2.4.2 Heat Elow Data

Hea* flow density values in West - Africa can be discussed in the context of
two major tectonic unit; the West African craton and the mobile belt. The Eburnean
Leo Shield which covers the entire Cote D'lvoire and Western and Northern Ghana
(Fig. 2.2) is characterized by an average heat flow (30 + 10 m Wm™) lower than on
the Pan - African basement of the Hogger (Touareg) and Benin - Nigeria Shields (51
+ 8 m Wm™) (Roussel and Lesqoer, 1991). These values are comparable with those
observed within other shields and reveal a geherally decreasing heat flow with

tectonic age, which is the general worid wide rule (Vitorello and Pollack, 1987).

The difference in average heat flow density between cratonic domain and
surrounding mobile belts seems to be significant and may be interpreted as being
due to greater crustal heat production within mobile beits than in cratons, or
alternatively due to differences in lithosphere deep structure (Ballard and Pollack,

1987).

The present lack of heat production data and of information on the deep
crust structure does not allow the interpretation of heat flow density in relation to

crustal inhomogeneities (Roussel and Lesqoer, 1991). However, magnetotelluric
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resul}s ( Ritz and Robinean, 1876) reveals that the southern part of the West African
craton is characterised by a high resistivity.Seismic resuits (Dorbath and Dorbath,
1984; Hadiouche and Jobert, 1888) and geotherm heat calculation (Roussel and
Lesqoer, 1981), lead to the proposat that the southern part of the West African
craton is characterised by a high velocity and low temperature.

2.5 Brief Geology of the Station Region

The Ahmadu Bello University Seismic Station, Zaria, Nigeria has station
coordinates given by a latitude of 11.150°N and longitude 7.654°E. The region is
belongs to the Precambrian Basement Complex which is believed to have been
affected by four Orogenic cycies (Odeyemi, 1978). These are the Liberian event
(2800 - 2500 m.y.), the Eburnian episode (2150 m.y.}, the Kibaran Orogeny (1300 -
900 m.y.) and the Pan African Orogeny (650 m.y.}). Based on the work of McCurry
(1970) and Webb (1972), the principal rock units are classified as follows:

) a crystalline basement complex composed of gneisses, considered 1o have
been metamorphosed more than 2000 m.y. ago,
i) older granites that intruded the gneisses crystalline complex from 647 to 618

m.y. ago. They have an approximately conformable relationship with the

crystalline host rocks (McCurry, 1970).

Gneisses constitute the ancient crystaliine basement, which probably

underlies the entire area and accommodates the belt of metasediments. McCurry
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(1970) postulated that the gneisses were sedimentary in origin. Adeniyi et al; (1992)
in tryir:g to investigate the structure of the older Granite suite ard to infer its origin
and mode of emplacement in relation to the surrounding metasediments and
gnisses reveals that Zaria area is characterized by the granitic intrusives which he
refers to as multiple Batholiths. The Zaria Batholith is sub-elliptical and oriented N-
S. The strike length of the Bathalith is approximately 32 km and its largest surface
width is 13 km. The rock units listed above are compositionally similar in that they
contain quartz, microcline, plagioclase and biotite as essential minerals with
accessory apatite and zircon. Porphyroblastic biotite granite is the most comman
and maost distintive of the granites. They are richly potassic with large microcline
megacrysts. Discordant contacts show that most of the granites are intrusive, and
flow features such as swirling foliation, rotated xenocliths and boundinage aplite
veins and mafic pods are suggestive of movement in a semi-plastic condition

{McCurry, 1970).
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CHAPTER THREE

THEORY, METHODOLOGY AND INSTRUMENTATION.

3

Seismic Waves

The seismic or elastic waves, which are initiated through the sudden release

of stress in an earthquake source region or by an explosion, propagate through the

whole of the earth’s interior or along its surface layers. The waves are recorded by

remote seismic stations provided the energy released is large enough, Seismic

waves are of two main types (Bath, 1979):

1.

Body waves, which propagate through the interior of the earth. These

consist of two types:

(a) Longitudinal waves or P-waves

(b}  Transverse waves or S (or sheat) waves.

Surface waves or guided waves, which propagate along the surface. These

consist of the following types:

(a) Love(l) and Rayleigh (R) waves which follow the free surfacé of the
garth,

(b}  Stoneley waves, which are related to Rayleigh waves, but follow a
discontinuity surface in the earth's interior.

{c)  Channel waves, which propagate along some layer of lower velocity

in the earth's interior.
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‘Body waves are considered as free waves, that is, they have freedom to
propagate in practically every direction through the earth's interior while surface
waves are bounded to some surface or layer during their propagation.

:

This study deals with the P-phase (or P-wave) i.e. part of bady waves. For
that reason, qnly the theory as related o body waves in general and P-waves in
particular will be treated in this chapter. In the treatment, it would be assumed that;
1) The earth is a sphere and all layers have the same curvature;

2} The properties of the earth vary with depth and, in general, the wave

velocities increase with depth.

3.2 Seismic Ray in a Spherically Stratified Earth.

3.2.1 The Ray Parameter p of a Seismic Wave.

As body waves propagate through the earth's interior, they follow the same
laws which hold for any other wave propagation, for instance in optics. The most
important relation is Snell's law of refraction, which is generally written as:

Consini=constant s (3.1)

along a given wave path, where
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n = refractive index of the medium,
| = angle of incidence of the wave.

~ In term of the ray velocity,v, the equation (3.1) is re-written as
)

Sl st e, (3.2)

To apply this to our earth mode!, we assume that the earth model is composed of
an infinitely large number of thin concentric homogeneous shells (Bullen, 1985)
across which there is a discrete velocity change. Consider portion PP,P, (Fig. 3.1)
of a seismic ray, where PP, P,are points 6n three consecutive boundaries between
N these shells. Let v, and v, be the ray speed along PP, and P,P, respectively; and

let the angles be as in Fig.3.1. By applying ray gesmetry, we have;

= o mem A s B s e, (3'38)
v, v,
OP. Sin 6 OB, Sin o ' '
z LR 2. L e (3.30)
Vs vy
But, |
0P, Sina = OP, Sin g, e {3.4)

'where P.P,and P, are points on three consecutive boundaries between these

shells. O is the centre of the earth. The equation (3.4) represents the* eXpression for

the perpendicular from O to P,P,.



FIG. 3.1: Teleseismic ray in a three bayer Lards,

FIG. 3.2: Adjacent teleseismic rays with Geometrical construction used 10
derive Eyguation 3.6
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Therefare, substituting equation (3.4) in (3.3b) we have,
L]

0P,Sin 8, 0P,Sin 8,
V2 Va

Since y¥ = v(r), therefore,

rsinB

=Constant = p (3.5)
v

where p is referred to as the ray parameter and is a constant for a given ray.

The ray parameter bears a remarkable relationship to the travel-time curve.
The relationship is expressed in (Fig. 3.2). Ray P, which has an inclination 6, has
a travel time T over an arc¢ distance A. An adjacent ray P would also have a travel
time T + dT over an arc distance A + dA,

From ray geometry,

v, dT/2

SinQ, =
r, dA/2

where 1, = outer radius
Therefore, by transposition

1, Sin 6, dT

———— '_"—-:p

Vo dA

This implies that the parameter p is the slope of the time-distance curve at a
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.
distance YA from the source, and dT/dA which has the dimensions of inverse velocity

is calied the slowness.

3.2.2 General Expression for T and A.

'Considering figure 3.3, let the coordinates of a point P along the ray be r and
8.

- From ray geometry,

] do
sinig = r—=

But, the ray parameter, p is given by :
rsini ¢ dd

= E et e 3.7
3 v v ds ( )

By re-arranging equation 3.7

r* aé

ds =

..................... 3.8
— (3.8)
Also,
: - ds
46 = pv o .(3.9)
The arc distance along the ray is given as
{ds)? = rAdBY + ([dr)? e oo (3.10)

Substituting (3.8) in (3.10), we have



FIG. 3.3: Geometry used to obtain the integral
expression for &

lkﬁﬁﬁml osiniiv LlBR.AR‘




23

r_p_}d‘? = (AP +0(dg? e (3.11)

Solving for d& in (3.11), we have
. dr

Let p=riv
Hence equation (3.12) becomes

de- - pdr

—— e e e e s . (3.13b)
ol (p*~P?)

At the deepest point P (i.e mid point) of the ray
Sini = 1, therefore,
o=p
.If we integrate along the ray between the deepest point

r. of the ray and the outer radius r,, we have

This gives the integral eguation for the epicentral distance A.

Aiso, substituting (3.9) in (3.10), we have
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pv

' (ds)® = —[:-2-—-(|ds)2 S (215 SR (3.15)

2

Simplifying this equation, we have

! ds = —— 38 (3.16)
_ pEVZ
Substituting equation {3.13)
_ d '
ds = p 2r A AR AR R R R R R (3.17)
p-p

T=2fg§ ................................... (%.98) .

3.3  Melhodology

3.3.1 Travel-Time Residual

A travel-time residual is defined as the difference between the observed
travel-time of the seismic wave and the theoretical as obtained from the J-8 tables.

in the computation of travel times, the following conditions must be satisfied:

T e
LA T
- i.

{,"?—\:::_ T

f



1)

25

Focal parameters of an earthquake, i.e. geographical coordinates, focal
d‘epth, and the origin time t,, must be accurately known. |

Accurate measurement of the arrival time, t,, of the seismic phase of interest
at the observing station must be made.

Geographical coordinates of the station must also be known in order to
determine the epicentral distance of the earthquake from the station.
There must be the existence of a standard travel time table which describes
the travel time, T, as a function of epicentral distance, A and focal depth, h.
This gives the thearetical travel time T, = T(A,h) for a standard earth model.

The observed travel time is given as

To = ta"to

while the absolute travel time residual is defined as

R=T,-T, s (3.19)

For this study, the focal parameters were obtained from the monthly listings

of the Preliminary Determination of Epicentres (PDE) published by the United States

Geological Survey (USGS) National Earthquake Information Centre. The seismic

phase used was P-phase and the Jeffreys-Bullen (J-B) travel time tables (Jeffreys

and Bullen, 1970) were used to obtain the theoretical travel times. Usually, travel

time residuals are made up of contributions from the source region, propagation

path and the station region. Therefore, a common problem in the analysis of travel

times is hows to distinguish between these components and also errors in the
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standa‘rd travel time table. This problem is greatest at small epicentral distance
where the angle of incidence is farge, and travel paths in the source and station
regions are insignificant (Ojo, 1994). Therefore, to correct for this, this study
employs retative travel time residuals which are computed relative to a reference

station in‘a group. The expression is given by the equation below

where r,is the reference station residual, and r, is the residual reported from other
stations. Equation (3.20} ensures that the residuals are not limited by the
uncertainty of the absolute value of the travel time but only by that of the slope of
the travel-time standard {Agarwal et al.; 1976). Source residuals may be indicated

by comparison of the source area with its surroundings {Gregersen, 1877).

3.3.2 Extremal Inversion of Travel-Time Data

The travel times of body waves are given at a discrete set of peints (X, T), X
being the epicentrai distance and T the travel time. The aim is then fo obtain
extremal bounds an the possible velocity-depth (V,Z) plane (V being the velocity and

Z the depth) which fit the travel-time data.
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These bounds themselves do not represent suitable velocity profiles which

L]
lie betweer the bounds (Kennett and Orcutt, 1876). The approach, however,
recognizes the often stated fact that since only a finite data set is usually available,

with, observational errors, an infinife number of possible solutions to the inverse

probleni exist (Backus and Gitbert, 1968).

The resutts of this approach to travel time inversion is modestly represented
in the literature. McMechan and Wiggins (1972) introduced a method for the
determination of the envelope of possible velocity models, by constructing in the ray
- parameter-distance (p-.é.) plane, an envelope around the data. The envelope was
defined by the scatter of the data points, the uncertainties in the measurements,
and various assumptions regarding the behaviour of the curve. Bessonova et al.
(1974, 1976) described a method for deriving extremal bounds on possible velocity

models from estimates of bounds on the function tau(p) defined by;

“p) = T(p) - PX(p) R (3.20)

where p is the ray parameter, T is the travel time, and X is the epicentrat distance.

Kennett (1976) compared the method of Bessonova et al. (1976) and the
linearized inverse technique of Johnson and Gilbert {1972), which also used the
function tau-p in which iterative improvement is made to a irial mode} until it is in

agreement with the data. The major advantages of the tau method is that it
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determines a set of minimum and maximum depths at which some computed
4
velocities would occur for layers derived from a set of discrete slowness values, and

minimum and maximum tau corresponding to each value of the slowness.

Another advantage is that tau is single - valued with respect to p, decreases
monotonically with increasing p and it is continucus except at values of p
corresponding to the tops of any low-velocity zone at which points it has a negative
jump. The choice of tau(p ) method in this study is dictated by the quality of data
which is somehow limited by the relatively few data points available for the station,
hence interpclation of the travel time data and differentiation to obtain p would not
be very suitable. Tau bounds were therefore determined by using the technique of

Bessonova et al. (1974) from the knowledge that the function:

WX = T -pX e, (3.21)

has a single stationary point which is a maximum for the generally direct, and a
minimum for the refrograde tranch of the travel-time curve. The extreme value of

the function is tau(p) for the ray parameter p,.

The procedure was then to determine tau for the maxima or minima of
reduced time (T - pX) versus distance plots for trial vaiues of p. From eguation
(3.20), one finds that for an error in travel time 8T and distance 5X for a particular

ray parameter p, the error in T(p) will be approximately,
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&= 5T-pBX . (3.22)

This result is based on the fact that, for part of the travel-time curve with ray
parameter p,, an error 8X in the epicentral distance {eads to an error -p,8X in travel
fime. Based on Bessonova et al. {1974), it would be assumed that the errors in 56X
and BT are normally distributed and independent. The tau bounds were then

constructed with the estimated standard errorin T.

3.4 Instrumentation

The MEQ -~ 800 portable seismograph is the instrument used for event
detection recording at the Zaria station. 1t is a self-contained, portable, wide range
seismic recording system, and is primarily designed for site locations of very low
(micro-earthquake) to moderately high levels of activity. it can also be used to
monitor and record strong disturbances the through use of an optional external
attenuater. The functional block diagram of theinstrument is shown in Fig. 3.4. The
MEQ - 800 'system is composed of the following interconnected assemblies:

) A battery pack power supply unit,
i) Anlam.pliﬁer and main conirol pangl,
Hi) A crystal clock, and

iv) A drum recorder.

The amplifier has a gain control panel with 60 dB to 120 dB values in 6 dB
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increments (MEQ-800 Instrument manual). The gain stabtlity is £1%. The unfiltered
4

frequency response is 3 dB points at 3 Hz and 70 Hz. The signal processing by the

instrument is done by coupling the seismometer signals through the seismometer

connector to the pre-amplifier via band pass and gain control networks. The

amplifier having a low filter switch selects filters to set band pass lower edge limits

_ at 3 Hz (low fiter to out), 5 Hz or 10 Hz. Band pass upper edge limits are controlled

by high fitter switch at 5 Hz, 10 Hz or 70 Hz (Hi - filter to out).

Fallowing conditioning in the filter and gain contral networks, the signal is
then applied to the pen deflection amplifier. Maximum pen deflection ranges of
approximately 5 mm, 10 mm or 25 mm are determined by the amplitude limiting
circuits and deflection switch. Accurate amplifier balance provides a reliable zero
baseline reference for recording and aids in conserving battery power. The crystal
controlled digital chronometer supplies a precise, highly stable (+4.32 ms/day
throughout the 0°C to 50°C temperature range) time base for MEQ-800 record time
references. "Time marks” are programmable in interval of seconds, minutes and
hours (M m &) or minutes and hours (H m) only. A time mark of 10 seconds occurs
at 12 Hrs ard 24 Hrs (see Fig. 3.5). The drum recorder facilitates the MEQ - 800
record keeping. An electromechanically driven drum serves as the platform for the

343 x 600 mm seismogram (Ink recording type).

A Mark Products seismometer model L - 4C was used for all the

measurements. It is a vertical component seismometer with 1 second period, 64
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() damping, 5.5 k Coil. Depending on the relationship between the natural frequency
4

of the exterral vibration, a seismometer functions as a measurer of displacement,

velocity or acceleration of a seismic wave. The characteristic respense curve of the

seismmometer is shown on Figure (3.6).
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CHAPTER FOUR

DATA AQUISITION AND INTERPRETATION.

4.1 Data Aquisition

The Ahmadu Bello University Seismic Station Zaria provided the data base
used for this study. The arrival times of seismic events were picked off from
seismograms recorded on daily basis since 1984 when the instrument was installed.
However, because of the non-stability of the station in the firs’ year of operation
(Ojo, 1994), the data for 1984 were not considered reliable and only events from
1985 to 1992 were considered in this study. A total of two hundred and thirty (230)

events were used.

A Computer program which was supplied by Prof. 5.B. Ojo of Ahmadu Bello
University, Zaria, computes the epicentral distance and the back azimuth of the
events with respect to the station. From the distances computed and the listed
focal depths of the events in the PDE monthly listings, theoretical travel time T_ were
determined from the Jefferys - Bullen (1970) seismological tables. The first arrival
times corresponding to P-waves were picked from the seismograms, and together
with the origin times of the events given by the Preliminary Determination of
Epicenters (PDE) monthly listings, observed travel times too were determined. The

absolute travel time residual is then given by equation (3.19).
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The absolute trave! time residuals of some events for stations in Senegal,

'
Cote D'lvoire, Ghana, Central African Republic, Cameroon, Zaire and Kenya (Fig.
4.1) which were {0 be used to compute the relative travel time residuals were also
obtained from the international Seismological Centre (ISC) Bulletins. About thirty
(30) events which were recorded by afimost all the stations were considered for this
aspect of the study. The events have their sources azimuthally distributed randomly

in five different regions, viz, Mediterranian, Kazakstan, Burma/lndia/China, North

Ascension and South and Central America.

4.2 INTERPRETATION OF RESULTS

4.2 1 Station History

The data base for this study consisted of the two hundred and thirty (230}
évents ca.refully selected from the recorded events. Only events with a clear P-wave
onset were selected. The events together with their source regions, focal depths
~ and magnitudes are listed in Appendix ). The locations of the events are plotted in
Figure 4.2 in equidistant azimuthal projection centred on Zaria. The plot is limited

to events in the distance range up to 90 degree. Each concentric ring represents
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stations in West, Central and East Africa



38

M\C/‘/—ﬂ—
— —— ——-"""'-'

1 More than one event

O One event

FIG. 4.2: Events Location Centred on Zaria.
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an ins;reament of 30 degree in epicentral distance. It is obvious from this plot that
the data set is unevenly distributed in all quadrants. Dominant are events in the
Mediterranian, East Kazakhstan, India/Burma/China, South and Centrali America
and North Ascens-ion Islands. A few events were reporied from North Atlantic and

other regions.

The plot of arrival times versus the epicentral distance in degrees of alf
eventé associated with Appendix | is shown in Figure 4.3. From this plot, it is seen
that no P-wave arrival was observed below epicentral distance of 24 degrees. Also
between epibentral distances of about 90° and 106°, there exists a shadow zone
which indicate a low velocity zone for which the applitudes of P-waves are much
reduced. Such a shadow zone corresponds 1o the presence of a discantinuity
surface in which the P velocity sharply diminishes from above fo below (Bullen,
1985). Other scattered points on the plot may be due toc misjudged times, other
phases or local cultural events which were picked at random. These points were
lat.er found to have very high residuals and were therefore disregarded. Hence, only
events with residuals in the range between £5.0 s were considered for further
analysis. This consisted of 110 events shown in Appendix [I.  All arrival times
associated with these events are then plotted in Figure 4.4. A comparisan of this
piot with the standard travel time plot (Boit and Nuitli, 1976) shows that P-phases

and PKP-phases are more frequently picked at the station.

The number of arrivals reported at the station on yearly basis from 1985 to
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1992 is shown in Table |. The number of P and PKP phases are also indicated. The
number of events are limited because the station is located on a site with high
cultural noise and therefore operates at amplification level which permits only
events whose magnitudes are large enough to be picked. Also, the number of
events recorded in 1987 and 1991 are low because records of events for some
months were not available due to equipment failure. A closer look at Appendix |
reveals that only a few events with magnitudes less than 5 were picked, most

events have magnitudes higher than 5.

Figure 4.5 displays a frequency distribution of the P-phase travel time
residuals placed into 0.1 s bin. This histogram is truncated at +4.0 s and the height
is normalized to the height of the bin with the largest number of picks. The
histogram is smoothed (solid) by averaging three adjacent data points (dots). The
histogram tend to depart from a Gaussian shape and tend to be positively skewed
and have several well pronounced peaks. The positive skeweness is due to the fact
that the station is operated at low gain, because of high cultural noise, and

therefore, most of the arrivals tend to be delayed (i.e positive residuals).

4.2 .2 Azimuthal Variation of Travel-Time Residuals.

Another contribution to the differences in travel-time residuals is azimuthal

variation (Bott and Nuttli, 1976; Herrin and Taggart, 1968, Lilwall and Daouglas,

.



TABLE | : Number of events reporting at the station

; YEAR NUMBER OF ARRIVALS PHASES
1985 35 P22
PKP 13

1986 26 P10
PKP 16

1987 19 P 11
PKP 8

1988 46 P 31
PKP 15

1989 35 P 23
PKP 12

1990 34 P 28
PKP 6

1991 11 P 3
PKP 8

P 13

1992 24 PKP 11
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1970;‘ Dziewonski and Anderson, 1883). Azimuthal variation can be due to a
combination of earth structure near the source and receiver, and upper mantle
anisotropy. For exampie, sources or stations situated in a region of recent tectonics
or stable shield will have their residuals influenced by the nature of the structure in
that region. By dividing the earth's surface into bins 10° in azimuth by 10° in
distance relative to the station, the travel time variation between different source

regions was examined. The result of this windowing is shown in Figure 4.6.

In this figure, each concentric ring represents an increament of 30° in
epicentral distance and the map is centred on Zaria station. The residuals in each
azimuthal bin "I" and distance "" are averaged for each bin and plotted centered on
that bin. The triangles are negative residuals (early arrivals) and the circles are
positive residuals (late arrivals). Hatched shading of the symbols indicate that the
bin has only one arrival. The new station mean residual was calculated to be 0.72
£ 1.81 s by summing over the average residual for each bin. The large standard
deviation of the mean suggests that the variation in the residual cannot be

accounted for by considering the data as belonging to one homogeneous set.

The systematic azimuthal biases of the residuals are investigated according
to Dziewonski and Anderson {1983). This is shown in Figure 4.7, in which the
.absolut'e residuals ate plotted against the back azimuth. The scatter observed in
the piot is expected because absolute travel time residuals are assumed to be

characterised by changes in the propagation paths. Also of importance is that
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FIG. 4.6: Station residuals centers on Zaria with circles and triangle
indicating average residuals centred on 10° in azimuth by
10 distance bin.
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about 80 percent of the residuals lies between £3.0 s and only 20 percent have
residuals up to £5.0 s. This is an indication that the data set is reasonable. The
scatter can be minimized if the average residual of each bin or the relative residuals
was blotted. The effect of these plots could not be investigated because of the fact
that the data set available is few. A least square fit (Agarwal et al.; 1976,
Dziewonski and Anderson, 1983) with a constrained fourth order polynomial was

fitted to the data.

The average of all residuals i.e the station mean residual and the average of
the average residual for each bin, which are referred to as residuals before and
after sorting respectively (Lorrain and Clayton, 1991) reveal a positive mean
residual for the station, which indicate that most of the events arriving at the station
are delayed. Explanation for this is that the station is operated at low gain, and fow
gain stations report late arrival times (Grand, 1990). Also, the staticn is located in
a region of recent tectonics (Pan-African Orogeny 550 £ 100 m.y.), and the general
world-wide law of tectonics (Vitorello and Pollack, 1987) reveals a generally
decreasing heat flow with tectonic age. Therefore, it is expected that the
temperature regime of the upper mantle must be hotter than for normai upper

mantle.

Comparing the station residual plot for Zaria (Fig.4.6) with residual plot for
stations such as AAE (Addis-Ababa, Ethopia) Fig. 4.8, LWI (Lwiro, Zaire) Fig. 4.9,

KIC (Kosan-Boka, Cote D' voire) Fig. 4.10, and NAK(Nairobi, Kenya) Fig. 4.11, it is
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F1G. 4.8: Residual plot of AAE (Addis-Ababa) ex
(After, Lorrain andglayton, 1991)
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FiG. 4.9 Residual plot of LWI (Zaire) extracted from
(After, Lorrain andGlayton, 1991)
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FIG. 4)0: Residual plot of K1C (Kosan-Boka
(After, Lorrain andC'ayton, 1991)
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FIG. 4191* Residual plot of Nairobi (NAI) extracted from ISC Bulletin
(After, Lorrain andClayton, 1991)
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observed that stations such as AAE, LWI, and NAI located in a region with high
seismicity (around and within the East African rift valley} all reported late arrivals i.e
positive residuals, while KIC located in the stable West African craton reported
early arrivals i.e negative residuals. This shows good correlation with the result

observed for Zaria station.

4.2.3 Relative Residuals

The absolute travel time residuals are made up of contributions from the
source region, propagation path and station region, except at large epicentral
distances when the source and station effects become small compared to the
propagation path effect. Azimuthal contributions to the absolute travel time residuals
were examined in section 4.2.2. As earlier observed (Fig.4.7), there is a large
scatter in the values of the absolute travel time residuals due to changes in the
propagation paths. Consequently, in order to minimize the observed scatter in the
absolute residuals, it is therefore imperative that the contributions be reduced to that
of the station region only. To achieve this, relative residuals of some events listed
in Appendix lll are computed relative to a reference station (Zaria) for a group of
stations in Senegal, Cote D'lvoire, Ghana, Cameroon, Central African Republic,
Zaire and Kenya. The choice of Zaria as reference station is due to its central
location in the group. Therefore, the contribution to the residual is reduced to the
contribution due to lateral variation in the crust or upper mantle structure in the

station region only.
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| \ Appendix Ill summarizes the absolute and relative travel time residuals for
the siations and events selected for the study. The evenis are located in five
different regions; North Ascension, Burma/india/China, East Kazakhstan, South and
Central America and the Mediterranian regions (Greece, Eagean sea, coast of

Libya, lonian Sea and East Mediterranian).

A closer lock at the table reveals that events from Mediterranian region have
early arrivals in most of the stations except for stations in Cameroon and Kenya.
The mean relative residual for this region is -1.76 £ .91 s. Events from South and
Central America also show a negative relative residua) with a mean of -1.93 + 0.79
s for all the stations in West and Central Africa, but have a positive residual for the
station in Kenya. Also, events from North Acension indicate negative residuals at
all stations in West and Central Africa, with a mean residual of -2.9+3.5s, The
large mean relative residdal and large standard deviation of events for this region
is due to the high values of the absolute residuals reported by the reporting station
to ISC. Events from East Kazakhstan have positive relative residuais with a mean
of 0.55 = 0.41 s, while evenis from India/Burma/China give negative relative

rasiduals for all stations in West and Central Africa with a mean of -1.804 £ 0.76 s.

The trend of the relative residuals indicate lateral inhomogeneity of the crust
and upper mantie between the various stations and Zaria station; in which case the
relative residuals are highly dependent on the direction of approach of the P-waves

(Bolt and Nuttli, 1976).
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‘ The station in Senegal (KDS) located in the | acuden basin of the. stable
West African Craton recorded only 2 of the 30 events and has negative residuals
for the events, while all the stations in Cote D'lvoire and Ghana (except LEGH in
Accra) are iocated in the Leo shield of the West-African Craton. These stations
recorded almost all the events and in most cases reported early atrivals (negative
relative residuals). Stations in Cameroon (KBC and EKC) are located around the
aclive volcanic region of Cameroon, only two of the events were recorded by the
stations and these indicate late arrivals (i.e positive relative residuais). Other
stations in Central Africa Republic and Zaire are located in the Congo Craton and
in most cases reported negative relative residuals for almost all the events. The
station in Kenya (NAl), located within the East African rift which may be an
extremely anomalous region in terms of seismic structure (Grand, 1990) have
~ positive relative residual for aimost all the events recorded at the station. However,
there is no information as to the properties of the seismographs in terms of band
pass and magnification for the stations, except NAl (Kenya) which is operated with

station amplification of 50 K.

Zariaﬁ station (Nigeria) is located on the eastern flank of the West-African
Craton in a region affected by the Pan African Orogeny. The partiai melting of the
thickened crust which resulted from the collision at the cratonic margin (Burke and
Dewey, 1972; Trompette, 1979) forming granitic magma, the so-called older granite
(Ajibade et al.; 1979), forms the basement rock. Therefore, there results a steep

thermal gradient extending through the Southern sector of the belt (Ghana - Togo -
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Benin)i and a long way under the Dahomeyan shield and as far east as Nigeria
(Grant, 1969). As a result, the temperature regime of the crust and upper mantle
in this region is expected to be hotter than for other stations in West and Central

Africa-located within the stable West African Craton and the Congo Craton.

4.3 VELOCITY - INVERSION

The cbserved travel time data form a discrete set of points from which it is
required to find the (V,Z) plane (V being the velocity and Z the depth), the closed
area which contains all velocity-depth curves corresponding to the observed data.
The method is based
on the use of tau (p) method of Bessonova et al.(1976) for deriving extremal
bounds on possible velocity models described in Chapter Three. However, it is
important to investigate the azimuthal distribution of events so as to ensure that
data set belong to a uniform geologic region. This is necessary for a meaningful
result. Fig. 4.12 shows the azimuthal distribution of events with respect to the
epicentral distance, while the insert shows the distribution in polar coordinate.
Shaded portion shows that more events occurred in the continental region than in
the other regions, therefore, inversion was attempted for this region. The

corresponding travel time versus distance curve is shown in Fig. 4.13.
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1|By assuming tral values of p, a reduced fravel ime plot (Fig. 4.14) was
plotted. The figure shows that due to the relatively few data available, the maximum
of the curves are not clearly defined, and the tau does not have a clearly defined
value.: Hence, the inversion of the data will be difficult. 1t is therefore suggested that
in order for the inversion to be properly carried out, it is necessary to gather more

data for at least ancther 10 years.
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CHAPTER FIVE

DISCUSSION AND CONCLUSIONS

The events recorded at the A.B.U. station all lies within the epicentral
distance of about 24° and 180°. Only events with magnitude of 5 and higher were
recorded. This result is summarized in Appendix | and their locations plotted on
Figure 4.2 in equidistant azimuthal projection centred at Zaria. The events spread
across five major tectonic regions; the Mediterranean, East Kazakhstan,

Burmal/India/China, North Ascension and South and Central America. Only a few

events are recorded from other regions and Africa. The tectonics along the travel
paths of these events affect the amplitude of their residuals. The hotter the travel-

path region the higher the delay in travel times.

The Mediterranian events have a mean absolute residual of 1.05 + 0.85 s:
the paths bottom beneath the African plate through the Hoggar shield in North
Africa, a region in the eastern flank of the stable West African craton affected by the
Pan-African Orogeny. The collision at the cratonic margin, resulting in steep thermal
gradient in the crust probably caused the delay in travel times. For the Kazakhstan
events with a mean negative absolute residual of -0.9 + 0.4 s, the travel paths
bottom in the upper mantle region beneath the eastern Mediterranean, Coast of
Turkey, Syria and Lebanon, The processes taking place in this region involve a

collision of the African plate and the Eurasian plate and also movement between
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the srnall Aegean and Turkish plates (Mckenzie, 1970) which involve the
consumnption of the Mediterranean Sea floor. This could well lead to the presence
of high velocity slabs in the upper mantle resulting in the faster travel paths
(negative residual) for this regiton. For the Burmalindia/China events with a mean
absolute'residual of +2.33 £ 1.18 s, the travel paths bottom beneath the Red Rea
and the Arabian plate, while the South American and the North Ascension events
with a mean absolute residual of +1.4 £ 1.0 s and +0.2 1 0.7 s respectively, bottom
beneath the Mid-Atlantic region. The Red Sea region and the Mid-Atlantic which
also exhibit positive residuals are active spreading centres. The spreading rate in
the Mid-Atlantic estimated at an average of 2.0 cmfyear (Minster et al.; 1974) is
twice the value of 1 amfyear estimated on the axis of the Red Sea (Mckenzie et al.;
1970), which explains why the positive residuals for paths beneath the Red Sea is

higher than those for paths beneath the Migd-Atiantic ridge.

Therefore, the mean absolute residual of +1.08 £ 2.1 s observed for the
station is expected considering the various paths traversed by events recorded at
the statian. Also the large standard deviation of the mean suggests that the variation
in the residual cannot be accounted for by considering the data as belonging to one
homogeneous set. Other factors which could have contributed to the delay in travel
times include the operational fow band pass (3-5 Hz) and operational low gain of the
station . According to Grand (1990} low gain stations reports systematic late

arrivals.
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In order to minimize the scatter in the absolute travel time residual, the
residuél data was sorted into bins, 10" in epicentral distance by 10" in azimuth.
The new station residual after sorting is 0.72 + 1.81 s, which is different from the
resultlobtained before sorting (1.08 + 2.1 s) and has less scatter. Also the effects
of travel paths and source on the residual are removed from the absolute residual.
Thus, reducing the effect on the residual to that of the station region only. Looking
at Appendix i, events from Mediterranean, india/Burma/China, South America and
North Ascension Island which hitherto have mean positive residual now have
negative relative residuals with respect to the Zaria station, and the Kazakhstan
events now has positive relative residual. The reason for this might be due to the
fact that some stations which record most of the events considered are located in
the stable West-African craton and Congo craton compared to Zaria which is

located in the Pan-African mobile belt.

An irversion of the travel time data was attempted using the tau method
(Bessonova et al.; 1974, 1976), but because of the relatively few data avaitable it
was not possible to properly carry out the inversion. It was therefore recomended

that more data must be gathered for, at least, another ten years.

In cenclusion, this study has shown that patterns of travel ime residual are
a good indicator of the upper mantle structure underneath a station. The mean
absolute residual of the station before and after sorting was found to be positive i.e

generally delayed, which indicate that the station region may not be quite stable.



The relative residuals suggests that the temperature regime of the upper mantle in
the Zaria region is hotter than for other regions in the stable West African Craton
and Céngo Craton. The tectonic process taking place in the region invoives the

partial melting of the emplaced granitic magma, the so called older granite which

forms the basement rock.

)
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APPENDIX ill: List of events used in Computing relative residuals

\
Date Event Reglon Dist(D*) Slation Code & courdry Absolule Zaria Ralalive
station Res Sistion Res.
R. ResR. | ReR.
R,
270285 North 25.33 KIC Cote D'ivore -5.1 +0.5 -5.6
Ascension KDS Senegal 4.7 52
KBC Cameroon +0.6 +01
BNG C.Afnca Republic -1.0 -1.6
LW Zawre -0.5 +10
NAI Kenya +1.7 +1.2
North 25.99 LIC Cote D'Ivoire -7.3 -8.0
061288 Ascension TG 6.3 +0.7 7.0
KIC * -7.1 7.8
LEGH Ghana -4.2 -4.9
KUK " -4 4 5.1
KOGH * -38 -4.5
SHGH " 3.2 -39
BNG Central Africa -2.4 -3.1
LWI Zaire 09 -1.6
North 26.54 LIC Cote D'Ivoire 5.1 -5.3
040289 Ascension e * -5.1 +0.2 -5.3
Kic " -4.7 -4.8
KUK Ghana =3.4 -3.8
LEGH " -1.9 -2.1
KOGH * -2.4 26
SHGH " -1.6 -1.8
BCAD CAR -0.2 -0.4
BNG " +05 +0.3
LWI Zaire +0.7 +0.5
090789 | North 26.31 LIC Cote D'Ivoire 5.0 -4 4
Ascension e ? 6.3 06 -4.7
BNG C AR +0.6 +12
LWI Zare +0.5 +1.1
140790 North 27.23 LIC Cote D'lvoire -3.9 -25
Ascension TIC . -4.4 -1.4 -3.0
KIC > -4.1 2.7
BCAO CAR +1.3 +27
300485 | Greece 3108 KBC Cameroon +2.1 0.6
EKC " +1.6 +1.6 01
KIC Cote D'lvoire 08 -2.3
NAI Kenya *1.8 0.0




291188

030487

040588

200687

220188

200286

060888

Sauth of Peru

East Kazakhatan

East.kaz'stan

East Kaz'stan

East Kaz'stan

Eagean Sea

BURMA-INDIA
BOARDER

84.41

68.43

69.40

69.37

69 44

31.34

83.08

LIC Cote D'ivore
e "

Kic i

KUK Ghana
LEGH "
SHGH *
BCAC CAR

HC Cote D'lvoire
Kic *

Lc "

BNG CAR
8Cag0 ¥

NAI Kenya

Lwi Zaire

NAI Kenya

TIC Cote D'ivoire KIC Cote
Dilivoire

e "

SHGH Ghana

LEGH -~

LW Zaire

TiC Cote D'ivoire
wic -

uc

BNG CAR

LWl Zaire

NAI Kenya

TIC Cote Drivoire
KICc "

e -

KUK Ghana
SHGH *

LEGH "

BNG C.AR

LWt Zaire

KIC Cote D'lvoire
BNG C AR

LW Zaire

NA) Kenya

KIC Cote D'lvoire
TIC  *

LIG "

KUK Ghana
KOGH *

LEGH "

LWl Zaire

-1.6
-1.4
-1.4
-0.6
~1.7
0.9
~0.4

01
-0.0
0.1
-1.3
-t.2
+1.1

-0.2
-0.1
0.1
0.2
+0.9
0.6

0.0
+0.1

g.0
-1.1
-0.5
0.6

00
+Q.1

-0.4
0.4

0.0
-1.0
-0.6

-1.0
-1.4
-4.3
+4.B

+0.3
+0.1
-0.4

-0.1

+0.2
+0.1
+0.3

+2.6

-1.9
-1.7
-1.7
-08
-2.0
-1.2
0.7

+0.3
+0.4
+0.3
-0.9
-0.8
+1.5

+10
+1.1
+1.1
+1.0
+1.3
+0.6

+0.4
+0.5
+0.4
0.7
0.1
-0.2

+1.1
+1.2
+1.1
+07
+0.7
+1.1
+0.1
+0.2

-1.4
-1.8
-5.3
+4.4

-2.3
=25
-27
-2.7
-2.4
25
«2.3




oA

291169

{30487

200687

220189

280386

050888

South of Pery

East Kazakhstan

East kaz'stan

East Kaz'stan

East Kaz'stan

Eagean Sea

BURMA-INDIA
BOARDER

84.41

65.43

69.40

69.37

69.44

31.01

83.08

LIC Cote Oivore
Tic *

wKic -

KUK Ghana
LEGH "
SHGH "
BCAQ CAR

IC Cote D'ivcire
we

LIC

BNG CAR

ac "

NAI Kenya

LWI Zaire

NAI Kenya

TIC Cote D'ivore KIC Cole
Pivoire

Lc "

SHGH Ghana

LEGH ™~

LW Zaire

TiC Cote D'ivoire
Kic ~

Lc

BNG CAR

LW Zaire

NAL Kenya

TIC Cote DFivoire
KIic =

Lc -

KUK Ghana
SHGH *

LEGH *

BNG C AR

LW Zaire

KIC Cote D'vaolre
BNG C AR

Lt Zalre

NAl Kenya

KIC Cote D'ivoire
e -

Le ¢

KUK Ghana
KOoGH -

LEGH *

LWI Zawe

-1.6
-1.4
1.4
0.6
~1.7
09
0.4

-0.2
0.1
Q.1
Q.2
+02.1

4.0
+0.1

Q.0
-1.1
-0.5
0.6

00
+0.1
00
0.4
0.4
00
-1.D
0.9

1.0
1.4
4.9
+4.8

+0.3
+0.1
-0.1

-0.1

+0.2
+0.1
+0.3

+0.3

-1.2

+0.4

+2.6

-1.9
117
-7
-0.9
20
-12
0.7

+0.3
+0.4

-0.9
-0.8
+1.5

+1.0
+1.1
+1.1
+1.0
+1.3
+0.6

*(.4
+0.5
+0.4
0.7
-01
-0.2

+1.1
+1.2
+1.1
+0.7
+0.7
+1.1
+0.1

+0.2

-1.4
-1.8
<53
+4.4

=22
2.5
-2.7
27
-2.4
«2.5
-2.3
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280687

201188

130980

260185

Coast of Libya

lonkan Sea

East Meditleranian

Southern Greece

Argentina

26.48

28.21

30.69

28.89

8464

TIC Cote D'Ivoie
Kic -

LiC -

KDS Senega

BNG Central Afrl. R
BRCAC; *

LWI Zaire

NAl Kenya

TIC Cote D'ivore
KIC *

Lue -

KUK Ghana
SHGH *

LEGH *

Lwi Zalra

NAI Kenya

TIC Cote Drlvopire KIC
Cote [¥ivoire

LG -

KUK Ghana

SHGH *

LEGH *

BNG CAR

LW Zaire

TIC Cote D'ivoire
KIC *

uc -

BNG C.AR
BCAD CAR
Lwi Zaire

NAI Kenya

LIC Cole D'lvore
e

Kic "

BCAO CAR
BNG *

NAJ Kenya

-1.5
-1.6
«1.5
=11
2.0
-2.4

+3.4

2.7
-2.5
26

1.7
+6.2

+2.0

+1G

0.0

1.1

-3.9
=36
-3.5
-3
-4.0
-4.4
=32
0.6

=35
-3.4
-33

-1.5
-2.9
-2.8
-0.7

-1.1
-1.0
-1.0
-09
0.5
-0.4
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160587 BURMA-INDIA B82.24 KIC Cote D'ivoire +0.1 0.4 +0.5
LIC " 0.0 +0.4

Tc ¢ (+X4] +0.4

] BNG Central A Rep. -1.1 -0.7

LW Zailre -01.5 -0.1

NAI Kenya -0.6 -0.2

250488 Sichman Provinee 886.014 TiC Cote D'lvoire +0.1 28 -2.7
China bc - +0.1 2.7

. KUK Ghana +1.8 -1.3

: KOGH * 0.2 3.0

. BNG C.AR 0.7 ]

BCAD * -0.6 =34

LWI Zaire -0.4 -3.2

Q30585 Sichman Province 86.05 KIC Cote D'ivoire 0.0 +0.3 -0.3
China ° TIC " -0.1 -0.4

LIC * 02 -0.5
KUK Ghana +3.2 +2.9
KOGH * +55 +5.2
LEGH " +4.7 +4.4

BNG CAR =11 -1.4

BCAQ * -10 -1.3

LWt Zaire +0.6 +0.3

2204849 Sichman Province 88.26 BNG CAR -0.3 +1.1 -1.4
China BCAO -1.1 22

050850 North Coast ot 24.62 LIG Cote Drivaire -6.6 +0.3 6.9
Ascaension NAI Kenya +2.4 +2.1

120488 Near Coaat of Pery 83.85 TIC Cote D'vaire -1.3 20 -3.3
. KiC * -1.3 -3.3

LG - -1.4 -34

LEGH Ghana -3.1 5.1

KUl -0.8 29

South of Panama

050969 B87.00 LIC Cote D'lvoire -0.8 +0.7 -1.9
: TIC - -1.0Q -1.7
Kic " 09 -1.6

BNG CAR 0.8 1.6




