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ABSTRACT

A network of four independently-recording seismic
stations was operated by the University of Durham in
South-Central Afar during 1973 and 1974. Each station
consisted of a three~component set of seismometers, whose
signals were recorded on to magnetic tape. This study
concerns local earthquakes recorded from February to
September, 1974,

250 earthquakes were located from relative arrival
times of P and S phases using an optimized, laterally
homogeneous, 4-layer structural model. Upper crustal P-wave
velocities are found to be 4.4%0.2 km s~1 (@ to 4.5 km
depth) and 6.2%@.1 km s~1 (4.5 to 11 km). Deeper
structure is poorly constrained. Anomalous upper mantle
exists, with low seismic velocity (Vp about 7.4 km s~1) and
raised Poisson's ratio (@.31). Sp, 1is transmitted.
8.8 km s~! upper mantle cannot exist above about 43 km
depth.

Earthquake focal depths within Afar do not exceed 5 km.
Epicentres <correlate well with Recent axial volcanism,
Spatial epicentral patterns reflect intense regional NW-SE
extensional faulting. One 1line of epicentres shows the
NNE~SSW trend of the Main Ethiopian rift. Focal mechanisms
are very poorly constrained, but are consistent with NW-SE
strike-slip or normal faulting, o6r with NE-SW dextral
transcurrent faulting.

Signal duration magnitude and Richter local magnitude




scales are defined for Afar, Frequency~magnitude
b-coefficient values are 08.87% ¢.05.

The three-component records are polarization filtered,
a technique previously applied only to teleseisms. The
performance of the filters 1is discussed. Azimuths and
apparent angles of incidence of events are determined £from
their first arrivals at a single recording station.
Hypocentres are then obtained by ray tracing.

Earthquake frequency spectra are computed through the
fast Fourier transform. The spectra are dominated by the
effects of the superficial crust below the receivers.
Crustal transfer ratios are discussed. Increased
attenuation is demonstrated below the Tendaho graben.
Seismic source parameters are calculated using BRUNE's
(1970) method.

All results are consistent with diffuse NE-SW crustal
extension., It is concluded that well-defined spreading axes

do not yet exist.
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The heavens are telling the glory of God;
and the firmament proclaims his handiwork.
Day to day pours forth speech,
and night to night declares knowledge.
There is no speech, nor are there words;
their voice is not heard;
yet their voice goes out through all the earth,
and their words to the end of the world.

(Psalm 19:1, RSV)

By faith we understand that the world was
created by the word of God, so that what

is seen was made out of things which do not
appear.

(Hebrews 11:3, RSV)

As for the earth, out of it comes bread;
but underneath it is turned up as by fire.

(Job 28:5, RSV)










EXPLANATORY NOTE ON TERMINOLOGY

The word ‘'Afar', meaning 'the €free', 1is correctly
applied only to an ethnic group (DAKIN et al,1l971;
GERSTER,1976). The region termed 'Afar' by earth scientists
is generally known as 'the Danakil desert®’ or ‘Dancalia'.
'Afar' is used here in the now accepted scientific sense, as
defined in Section 1l.1. 'Danakil Depression' refers only to
that northern part of Afar situated between the North
Danakil block (or Arrata microhorst) and the Western
Ethiopian plateau escarpment,

The term 'Ethiopian rift system' has beeh coined to
denote Afar and the adjoining rift structures: the Red Sea,
the Gulf of Aden and the Main Ethiopian rift.

The spelling of Ethiopian place names 1is not
standardised. At the request of the Ethiopian Awash Valley
Authority, the spellings adopted here follow the guidelines
laid down by the Imperial Government of Ethiopia 1in 1973,
except where these are in conflict with recognised

scientific usage.




CHAPTER 1

AFAR: A REVIEW

1.1 Introduction

Afar 1is the low-lying, triangular region of north-east
Ethiopia and west Djibouti (formerly T.F.A.I., formerly
French Somaliland) extending from 160 to 159N and from 4@°
to 430 (Figure 1.1.1). 1t forms the apex of the Ethiopian
rift system, which is linked through the Red Sea and Gulf of
Agaba to the Levantine rift system and through the Gulf of
Aden to the Carléberg Ridge of the Indian Ocean. South West
Afar funnels 1into the Main Ethiopian rift, the most
northerly section of the East African rift system.

The particular geophysical significance of Afar is that
it is at 1least partially composed of new oceanic crust.
This has been shown by petrological and radiochemical
analysis of 1its 1lavas (BARBERI et al,1975a; BARBERI and
VARET,1977), and by other data reviewed below. Afar is
unique among land areas as an accessible testing ground for
hypotheses of ocean formation and the initiation of
sea-floor spreading. This study examines the problematical
structure and tectonics of Afar through a 1local seismicity
investigation.

Afar is surrounded by high plateaux of continental
basement. To the west and south east, the Western Ethiopian

and South Eastern (Somalian) plateaux have elevations
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exceeding 4000 m and 3000 m respectively. Their margins are
down-faulted towards Afar. East of the Red Sea, the Yemen
plateau rises to 400¢m and 1is geologically similar. A
further <continental basement feature, the North Danakil
block, separates Northern Afar from the Red Sea and forms
part of its north-east margin (Figure 1.1.2). The elevation
of Afar ranges from -125m in the Danakil Depression to +6@@m
in the south west. The depth of the Danakil Depression is
the more impressive as it has an infill of at 1least 2.2 km
of evaporites (BEHLE et al,1975).

Afar is largely floored by stratoid basalts, extruded
within the 1last 4 Myr, which conceal the nature of the
underlying crust., In places, especially in southern Afar,
the basalts are themselves overlain by Quaternary sediments.
They are intensely structurally deformed, chiefly by
Lower-Middle Pleistocene faulting distributed throughout the
width of Afar (e.g. MOHR,1967a,1972a; TAZIEFF,1971,1972;
SCHAEFER,1975). The predominance of normal faults and the
presence of open fissures, resembling Icelandic ‘gja',
indicate extension, which is consistent with the separation
of Arabia from Africa. Current extension 1is concentrated
along axial basaltic volcanic ranges, disposed 'en échelon'
as spreading ridge segments (see Figure 1.4.2). |

Many faults are <currently active. New tensional
features and lava extrusions, accompanied by earthquakes,
have appeared during the last 15 years (DAKIN et al,1971;
ALLARD et al,1979). The dominant fault trends are

controlled by the margins of the bounding Arabia, Somalia,




FIGURE 1.1.2

AFAR AND ITS MARGINS
see Figure 1.4.2)
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Nubia and North Danakil blocks (Figure 1.1.3). Throughout
Northern and Central Afar their direction 1is NW-SE
(Nubia-Danakil, Arabia-Somalia plate pairs), and the NE-SW
and NNE-SSW faults that occur show shear movements (e.g.
CHRISTIANSEN et al,1975). They are associated with Gulf of
Aden transforms and not, as widely suggested following MOHR
(1967b,1968a, but see 1972b), with the NNE-SSW trend of the
East African rift system. NNE-SSW tensional features are
confined to South West Afar (Nubia-Somalia). There 1is no
evidence for shear 1in the Main Ethiopian and Kenya rifts,
where geological mapping, fault plane solutions and
volcanism suggest crustal tension (MOHR,1967a; BAKER and
WOHLENBERG,1971) .

Complex mosaics of intersecting and arcuate faults
within Afar have been mapped in detail (e.g.
MOHR,1968b,1971b; BARBERI and VARET,1977, fig.9). They are
now usually interpreted as the surface expression of
transform faults, as first proposed by TAPPONNIER and VARET

(1974) and COURTILLOT et al (1974).

1.2 pPlate Tectonic Setting

1.2.1 Regional Setting

Arabia has been separating from Africa by continental
drift during the Cainozoic. The existence of oceanic crust
beneath the Red Sea and Gulf of Aden has been shown by
geological (e.q. WHITEMAN,1968; BEYDOUN,1978) and

palaeomagnetic (TARLING,1978) data from the continental
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plateaux; and by marine studies of gravity, bathymetry,
seismic velocities and the geomagnetic field (DRAKE and
GIRDLER,1964; LAUGHTON,1966a,b,1970; VINE,1966; PHILLIPS et
al,1969; ROBERTS and WHITMARSH,1969; LAUGHTON et al1,1978;
PHILLIPS,1978; BACKER et al,1975; PLAUMANN,1975;
ROESER,1975; SEARLE and R0OSS,1975; COURTILLOT et al,1988;
GIRDLER et al,1980; and others). The geological histories
of the Dead Sea rift (FREUND et al,1978; BEYTH,1978), the
Gulf of Agaba (ALLAN and PISANI,1966) and Iran
(GIRDLER,1966; FORSTER,1976; JUNG et al,1975) also impose
constraints on regional spreéding hypotheses. There 1is
agreement on two major points: the direction of relative
motion between Arabia and Africa is NE-SW; and the axial
troughs of the Red Sea and Gulf of Aden are oceanic and have
been formed during a spreading phase initiated 5 to 3 Myr
ago and still active.

The Gulf of Aden is oceanic to within a few kilometres

of the Arabian and Somali coastlines, Large-amplitude,
short-wavelength magnetic anomalies, typically oceanic,
exist but their interpretation 1is ambiguous. Sea-floor

spreading may have been occurring continuously over the past
19 Myr at an approximate (half-) spreading rate of
.9 cm yr-1 (LAUGHTON et al,197@; COURTILLOT et al,1980); or
may have “occurred discontinuously in two (GIRDLER and
STYLES,1978) or more {(GIRDLER et al,1980) episodes
commencing in the Oligocene or Upper Eocene, or even in the
uppermost Cretaceous.

The nature of the main trough of the Red Sea, where the



structures are obscured by several kilometres of evaporites
(HUTCHINSON and ENGELS,1972), is less certain. It has been
variously interpreted as 1largely oceanic (e.g. DAVIES and
TRAMONTINI,1978; McKENZIE et al,197@; ROESER,1976), 1largely
continental (DRAKE and GIRDLER,1964; HUTCHINSON and
ENGELS,1972), or attenuated continental with basaltic
intrusions. The last possibility is supported by
considerable evidence for dyke 1injection or even fossil
spreading along rifts parallel to the axial trough,
particularly near the present coastline (KNOTT et al,1966;
TAZIEFF,1968; PHILLIPS et al,1969; FRAZIER,1970; LOWELL and
GENIK,1972; GARSON and KRS,1976; GASS,1977).

Alternatively, Red Sea main trough magnetic anomalies
are consistent with an oceanic crust 1largely formed by
sea-floor spreading during the O0Oligocene (GIRDLER and
STYLES,1974) or Miocene (GIRDLER and STYLES,1976); or with
several episodes of spreading since the early Miocene
(GASS,1977). Which of these models 1is to be preferred
depends on the interpretation of independent geological
data, summarised by Gass and by GIRDLER et al (1989).

Attempts have been made to determine the poles of
rota;ion between plate pairs from_séajfloor spreading rates,
bathymetric fits, tr;nsform fault’treﬁds and éarthquake slip!
vectors. Calculations for the Gulf of Aaéh (i.e.
Arabia - Somalia) have resulted in the same pole, within 95%
confidence limits, whether obtained from a coastline fit (LE
PICHON,1968), magnetic anomaly data (LAUGHTON et al,1970),

continental shelf bathymetry (LAUGHTON,1966b, 560-fathom




isobars; BEYDOUN,1978) or from the Plio-Pleistocene opening
of the axial trough (CHASE,1978). The 'Le Pichon' pole, at
26.50N, 21.50E, has been most widely quoted. Thus although
the rate of spreading across the Gulf of Aden may have
varied, 1its direction has remained constant and is probably
strongly stabilised by the whole Agaba - Levant shear
system.

For Arabia-Nubia, fits of the Red Sea  coastlines
(MCKENZIE et al,1970) and of 1lines of constant offshore
distance (FREUND,1978; GIRDLER and DARRACOTT,1972)
consistently indicate a pole at approximately 36,50nN,
18.00E. This pole is consistent with the trend of transform
faults mapped 1in detail by BACKER et ai (1975). (Models
proposing widely varying poles (e.g. ALLAN,19780; BAKER,1970)
are quite inconsistent with more recent data). The
direction of opening of the Northern and Central Red Sea has
therefore remained constant. Spreading in the Southern Red
Sea has been affected by the Afar microplates and cannot be
explained at a regional 1level.

The East African rift system has commonly been regarded
as the third arm of a three-plate system
(Arabia - Nubia - Somalia) (Figure 1.1.3). This plate
geometry permits movement of the Horn of Africa relative to
Nubia in response to extension across the Ethiopian and
Kenya rifts. Rotation poles for Nubia - Somalia can be
inferred from the Nubia - Arabia and Somalia - Arabia poles.
The results are 1inconsistent and sometimes nonsensical

(ROBERTS,1969; MUNSTER and JORDAN,1978) and are subject to




gross error (see discussions by AL—CHALABI,1971; GIRDLER and
DARRACOTT,1972; CHASE,1978),

Nubia - Somalia separations of 50 km or more (McKENZIE
et al,1970; MOHR,1971a; and by implication LE PICHON and
FRANCHETEAU,1978) are inconsistent with geological evidence,
which shows that crustal extension across the Ethiopian rift
cannot exceed 1@ km (BAKER and WOHLENBERG,1971; MOHR,1972a).
There is no field evidence for major shear along the East
African rift, as proposed by GASS and GIBSON (1969), BAKER
(1978) and MOHR (1971a). The dominant tectonic stress |is
tensional, and 1is oriented approximately WNW-ESE, as is
‘evident from surface faulting (e.g. GIBSON and
TAZIEFF,1970; MEYER et al,1975) and suggested by earthquake
fault plane solutions (McKENZIE et al,1979¢). Within the
Ethiopian rift there 1is no evidence for oceanic crust,
except in the development of the Herta Ale and 1Issa graben
of southernmost Afar during the past 1 Myr (CHRISTIANSEN et
al,1975; SCHAEFER,1975). |

Since the separation of Somalia from Nubia is seen to
be minimal, two-plate (Africa, Arabia) tectonic models (LE
PICHON and HEIRTZLER,1968; GASS and GIBSON,1969; MUNSTER and
JORDAN,1978) are sufficient. They imply a common
evolutionary history for the Red Sea and Gulf of Aden that
has not yet been convincingly demonstrated, although GIRDLER
and STYLES (1978) have hypothesised the formation of both
main troughs during a spreading phase 29 to 16 Myr ago. The
discrepancy between the rotation poles for Arabia - Somalia

(26.50N, 21.50E) and Arabia - Nubia (36.50N, 18.00E) exceeds



reasonable estimates of their errors (e.g. CHASE,1978),
This 1is not unexpected if a significant part of the
separation across the Red Sea is due to continental crustal
attenuation and dyke injection along more than one NW-SE or
NNW-SSE axis. BARBERI et al (1972a) are correct in
asserting that "The Red Sea and the Gulf of Aden constitute
one and the same oceanic megastructure. The main Ethiopian
rift, on the contrary, is a continental structure and merely

runs into an oceanic one."

1.2.2 VLocal Setting

Pre-drift reconstructions which close the Gulf of Aden
and the Red Sea require a substantial overlap of the Yemen
basement rocks on to Afar. This is a fundamental problem
which has long been recognised, and has seemed to imply that
much of Afar must be floored by new oceanic crust,

The Danakil block on the eastern margin of Afar, and
the Aisha block south of the Gulf of Tadjoura, are
continental (MOHR,1967a) ., Further, field observations
around the Afar margins indicate that the younger post-rift
volcanics and sediments normally rest on the older sialic
rocks with subhorizontal or gently dipping unconformity
(MORTON and BLACK,1975). This suggests that the total
extent of continental basement (of which small splinters are
observed up to 6@ km from the Western Ethiopian escarpment
(MOHR,1967a; TAZIEFF et al,1972)) beneath Afar is
considerably greater than its surface outcrop. It is likely

that much of the extension that took place across Afar




before 5 to 3 Myr ago was accommodated by attenuation of
continental crust, in which case the theory of rigid plate
tectonics has limited application.

The remainder of this section refers to the subsequent
spreading. South of 160N the Red Sea axial trough becomes
less distinct and volcanism is more alkaline (LAUGHTON et
al,1979; BACKER et al,1975). Southern Red Sea spreading
decreases about a pole of rotation 1located to the south
(ROESER,1975; RICHARDSON and HARRISON,1976; GIRDLER and
STYLES,1974,1976; LE PICHON and FRANCHETEAU,1978), and is
progressively taken up west of the Danakil block through the
'en &chelon' Recent axial volcanic ranges of Northern and
Central Afar (e.qg. TAZIEFF et al,1972; BARBERI and
VARET,1977). The North Danakil (or Arrata) platelet rotates
anticlockwise as a hinge between the Gulf of Zula and the
Hanish 1islands, as attested by palaeomagnetic data
(BUREK,1970,1974,1978; SCHULT,1975) and by the comparative
geology of the North Danakil block and the Western Ethiopian
plateau margin (e.g. MOHR,1967a).

The North Danakil platelet does not extend southward to
the Gulf of Tadjoura, as drawn on most maps prior to 1975,
but terminates at or near the Bidu - Hanish 1line (Figure
1.4.2), with North Tadjoura now generally considered as an
oceanic accretion on to the Arabian plate. The geological
evidence for this is compelling, and has been summarised by
MARINELLI and VARET (1973) (and briefly, in English, by
BARBERI and VARET,1975). The geophysical evidence |is

presented in Section 1.5. Further, the Strait of Bab el
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Mandeb is aseismic. The axial channel of deeper water shown
on bathymetric maps (LAUGHTON et al,197@¢; ROESER,1975) is
largely 1infilled by sediments, suggesting that any current
spreading is very slow,

GIRDLER and STYLES (1978) have interpreted aeromagnetic
anomalies over the Western Gulf of Aden 1in terms of a
subsidiary spreading axis branching towards the Strait of
Bab el Mandeb. This conclusion has been specifically
repudiated by COURTILLOT et al (1988), interpreting a more
detailed aeromagnetic survey. It is generally agreed that
the major tectonic link between the Red Sea and the Gulf of
Aden lies through Afar and the Gulf of Tadjoura.

In order to explain the Yemen overlap the continental
Aisha block was assumed on earlier spreading models
(BAKER,1970; ROBERTS,1970; MOHR,197@a,1972a) to have
migrated from the mouth of the Ethiopian rift to its present
position adjacent to the South-Eastern plateau. Geological
fieldwork by BLACK et al (1972b) led to the conclusion that
the block "is an integral part of the [attenuated
continental] Afar floor, albeit a part with greater than
normal elevation because of recent uplift”, Further field
mapping and fracture system analysis based on ERTS images
(CHRISTIANSEN et al,1975) have shown it to be autochthonous
and connected to the South-Eastern escarpment, It follows
geometrically that there cannot have been in Southern Afar
any NE-SW crustal extension in response to the movement of
Arabian plate.

The plate boundary defined by the Gulf of Aden axial




trough passes by means of a series of ‘'en échelon' ridge
segments, offset by NE-trending dextral transform faults,
through the Gulf of Tadjoura and the Ghoubbet el Kharab to
Lake Asal within Afar (DEMANGE and STIELTJES,1975; DELIBRIAS
et al,1975). Lake Asal is now filling with water from the
Ghoubbet el Kharab (LANGGUTH and POUCHAN,1975; VALETTE,1975)
and the Asal (or Ardoukoba) rift, which has a typical
oceanic profile (HARRISON et al,1975; NEEDHAM et al,1976),
will shortly be submerged.

Volcanism (ALLARD et al,1979), field tectonic
observations, seismicity (ABDALLAH et al,1979) and
horizontal and vertical ground displacements (TARANTOLA et
al,1979,1988) studied following major seismo-volcanic
activity in the Asal rift during November, 1978, are all
typical of an active accreting plate boundary. COURTILLOT's
(1980) suggestion that this area marks the present tip of a
lithospheric crack propagating westward into Afar is
considered in Chapter 9.

The manner in which spreading 1is taking place in
Central Afar, between the Manda Hararo volcanic range and
Lake Asal, is disputed. The significance of Recent
spreading in SW Afar, along the East African rift (NNE-SSW)
trend, 1is not clear, Detailed plate geometric models
(SCHAEFER,1975; BARBERI and VARET,1977), based on volcanic
and tectonic features formed within the past 1 Myr, are

discussed later in the light of the present study.




1.3 Origin and Development of Afar and its Margins

The Precambrian geology of the Ethiopian region has
been summarised by KAZMIN et al (1978) and by ROGERS et al
(1978) ., Closure of the "Proto Red Sea basin" at about
1008 Myr was followed by a period of collision and folding
in the area which now borders the Red Sea.
Contemporaneously, <collision and crustal thickening were
occurring along the Mozambique Belt, the site of the present
East African rift system. Both regions suffered further
..etamorphic and plutonic activity during the Pan-African
orogeny.

Detailed mapping of the Western Ethiopian escarpment
(KAZMIN and GARLAND,1973) has indicated that the opening of
Afar was to some extent controlled by Precambrian
block-faulted structures. Ancient fractures with the trends
of current Red Sea and Gulf of Aden opening have been
observed all around Afar. NW- and NNW-trending Precambrian
faults are prominent in Saudi Arabia and Somalia
(BEYDOUN,1978) and are clearly seen in satellite photographs
(MOHR,1974) . The Marda 1line (Figure 1.1.2), the major
NW-SE lineament cutting across the South Eastern plateau in
the vicinity of 99N, 430E, is also evident on the Bouguer
anomaly map (MAKRIS et al,1975) and has been discussed in
detail by PURCELL (1976) . It can be projected
north-westwards into the Erta Ale volcanic range or on to
the Eritrean highlands, and south-eastwards as far as the
Somali coast. It has been suggested (BLACK et al,1974) that

Lower-Middle Tertiary transcurrent movement along the entire




Suez - Red 8Sea - Marda 1line determined the 1locus of the
later Nubia - Arabia plate separation.

NW-SE and NE-SW to ENE-WSW trends dominate Precambrian
dyke swarms in the Gulf of Suez (EL-ETR et al,1976).
KRONBERG et al (1975) have recognised the Precambrian
ENE-trending structures which cut across the Afro-Arabian
dome as reflecting "fundamental fractures in the deeper
crust" indicative of "an old regional to global pattern of
crustal weakness or shearing". Surprisingly, their paper
does not consider any possible correlation of these
structures with the opening of the Gulf of Aden along the
same trend, or with Afar transverse tectonics
(MOHR,1968b,1974; CHRISTIANSEN et al,1975).

Although the above evidence suggests that Cainozoic
fracturing has preferentially followed o0ld lines of crustal
weakness (see also KING,1970), it does not prove that the
present rift geometry has existed since the Precambrian, as
postulated by DIXEY (1956). Since the origin of the rifting
is generally agreed to be sub-lithospheric, this would imply
that relative horizontal motions between lithosphere and
asthenosphere have been absent since this time.

'Dynamic’' formation mechanisms such as membrane
tectonics (TURCOTTE and OXBURGH,1973) and MORGAN'S (1972)
model which requires the African plate to be riding
currently over a mantle plume, are also geologically

unsupported. There is no evidence for progressive and
continuous N-S age variations along the Ethiopian and East

African rift systems, although it may be argued that the




southern section of the East African rift is at an earlier
stage of development., In particular OXBURGH and TURCOTTE's
(1974) diagram, purporting to show migration of the onset
time of volcanic activity southward along the rift at about
0.250Myr-1, is invalid north of 4oON.

BRIDEN and GASS (1974) have invoked the spasmodic polar
wander pattern of the African plate to explain the episodic
phases of intra-plate thermal activity. They demonstrate
that such thermal activity has occurred only during those
periods when the plate has been stationary relative to the
underlying asthenosphere, Domal uplifts, of which the
Afro-Arabian is the most prominent, are thought to be widely
distributed throughout Africa at present (Le BAS,1971;
GASS,1972a).

GASS (1975) relates Ethiopian and East African
magmatism since the late Tertiary to the lack of movement of
the African plate since 48 Myr ago, and argues that it is
only when asthenospheric heat sources are focussed on the
same lithospheric target for many millions of years that
large scale upper mantle and crustal melting will occur.
Gass' model has sub-lithospheric heat input triggering
upward movement of geisotherms within the upper mantle, with
mantle equilibration <closer to the surface. This leads to
mantle fusion, domal wuplift (perhaps by 'penetrative
convection’ (ELDER,1966; GASS,1978,1972b)) and intra-plate
tectonics. The evidence for large areas of anomalous upper
mantle beneath the rift zones is presented in Section 1.5.

Gass' model can explain many of the volcanic and tectonic
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phenomena observed in the Ethiopian rift system.

Alternatively, it can be argued that mantle fusion and
domal uplift are ‘consequences of rifting. BROWN and
GIERDLER (1988) take this wview on the ground that rift
faulting 1is seen to exist where there is no long-wavelength
Bouguer anomaly. "Underlying convection in the deeper
mantle"” 1is invoked as the cause of tensional stress across
the African plate,

Unless the Ethiopian and Kenyan domes are linked an
additional mechanism is required to explain the temporal
coincidence of magmatic and tectonic episodes in the East
African rift (BAKER et al,1972) and iﬁ Ethiopia. No
connection is 1indicated by surface -elevations, or by
long-wavelength Bouguer anomalies (FAIRHEAD,1979) (Section
1.5.4) .*% satellite photographs (MOHR,1974) and detailed
ground mapping in the Omo river area of southern Ethiopia
(MOORE and DAVIDSON,1978) show no surface expression of any
link between the Main Ethiopian rift and the Stephanie and
Lake Rudolf rifts of Kenya. Several detailed studies of
teleseismic arrivals at the University of Durham Kaptagat
array (FORTH,1975; LONG,1976) and west of Lake Turkana
(MICENKO,1977) have all tended to indicate that the upper
surface of the Kenya dome upper mantle anomaly deepens to
the north; and the Kenya axial gravity high begins to die

*However, GIRDLER and BROWN's (198¢) gravity model
shows massive replacement both of light crustal and dense
normal upper mantle material by anomalous asthenosphere of
intermediate density. The replacement of crustal material
causes a large positive Bouguer anomaly which partially
offsets the long-wavelength negative anomaly.




out north of loN (KHAN and MANSFIELD,1971).

Erosion occurred in Ethiopia during much of the
Palaeozoic. The Mesozoic (largelyAJurassic) succession has
been described by MOHR (1967a), HOLWERDA and HUTCHINSON
(1968), HUTCHINSON and ENGELS (1978), and others, and
summarised by MOHR (1970a) and by CHESSEX et al (1975). The
Jurassic marine transgression, which has also been described
for the Red Sea and Gulf of Aden (e.g. SWARTZ and
ARDEN,1960; BEYDOUN,197@), provides the first definite
evidence of subsidence in Afar: the associated sediments
thicken and downwarp towards the present rift system
(JUCH,1975) .

Cainozoic volcanism and rifting in the Afar region are
related to uplifts of the Afro-Arabian dome. GASS (1975)
believes that the dome was formed4by initial uplift in the
Upper Eocene, The western limit of marine sedimentation
retreated sharply from 430E to 490E at this time
(MOHR,1975) . The pre-Miocene Cainozoic history is
uncertain, since it rests on disputed  K-Ar age
determinations., Early Tértiary ages for basaltic dykes on
the Western Ethiopian plateau (MEGRUE et al,1972) are
inconsistent with the regional geology (MOHR,1975) and are
likely to be in error. ZANETTIN and JUSTIN-VISENTIN (1974)
have also published early dates for the Western Ethiopian
plateau volcanics, on which they have based two cycles of
volcanics, the Ashangi (older than 34 Myr) and Aiba (35 to
32 Myr) basalts (ZANETTIN and JUSTIN-VISENTIN,1975).

Subsequently, rocks from the same sequence have been dated
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as Miocene (McDOUGALL et al,1975; JONES,1976).

Several recent interpretations of the tectono-volcanic
evolution of the Afar region (e.g. PILGER and RbSLER,1976),
based on the pre-Miocene age data, have concluded that
Ethiopian plateau volcanism preceded Afar rifting. All
published ages for volcanic rocks in and around Afar are
collated in Appendix 1. Although volcanism may have been
occurring earlier, widespread eruption of flood basalts over
the plateau probably began in the Miocene and continued
until approximately 13 Myr ago. This 1is consistent with
GIRDLER and STYLES' (1978) revised date of 29 to 16 Myr for
the formation of the Red Sea and Gulf of Aden main troughs
by sea-floor spreading (Section 1.2).

The total volume of the flood basalt sequence* has
been estimated as 400,000 km3 (GASS,197¢). It occurs
thickly and very widely over Ethiopia, Djibouti, part of
Somalia and the Yemen and was erupted from meridional
fissures (GASS,1972b). It now seems probable that the
sequence, which thickens towards Afar, was being erupted on
the plateaux during the formation and initial rifting of
Afar.

The tectonic development of the outer Afar margins by
large-scale faulting and warping occurred in the Lower
Miocene (MOHR,1975), possibly commencing about 25 Myr ago

(BARBERI et al,1972b,1975a). It continued by normal

*Formerly known as the Lower Trap Series. Following
the Bad Bergzabern symposium on the Afar region and related
rift problems, 1in 1974, it was agreed to drop the volcanic
classification, introduced by MOHR (1968c), based on the
terms 'Trap Series', ‘'Afar Series' and 'Aden Series'.
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faulting, and by localised dyke 1injection (MOHR,1975;
ZANETTIN and JUSTIN-VISENTIN,1975). Lower Miocene
peralkaline granitic bodies on the Afar margin (Asa Ale and
Limmo, Figure 1.4.2 (BLACK et al,1972)) and in Central Afar
(Affara Dara), together with Lower Miocene marginal basalts
(TAZIEFF et al,1972), are internal evidence of the first
stage of Afar rifting.

No other rocks exposed within Afar predate the
voluminous Afar Stratoid Series extruded from approximately
4 to 1 Myr ago. The development of Afar from its Miocene
inception until this time must be inferred from mapping of
the bounding plateaux and their escarpments, including the
Danakil and Aisha blocks. Since no comparison of the
geology of these areas has yet appeared, Table 1.3.1 has
been compiled on the basis of petrographic details given in
the papers cited. There is no evidence that the Balchi
Rhyolite and Pliocene Silicic sequences have counterparts in
Djibouti, where the tectonic situation is complicated by
apparent rapid changes in the local stress system related to
the formation of the Gulf of Tadjoura at approximately
3.5 Myr (ARTHAUD and CHOUK'RONNE,1976) .

It is generally considered that only minor rifting took
place between the Miocene and the Plio-Pleistocene. The
area within the Afar 1inner margin dates from the early
Pleistocene, and 1its subsequent development is more

conveniently related in terms of its volcanicity.




TABLE 1.3.1  REGIONAL CORRELATION OF VOLCANIC ROCK SEQUENCES
WEST ETHIOPIAN SOQUTH EAST ALI SABIEH NORTH DJIBOUTI FOOTHILLS OF
PLATEAU MARGIN®* PLATEAU (SOUTH DJIBOUTI) (Barberi et al SOUTH EASTERN
(Zanettin and ESCARPMENT (Chessex et al, 1975)| ESCARPMENT
Justin-Visentin (Juch,1975) 1975) (DJIBOUTI)
1974,1975) (Christiansen et
al,197%,Black et
al,1975)
Alaji Main Silicic Damerkadda Mabla Lowermost
Ignimbrites Formation Formation Rhyolites Afar Series
(25-16My) (13-11My) (14.1-9.6My) (14,2-9,.7My) (11-9My) **
Termaber Upper Trap Galemi Dahla Lowest
Basalts Basalt Formation Basalts Afar Series
(15-13My) (possibly (7.9-4.6My) (8-6.5My) (B3, B2)
Fursa 19.5-9My) (8-5My) -
Basalts Afar Series
(12-12My) (B1) (5-2My)
Balchi Pliocene
Rhyolites Silicics

(8-2My)

*New K-Ar determinations on rocks from this area,

by McDOUGALL et al (1975) and

JONES (1976), suggest younger ages for this sequence (see Appendix 1).

**Fissure bhasalts were erupted

and pumice beds occur at the top of the seguence,

initially, but 168 m of

rhyolites,

ignimbrites



1.4 Macroseismicity and Volcanism of Afar

1.4.1 Macroseismicity

The seismicity of Afar must be regarded in the context
of the Ethiopian rift system as a whole. Appendix 2
tabulates all earthquakes instrumentaliy recorded at
teleseismic distances for the area @5° to 289N, 36° to 48°E,.

Accurately located earthquakes which have occurred in
the vicinity of Afar since 1955 are shown in Figure 1.4.1.
Epicentres of events that have occurred since the
installation of the World Wide Seismic Survey Network
(WWSSN) in 1963 have an estimated accuracy of 1@ to 25 km,
The same accuracy is claimed by SYKES and LANDISMAN (1954)
for epicentres obtained during the period 1955 to 1963.
Earlier events are not shown, since their locations may be
in error by 280 km or mnore (FAIRHEAD and GIRDLER,1978).
Locations of teleseismically recorded African earthquakes
are liable to a network bias caused by the
disproportionately large number of recording stations to the
north west (see SYKES and LANDISMAN,1964). Only one WWSSN
station (AAE) is within 1000 km of Afar. Epicentral
groupings have been improved using DOUGLAS's (1967) joint
epicentral determination (JED) technique (e.g. FAIRHEAD and
GIRDLER,1970,1971).

The Ethiopian rift, and the axial zones of the Gulf of
Aden and the Red Sea, are seismically well delineated.
There are concentrations of events in the Gulf of Tadjoura

and near the Gulf of Zula, where the regional spreading axes
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TELESEISMS INSTRUMENTALLY RECORDED FROM AFAR

AND SURROUNDING AREAS, 1955-1980

36
1
0
N
18
14
10 |
o o ............
Soo o TELESEISMS
6 | D o DURHAM UNIVERSITY
o e.0 7
: RECORDING STATIONS
| 0 { i i 1 |




penetrate into Afar (Figure 1.4.1). 1In the Red Sea south of
160N, where the «crustal spreading rate is currently very
slow (ROESER,1975), seismicity is sparse. The four events
in the southern Red Sea show a NE - SW linearity, but do not
coincide with any known transform fault,

The 26 vyear data period of Figure 1.4.1 1is too short
to demarcate the 1long-term pattern of major seismicity.
GOUIN's (1979) comprehensive Earthquake History of Ethiopia

and the Horn of Africa covers all documented seismic

phenomena from 1408 A.D. The early earthquakes cannot be
accurately located, but they are of major importance as they
probably represent the events of highest felt intensity
during the past six centuries, The principal additional
fact shown by data covering a longer time period (e.g.
GOUIN, 1976, fig.4) 1is that seismic activity has occurred
along the whole length of the Western Ethiopian escarpmént.
There is minimal evidence for spatial or temporal
macroseismicity patterns within Afar. FAIRHEAD and GIRDLER
(1979) postulated a 2559 seismic 1line from the Gulf of
Tadjoura to the Western Ethiopian escarpment and GOUIN
(1970) a SSW to NNE line from the Ethiopian rift to the
western Red Sea coast at 149N, 420E. Both lines are poorly
defined, and are geologically and tectonically untenable.
LONG,R. (1974a) has suggested a possible
7.5 km yr-1l migration of seismic activity along a SE-NW
axis, with an activity wavelength of approximately 150 km,
The statistical basis for this is poor: 8 events, of which 6

have probable location errors exceeding 108 km.




Almost all the epicentres plotted on the Western
Ethiopian escarpment at 180 to 110N belong to the Kara Kore
swarm of 1961. 34 events, the 1largest having magnitude
Mg = 6.5 (USCGS), were located by international agencies.
Over 49000 were recorded at AAE (DAKIN,1975, see Chapter 8).
The major events have been relocated by SYKES and LANDISMAN
(1964), FAIRHEAD and GIRDLER (1974, (by JED)) and GOUIN
(1975) . On the basis of local observations, Gouin imposes
on the JED 1locations a lateral shift of @.050g and
@.300W, followed by a 1080 clockwise rotation. His relocated
epicehtres coincide with features of the Borkenna-Robi
marginal graben (MOHR,1967a). The Kara Kore shocks, and
other earthquakes along the Western Ethiopian escarpment,
probably reflect the continuing development of the Afar
western marginal graben (ROGERS,1966; MOHR,1970da).

The group of earthquakes located near 10ON, 430E
occurred during 1980 in an area of complex basement on the
South Eastern escarpment (RUEGG et al,1981). No earthquakes
of any magnitude had previously been recorded in this area.
The 1980 events 1indicate that the south-eastern margin of
Afar also remains active.

All the epicentres plotted NE of Tendaho belong to the
1969 Serdo swarm. These events are discussed in Chapter 8,
along with recent teleseismically-recorded activity in the
Gulf of Tadjoura. This study shows that Serdo is a region

of continuing seismic activity.
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1.4.2 Volcanism

The Afar floor consists almost entirely of volcanic
rocks, Following BARBERI and VARET (1977), three units are
distinguished:

(1) The Afar 'stratoid’ series, predominantly
stratified flood basalts, emplaced 4 to 1 Myr ago.

(2) Basaltic axial ranges accreted along fissures of
the dominant regional trend.

(3) Marginal units related to transverse tectonics.
Both the latter units are currently active.

The basaltic axial ranges are important indices of
recent geodynamic processes, They show a
tectonically-controlled evolution from fissural basalt
eruptions along <central graben (Asal, Manda Hararo, Manda
Inakir, East Alayta, South Erta Ale, Issa, Herta Ale) (Figure
1.4.2), through shield volcanoes elongated along the
regional structural trend of the feeding system (West
Alayta, Dama Ale range, Erta Ale volcano), to more complex,
central volcanoes (Boina, Tat Ali, NW Erta Ale, Dama Ale
volcano) which have erupted highly differentiated lavas.

The geochemistry of the axial ranges 1is related to
their structural position and relation to spreading axes.
Both major and trace elements show that basalts with the
same composition as typical mid-ocean ridge basalts (low-K
olivine tholeiites) are found in the fissural basaltic Asal
and Manda Hararo axial ranges, with series variation towards
more alkalic compositions in other axial ranges (BARBERI and

VARET,1977).
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Flows erupted from the more evolved volcanoes show
complete series from basalts to pantellerites or comendites.
They derive from the differentiation of wupper mantle
transitional basalt parental magmas by fractional
crystallisation at shallow depth {e.g. BARBERI and
VARET,1970; de FINO et al,1973a). Similar rock suites in
the southern Red Sea (GASS et al,1973), 1Iceland
(SIGURDSSON,1967), Pantellaria (VILLARI,1974), the Azores
(SELF and GUNN,1976) and the Ethiopian rift (WEAVER,1976)
have also been explained by fractional crystallisation.
Alternative genetic hypotheses, such as crustal
contamination (e.g., BAILEY and MacDONALD,1978), gaseous
transfer (GIBSON,1972), or mixing (SCHILLING,1973), have
been shown to be untenable. For example, the scarcity of
pyroclastic products (BARBERI et al,1974) argues against an
origin by gaseous transfer, and Schilling's mantle plume
mixing model 1is incompatible with many structural and
geochemical features (see BARBERI and VARET,1975). Samples
from Afar axial volcanic ranges give uniformly low 87Sr/86sr
ratios (3.70328 to 9.70410) (BARBERI et
al,1970,1975b,19849; GASS,1978; MOHR,1971c; FERRARA and
TREUIL,1974). The ratios are constant throughout
basalt-comendite sequences. These observartions indicate a
mantle origin without crustal contamination.

Conclusive evidence in favour of fractional
crystallisation comes from the 1linear correlation between
pairs of hygromagmatophile (alternatively called

‘incompatibleﬂ or 'residual) elements, whatever the
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crystallising phase (TREUIL and JORON,1975,1976). It has
been shown (FERRARA and TREUIL,1974) that only a fractional
crystallisation process can maintain unchanged the
concentration ratio of hygromagmatophile elements.
Moreover, commenting on detailed studies of the
fractionation process in the Boina Centre sequence (BARBERI
et al,1975b), TREUIL and JORON (1975) have given an
explanation of the "Daly gap" between basic and
hyperalkaline compositions, often invoked as an argument
against their generation from a single initial melt by a
simple fractional «crystallisation process (e.g. for Afar,
RASCHKA and MULLER,1975). Strong oxygen fugacity (f03)
variations, as deduced from europium behaviour, occur in the
domain 4.35 > £ > £.25, where £ is the fraction of the
initial composition formed by the residual liguid. This f0j
variation "seems to be a general property of hyperalkaline
series. It underlines the absence, at this stage of
evolution, of an fO0y 'buffer' (French: 'tampon';, which can
explain how the crystallisation of a relatively small amount
of solid can lead to important modifications in the
properties of the 1liquid" (TREUIL and JORON,1975, present
author's translation). Lava types corresponding to this
transition are therefore scanty. The sudden rise in f03 may
initiate rapid crystallisation of Fe-Ti oxide minerals
(WEAVER,1976) .

Compositional variations between magmas exist
throughout their differentiation series and are due to

different initial melts rather than to varying fractionation




conditions. This has been well demonstrated from major and
minor element analyses of Erta Ale and Boina series lavas
(BIZOUARD et al,1976). Any parameter of the magma which is
not modified during the course of fractional crystallisation
is characteristic of the parental ligquid composition and
thus reflects the nature of the wunderlying upper mantle.
Afar rock suite analyses have wutilised several such
parameters (TREUIL and JORON,1975). Figure 1.4.3 is an
example of the variation of a Ch+/Ch- ratio, where Cht, Ch-
are respectively concentrations of strongly and weakly
hygromagmatorhile elements. Tholeiites are characterised by
low Ch+/Ch- ratios, and strongly alkaline suites by raised
ratios. The figure thus shows clearly the linkage through
Afar of the Red Sea and Gulf of Aden spreading zones.
Cht/Ch- increases with distance from the active spreading
zones, and is inversely proportional to the spreading rate.
Note that Fiqure 1.,4.3 has no radial character, as required
by SCHILLING's (1973) mantle plume model. On the contrary,
the most tholeiitic samples within Afar are found at the
proposed hotspot centre (Manda Hararo). Major element
geochemistry leads to the same results (e.g.
Ko0/ (K20 + Na20)) molecular ratios, BARBERI and VARET,1977,
fig.7).

It is well known that mid-ocean ridge tholeiites are
characterised by 1light rare earth element (REE) depletion.
TREUIL and JORON (1976) have plotted on a
Masuda-Coryell-Winchester diagram the relative abundance of

REEs in mantle-derived material from Afar, Iceland and a
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FIGURE 1.4.3

VARIATION OF THE TANTALUM/TERBIUM RATIO FOR VOLCANIC
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typical oceanic region (Famous, Azores). Their results show
that the tholeiites derive from melting of a mantle zone
already very depleted in light REEs.

The faster spreading axial ranges in Afar (Asal
(DELIBRIAS et al,1975); South Erta Ale (BARBERI and
VARET,197@; BARBERI et al,1978); Manda Hararo) show basalts
compositionally more similar to mid-ocean ridge tholeiites,
although they never reach such low TiOy content as ocean
basalts (RASCHKA and MULLER,1975). Other axial ranges (e.g.
Boina; Manda Inakir (de FINO et al,1973a)) are relatively
enriched 1in 1light REEs. The Asal rift is topographically
very similar to mid-ocean ridges (HARRISON et al,1975;
NEEDHAM et al1,1976), but important geochemical variations
occur within it (e.g. of Th/Ta ratios, TREUIL and
JORON,1976) corresponding to the decrease 1in age of the
basalts towards the rift axis.

These variations are explained by the very early stage
of oceanic rift evolution, during which melting occurs of
mantle 2zones of slightly different composition. Detailed
analyses indicate either an increased rate of melting or
melting at shallower depths (STIELTJES et al,1976). BARRERI
et al (1988) favour the latter interpretation because

875r/86sr ratios, although 1low (see above), are slightly

more radiogenic than those from the Red Sea, Gulf of Aden
and most mid-ocean ridges (9.7022 to ©#.7035, HOFFMAN and
HART,1978). A vertically zoned upper mantle is implied,
more radiogenic in 1its  upper ©parts, although the normal

distribution of Afar 1isotope ratios =suggests that their




source regions are fairly homogeneous on a regional scale.

Transverse (NE-SW) structures are generally considered
to occur only on the Afar margins, and have been shown to be
analogous to oceanic fracture zones (BARBERI et al,1974a) .*
They are petrologically quite distinct from the axial
ranges, and are characterised by alkali basalt volcanism and
the common occurrence of wultramafic xenoliths of mantle
material. Their alkaline affinity 1is shown by abundant
potassium, titanium and phosphorus and by large, highly
charged cations (BARBERI and VARET,1977). They are often
related to offsets of the NNW - NW axial ranges and of the
Ethiopian Plateau escarpment, and are demonstrably analogous
to Atlantic fracture zones (BARBERI et al,1974). However,
they are also observed on the eastern margin where no active
NNW - NW tectonics occur.

The most studied marginal volcanics are the Ma'alalta
(or Pruvost) range to the west (BARBERI et al,1970) and the
Assab (de FINO et al,1973b; CIVETTA et al,1975a; OTTONELLO
et al,1975,1978) and Gufa (MARINELLI and VARET,1973)
structures to the east. Other marginal structures are
listed by BARBERI et al (1974). Predominantly alkali
basalts from the Zukur-Hanish islands (GXSS et 2l,1973),
whose dominant structural lineament 1is NE - SW, strongly
suggest a continuation of 2far transform faulting into the
Red Sea.

- - — - - O —— — — — — — . e e . = . . R e e G e et = - = - —— -

However, CHRISTIANSEN et al, (1975, fig.8) show
currently active "zones of fissural basaltic activity" in
five NE -~ SW parallel zones of Central Afar, with minor
extension,




frequently having summit calderas and associated with acid
lava domes and flows, ignimbrite sheets, pumice beds and
basalt lava fields. Their petrology and varying strontium
ratios have suggested formation by a crustal contamination
process. Direct <crustal melting has also been proposed
(BARBERI et al,l1972a), but recent geochemical studies are
interpreted in terms of fractional «crystallisation of
alkaline upper mantle magma which is at some distance from
the active spreading zone and thus deeper and less depleted
than that giving rise to the tholeiites (OTTONELLO et
al,1978). This explanation of their genesis is also more
acceptable for xenolith - alkali basalt associations found
elsewhere in the Red Sea (El Shazly and Sheely, 1972, in
OTTONELLO et al,1978; HUTCHINSON and GASS,1971).

The Afar stratoid series was emplaced through fissures
parallel to the general tectonic trend. The series is
deeply affected by 1intense extensional faulting, commonly
with block tilting. Normal faults show throws of upwards of
150m, Faulting and tilting were contemporaneous with
emplacement of the series (BARBERI and VARET,1977), and the
fault pattern reflects continuous tectonism during the past
4 Myr. This corresponds to the most recent (axial trough)
stage of oceanic spreading in the Red Sea and Gulf of Aden,
The major rock types are transitional and alkali basalts.
Alkalic rhyolites are found mainly in the upper part of the
series, both related to fissural activity and as products of
central volcanoes which characteristically occur at the

intersection of different fracture trends,




The nature of the underlying material cannot be
determined. Rhyolites are more abundant than on ocean
floors, but this need not indicate a continental crust. It
can be satisfactorily explained by a slow extension rate
permitting mantle-derived magmas to rest and differentiate
in magma chambers. It is likely that the stratoid series
basalts were emplaced in a similar manner to the Recent
axial basalts, through feeding fissures. TREUIL and VARET's
(1973) trace-element geochemical studies have led them to
relate lateral compositional variations in the stratoid
series to different degrees of partial melting, but again
the nature of the underlying crust is not indicated,

In South West Afar the predominant direction of
faulting is NNE, the trend of the East African rift,.
Plio-Pleistocene faulting occurred over the full width of
South West Afar, although faults are obscured in places by
thick sediments from the Pleistocene lacustrine hasin which
existed between 90 49'N and 110 49°'N, preceding the
formation of the 1Issa and Tendaho graben (CHRISTIANSEN et
al,1975). Farther south, the volcano-tectonic evolution of
the Main Ethiopian rift has been reviewed by MEYER et al
(1975). A major faulting phase dated at 1.8 to 1.6 Myr |is
held to mark the onset of a transition from continental to
incipient oceanic rifting, This is consistent with
SCHAEFER's (1975) observations of the Issa and Herta Ale
graben in southernmost Afar, where spreading has begun only
in the Pleistocene.

MOHR and WOOD (1976) have examined volcano spacings
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along the Main Ethiopian rift and elsewhere in Afar in the
light of VOGT's (1974) proposal that wvolcano spacing |is
approximately egqual to lithospheric thickness. They infer
crustal thicknesses of 280 to 35 km all along the Main
Fthiopian rift, 18 to 25 km below Dubbi and 16 km below Erta
Ale. These figures are comparable to those from other
eviaence (Section 1.5). The volcano spacings also show a
direct relationship to the age of the volcanoes, the
youngest being associated with the «closest spacings and
thinnest crust. This is consistent with the concept of
progressive lithospheric attenuation.,

In summary, the volcanism of Afaf spotlights the
processes of tectonic evolution active during the past 4
Myr. The Afar stratoid series, underlying most of central
and southern Afar, reflects repeated episodes of extensional
faulting and tilting throughout this period.

The axial basaltic ranges are analogous to oceanic
ridges, Their products can be completely explained by a
process of fractional crystallisation within the crust of
basalic magmas originating in the upper mantle. Analysis of
suitable chemical parameters indicates directly the
composition of the wunderlying upper mantle and, through
comparison with results from oceanic ridges, the position,
evolution and current activity of the spreading axes.
Shield volcanoes, erupting differentiated lavas, indicate a
decrease in spreading rate or cessation of spreading.

Transverse volcanic structures of the Afar margins show

alkali basaltic volcanism, indicating a deerer mantle source




and a lower degree of partial melting than the axial
basalts. They are analogous to oceanic fracture zones.
Their orientation is typically NE-SW or ENE-WSW, and some
continue into the Southern Red Sea.

The volcanological data are more complete than those so

far obtained from geophysical investigations,

1.5 Evidence for Crustal and Upper Mantle Structure

1.5.1 Regional Seismic Studies

Seismic structural studies are based on observations of
seismic wave propagation. Earthquakes - are the most
widely-occurring high-energy sources for such studies.’

Away from the rift zones, Africa has a 1lithospheric
structure similar to that of other continental shield areas:
that is, a crust of thickness 35 to 45 km overlying an upper
mantle characterised by high (8.8 to 8.1 km sec-l for
P-waves) seismic velocities. This is inferred from surface
wave dispersion studies (e.g. BLOCH et al,1969; GUMPER and
POMEROQY,1978); and, in Southern Africa, from refraction
studies (WILLMORE et 2l,1952; HALES and SACKS,1959).

Large positive P-wave travel time residuals are
observed near the rifts (e.g. LONG and BACKHOUSE,1976),
indicating lowered seismic velocities. AAE has the largest
delay associated with any WWSSN station (LILWALL and
DOUGLAS,1970), approximately +2.7% @.3 sec (95% confidence
limits) relative to Bulawayo (SUNDARALINGAM,1971).

Surface wave dispersion technigues have also been used




to study the lithosphere of the rift zones. At short
periods, reflecting crustal structure, the Rayleigh wave
dispersion curves for paths which have sampled the East
African rift (SUNDARALINGAM,1971; LONG et al1,1972,1973) are
similar to those found for the rest of Africa (GUMPER and
POMEROY,1978). For waves of longer periods, which penetrate
the upper mantle, significantly lower velocities have been
found. Rayleigh and Love wave phase velocity dispersion
curves can be inverted to give shear-velocity structural
models. For the path AAE-NAI, KNOPOFF and SCHLUE (1972)
have found S, velocities between 4,25 and 4.45 km sec-l
extending to a depth of 120 to 2@0# km. These velocities are
about 10% lower than the 'normal' African values given by
Gumper and Pomeroy.

Seismic waves that have traversed the major rift zones
show abnormal propagation features. Specifically, S, and Lqg
are severely attenuated across the African rift zones north
of the equator (GUMPER and POMEROY,1970), indicating a 'gap'
in the 1lithosphere. This important result 1is strongly
supported by gravity observations (Section 1.5.4).

The accumulated evidence establishes beyond reasonable
doubt the existence beneath the Ethiopian and East African
rifts of mantle material of anomalously low Q and low
seismic velocity. A raising of the
lithosphere-asthenosphere boundary is implied. This may be
either a cause or an effect of domal uplift (Le BAS,1971;
GASS,1972a,1975). Its relevance here is its influence on

current magmatic processes in Fthiopia.




1.5.2 Local Seismic Studies

The structure beneath AAE has been studied from
spectral response ratios of long-period body waves from two
Hindu Kush earthguakes (BONJER et al1,1970). Assuming a
two-layered crust with P-wave velocities of 6.0, 6.7
km sec-1, a Moho depth of 38 km was inferred with normal
upper mantle beneath (Figures 1.5.1,1.5.2). In a later
paper (MUELLER and BONJER,1973) a better fit to the
experimental data was achieved by adopting the Moho depth
given by SEARLE and GOUIN (1971a). Searle and Gouin
examined local earthquake phases recorded at AAE.
Constructing a P, travel-time curve, they deduced an upper
limit for the <crustal thickness of 48% 5 km, assuming a
homogeneous crust of velocity 6.3 km sec-1 above an
isotropic upper mantle velocity of 7.95 km sec~1l. MAKRIS et
al (1975) have asserted that Searle and Gouin "added to the
crustal thickness that part of the upper mantle with P, less
than 7.95 km sec-1",

Surface-wave group velocity dispersion curves for Gulf
of Tadjoura earthquakes recorded across Afar at AAE are best
fitted to structural models intermediate between typical
oceanic and typical continental. A P-velocity of 7.2 to
7.6 km sec-l below about 17 to 21 km depth is suggested
(SEARLE,1975), In all Searle's models Poisson's ratio
increases with depth from 0.25 at the surface to €.27 or
.29 at about 20 km. An earlier surface wave dispersion
study (JONES,1968) had deduced a predominantly continental

Afar crust, but did not fit numerical models to the data or




KEY TO FIGURE 1.5.1

MODELS OF THE CRUSTAL STRUCTURE OF AFAR

AND ITS MARGINS

Bracketed velocities shown on the profiles are for S-waves.

All other velocities are for P-waves. Units: km sec-1

(a)-(d) after BERCKHEMER et al (1975)

(a) profiles II and III (Mille to Awash Station) (SW Afar)

(b) profile IV (Assab to Asayita) (E Cent Afar)
(c) profile V (Asayita to Afrera) (N Cent Afar)
(d) rprofile VI (Afrera to Dallol) (N Afar)

(e)-(g) after RUEGG (1975a,b)
(e) profiles 2 and 5 (Djibouti to Lake Abhe)
(SE Afar, S of Gulf of Tadjoura)
(f) profile 4 (Obock to Lake Abhe)
(SE Afar, N of Gulf of Tadjoura)
(g) profile 7 {Moulhoule to Matgoul)
(E Afar margin)
(h)-(i) after SEARLE (1975)
(h) model 130N

(1) model 125G

(j) after BONJER et al (1970)
(k) after MUELLER and BONJER (1973)
(1) after SEARLE and GOUIN (1971a)

Note the different scale of models (j) to (1)
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MODELS OF THE CRUSTAL STRUCTURE OF AFAR

AND ITS MARGINS
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allow for the significant part of the wave path that lies
across the Western Ethiopian plateau. Searle's study
corrects for this by assuming for the plateau a normal
continental structure, but inevitably a further degree of
uncertainty is introduced into the Afar crustal models.

SEARLE and GOUIN (1971a,1972) found no evidence for
S~-wave attenuation across Central and Southern Afar; nor for
the path Gulf of Tadjoura - AAE; nor across the southern
Danakil Depression along a path <crossing 200 km of Afar
(Figure 1.5.3). Sn is not propagated across the northern
Danakil Depression, the Red Sea or the Gulf of Aden. Their
tentative S, velocity, 4.29* 0.04 km sec™l, corresponds to
an anomalously high Poisson's ratio of 0.294% p9.006,
indicating abnormally hot and plastic upper mantle. Lg was
well propagated across Afar and well seen at AAE even from
the Red Sea axial trough, 1implying that there is little
oceanic crust in the Western Red Sea. Lg was not seen from
the Gulf of Aden east of 450f,

From the 1969 Serdo earthquakes DAKIN et al (1971)
report that both Lg and Rg were unusually well recorded at
AAE. Unfortunately, the authors do not describe how the
phases were identified. Rg is a wvertically polarized
crustal channel wave. Its successful propagation across
Southern Afar 1implies a crustal thickness of at least one
wavelength, in this case 2@ to 25 km, which is inconsistent

with an oceanic crust,




FIGURE 1.5.3

EFFICIENCY OF S, TRANSMISSION ACROSS AFAR

(after SEARLE and GOUIN,1971a)
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Closed circles and full lines: events from which Sp was
clearly received at AAE,

Open circles and dashed lines: events from which S, was
not observed.




1,5.3 Seismic Refraction Studies in Ethiopia and Djibouti

Seismic refraction profiles in Ethiopia (BERCKHEMER et
al,1975) have yielded more detailed crustal information.
Beneath the Ethiopian plateau west of Addis Abeba a typical
continental shield sfructure was observed: 38 km of crust
overlying an upper mantle with a clearly identified
P-velocity of 8.0 km sec-l. The crust was found to thicken
towards the Afar marginal escarpment, in accordance with
MAKRIS et al's (1975) inferpretation of gravity
observations,

Beneath Afar an intermediate crust was found. The data
were best fitted by a three-layered crustal velocity-depth
structure above a fourth layer of P-velocity 7.3 to
7.7 km sec-l which was interpreted as anomalous upper
mantle. The depth to layer 4 was 22 to 26 km in Southern
Afar, thinning to 16 km beneath the Danakil Depression. A
more sophisticated analysis, including examination of wide
angle reflections, suggested that the transition to layer 4
is not a simple first order discontinuity, and indicated in
Southern Afar a possible slight crustal velocity inversion
at a depth of 15 to 20 km.

The velocity-depth distributions for Berckhemer's
profiles are shown in Figure 1.5.1. The ubiquity of the 6.0
to 6.3 km sec-l P-velocity layer was interpreted as
indicating a highly attenuated continental crust even below
Northern Afar, composed of basement gneisses and granites
with intruded basaltic dykes. However, no xenoliths of such

continental material have been found in Afar volcanics. The
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rock type of the bulk of the crust cannot be determined from
its P-velocity of 6.6 to 6.8 km sec-l, which could be
attributed to metamorphic or to igneous rocks. Even in the
light of other geophysical data it has only been concluded
that "it must be a rather continuous series of rocks which
are feldspar-rich at the top and gradually become richer in
dark minerals (pyroxenes, amphiboles) in the lower parts"
(GEHLEN et al,1975%5).

Seismic refraction studies <carried out in South East
Afar and around the Gulf of Tadjoura (LEPINE et al,1972;
RUEGG,1975a,b) have given generally lower velocities than
Berckhemer's (Figure 1.5.1). Ruegg's layers 1 and 2 are
equivalent to Berckhemer's 1layer 1 (Berckhemer's stations
were more widely spaced), and Ruegg's layer 3 to
Berckhemer's layer 2. However, below 6 to 10 km layer 4,
with a P-velocity increasing gradually from between 6.7 and
6.9 km sec-l to 7.4 km sec~l at approximately 20 km, is
interpreted by Ruegg as anomalous upper mantle, consistent
with LAUGHTON and TRAMONTINI's (1969) interpretation for the
Gulf of Aden and DRAKE and GIRDLER's (1964) for the Red Sea
axial trough.* Mantle P-velocities of 8.8 km sec-l were
not observed even on profiles 25@¢ km 1long, and cannot
therefore occur above 35 km depth,

Ruegg's layer 3 and layer 4 P-velocities are

*Drake and Girdler found seismic P-velocities of 5.5
to 6.4 km sec-l away from the axial trough, which they
attributed to continental basement. TRAMONTINI and DAVIES
(1969) observed 6.6 km sec~l outside the axial trough at
220N. This is too high to be continental basement and was
referred to a body of coarse-grained, basic igneous
material, typical of oceanic layer 3.




systematically 6 to 15% slower than those for normal oceanic
crust, and become progressively lower towards the Gulf of
Tadjoura spreading axis (RUEGG,1975a, fig.29c).
Exceptionally high values for Poisson's ratio (Table 1.5.1)
support an interpretation in terms of upper mantle partial
melting, although it «c¢ould be argued that such melting
should hinder S, being observed at all. P and S arrivals
from earthquakes in the Gulf of Tadjoura are strongly
attenuated when they have travelled for 58 km or more along
the rift axis, but S, 1is well seen on most explosion
profiles. BERCKHEMER et al (1975) do not mention S-arrivals
from their shots, but state that "no suspicious Poisson's
ratio is found" in the 6.8 to 7.8 km sec~l layer. A local
earthquake fortuitously recorded in north Central Afar gave
an average value of o= 2.27*0.015 for 6 to 15 km depth.

Ruegg considers his layer 3 (6.8 to 6.5 km sec-l) too

thin to be due to attenuated continental <crust.
Berckhemer's corresponding layer, interpreted as
continental, is sometimes no thicker. However, the

difference between Berckhemer's and Ruegg's results |is
apparently more than one of interpretation. Ruegg finds no
discontinuity within his layer 4 that could correspond to
Berckhemer's postulated crust-mantle boundary. Ruegg
observes extremely high values for Poisson's ratio, whereas
Berckhemer's are normal.

Ruegg's data strongly support the assertion that North
Tadjoura 1is an oceanic accretion on to the Arabian plate

(MARINELLY and VARET,1973; BARBERI and VARET,1975) rather




TABLE 1.5.1 VALUES FOR PQOISSON'S RATIO WITHIN AFAR

SOURCE POISSON'S RATIO DEPTH (KM)
SEARLE and GOUIN (1971a) 0.294 1 0.0A96 below 48
MUELLER and BONJER (1973) 2.264 below 48
SEARLE (1975, model 136N) @.245 g-3
9.250 3-8
0.273 8-20
0.287 below 20
SEARLE (1975, model 125G) ?.258 2-1
g.258 1-3
2.273 3-5.4
2.270 5.4-15.5
@.292 below 15.5
BERCKHEMER et al (1975) .27 ¥ @0.015 6-15
RUEGG (1975a,b)* 0.267-0.284 layers 1,2 (B-4)
3.267-0.315 layer 3 (3-9.5)
3.267-9.339 layer 4 (6.5 and below)

*values for Poisson's ratio are taken from RUEGG's histograms (1975b,fig.2c).
Refer to profiles of Figure 1.5.1 for details of layer depths.
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than a southerly prolongation of the Danakil block.
However, if South East Afar and the Gulf of Tadjoura are
floored by oceanic crust it is hard to accept that elsewhere
in Afar, even below the axial volcanic ranges, there exists
a strongly attenuated crust with only 1limited basaltic

intrusions.

1.5.4 Other Geophysical Data

The seismic evidence discussed above indicates that
Afar is underlain by low-velocity, anomalous upper mantle,
probably at an abnormally high temperature. This view is
further supported by magnetotelluric measurements (BERKTOLD
et al,1975). Typical continental crust and upper mantle has
a high resistivity, of the order of thousands of ohm metres,
at depths down to about 70 km. Below Afar, apparent
electrical resistivities of 10 to 50.Nm are found at 15 km
depth. Similar conductivity anomalies have been discovered
in other tectonically active areas, notably Iceland
(HERMANCE,1973) and the Gregory rift (ROONEY and
HUTTON,1977) . On the basis of resistivity-temperature
relations deduced from laboratory experiments on a variety
of rock types, the low resistivities are referred to
abnormally high temperatures (8080 to 120@0C, derending on
the petrology), consistent with upper mantle partial
melting.

A degree of partial melting beneath Afar is consistent
with the hypothesis of shallow magma chambers containing

differentiating upper mantle material (BARBERI and




VARET,1975,1977), but this would be a local effect,
Widespread partial melting would result in raised Poisson's
ratios and S-wave attenuation, <contrary to BERCKHEMER's
(1975) seismic observations.

Beneath the Western Ethiopian escarpment the inferred
temperature is even higher, unless the melting point Iis
lowered by volatiles. Apparent resistivity decreases with
increasing period, contrary to normal behaviour for
continental-type crust, indicating that the
high-conductivity region observed below Afar ~continues at
greater depth below the escarpment. This is further
evidence for a highly anomalous upper mantle. The western
boundary of the resistivity anomaly is unknown, since no
magnetotelluric measurements exist from the Western
Ethiopian plateau. Beneath the South Eastern plateau the
long-reriod resistivity values are as high as for typical
continental crust.

The dominant feature of the Bouguer gravity anomaly map
of Africa (FAIRHEAD,1979; BROWN and GIRDLER,1988) is a broad
negative anomaly associated with the East African rift
system, Beneath Ethiopia 1t reaches -24¢ mGal (-2400 gu)
and has a width of about 1000 km. Such an anomaly must be
caused by a large region of low-density material at depth.
It could be due either to crustal thinning
(e.g. SOWERBUTTS,1969, model 1), or to the presence of a
large 'cushion' of very low density material beneath the
rift (SOWERBUTTS,1969, model 2), or to thinning of the

lithosphere (SEARLE,1978). BROWN and GIRDLER (1988) follow




the 1last interpretation. They assume a 'standard African
lithosphere' 100 km thick, with a Moho depth of 36.2 km.
The broad, negative Bouguer anomaly is interpreted as being
due to variations in lithospheric thickness rather than to
compensation at the base of the crust.

To satisfy the gravity, the whole of the upper mantle
part of the lithosphere has to be thinned away beneath much
of the Ethiopian and Kenyan rifts, and some of the crust
beneath the rift floor. The required degree of thinning
increases from south to north,. Perpendicular to the
Ethiopian rift at about 80N the upper mantle part of the
lithosphere is absent for a width of 350 km. Even allowing
for uncertainties in the 1lithospheric model, the results
show impressive agreement with the conclusions derived above
from regional seismic and magnetotelluric studies.

Gravity data for Afar and surrounding areas have been
presented in a series of papers by MAKRIS et al (1979, 1972,
1973, 1975) (Figure 1.5.4), 1incorporating wearlier results
summarised by GOUIN (197@). Negative Bouguer anomalies
occur beneath the Western Ethiopian and South Eastern
plateaux, where a <continental crust is expected. The
Western Ethiopian plateau is the more negative, the maximum
negative anomaly 1lying below the western margin of the
Western Ethiopian escarpment. MAKRIS et al (1975) interpret
this to indicate crustal thickening towards the rift, but in
view of the seismic and magnetotelluric results BROWN and
GIRDLER's (1980) interpretation in terms of differing upper

mantle densities is to be preferred.




FIGURE 1.5.4

SIMPLIFIED BOUGUER GRAVITY ANOMALY MAP OF AFAR

(after MAKRIS et al, 1975)
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Within Afar the gravity field 1is 1largely flat and
featureless, particularly in and around the Tendaho graben
(SEARLE and GOUIN,1971b), the area of the present study.
Small gravity maxima delineate the Erta Ale volcanic range
in the Danakil Depression, and the Herta Ale and Issa graben
in South West Afar. Like the axial positive anomalies over
the FEast African rifts (e.g. KHAN and MANSFIELD,1971, for
the Gregory rift) they are attributed to basaltic intrusions
into the lower-density crust. The gravity maximum
coincident with the Asal rift is less marked, although the
evidence already presented has shown clearly that this area
is undergoing currently active crustal spreading. A small
maximum exists east of Serdo, perhaps related to a localised
magnetic anomaly in the same area (COURTILLOT et al,1980).
It has no surface topographic expression. It is difficult
to assess the effect of light volcanics in this region.

The gravity data of themselves do not permit detailed
conclusions as to the nature of the Afar crust. They have
been shown to be —consistent with wvery attenuated and
partially oceanised crust, as thin as 5 km in Northern Afar
(MAKRIS et al,1972); and with an attenuated continental
crust throughout, of thickness 14 to 22 km or greater
(MAKRIS et al,1975), in harmony with BERCKHEMER's (1975)
seismic refraction profiles. Such ambiguity 1is inherent in
gravity interpretations.

HALL (1978) has prepared a total intensity magnetic
anomaly map from 76 aeromagnetic profiles flown over Afar in

19568 at altitude 68080 ft with 14 km spacing. The original




interpretation was in terms of "most impressive" anomalies
trending WSW from the Gulf of Aden across Southern Afar to
the Western Ethiopian escarpment (GIRDLER,1978¢; GIRDLER and
HALL,1972). Girdler may have been influenced by the
hypothetical seismic 1line of the same trend, postulated by
FAIRHEAD and GIRDLER (1972) but not supported by more recent
geophysical evidence, except for the observed preference
direction of an induced electric field (BERKTOLD et
al,1975).

BRARBERI and VARET (1975,1977) have reinterpreted Hall's
map to show short NW- and NNW-trending magnetic lineations,
which have been dated back to anomaly 2 ©positive*, The
dates are consistent with radiometric age determinations.
If real, these lineations strongly suggest that widespread
oceanic spreading has been occurring in North and Central
Afar since 4.5 Myr, as in the Southern Red Sea.

The evidence is by no means conclusive, Recent results
from other areas have shown that the magnetic structure of
the oceanic «crust is much more complex than had previously
been realised (e.g. BULL. G§OL. SOC. FR.,1976; JOHNSON and
MERRILL,1978). A new aeromagnetic survey over land in SE
Afar (altitude 2000 m, 54 N-S lines with 5 km spacing) has’
yielded "low amplitude (< 200 nT), longer-wavelength (48 to
50 km) anomalies ... more randomly organized and somewhat

*Anomaly 4 (age 7 My), shown 1in North Tadjoura by
BARBERI and VARET (1975, fig.l), has been deleted from the
otherwise identical maps of VARET and BARBERI (1976, fig.2a)
and BARBERI and VARET (1977, fig.13). These fiqures also
show WNW-trending magnetic lineations in Southern Afar which
have no other geophysical or geological justification.




typical of continental anomalies" (COURTILLOT et al,198@).

1.6 Summary

Many data have been presented which show the existence
of an anomalous, low-velocity, high-temperature upper mantle
beneath most or all of Afar. What they do not show 1is the
depth of the crust-mantle transition,

‘There is abundant evidence that the basaltic axial
ranges of Afar are spreading segments of new oceanic crust.
Only KURSTEN (1975) has recently contested this view. In
Southern Afar the autochthonous position of the Aisha block
geometrically proscribes the formation of any significant
amount of oceanic <crust by NNW-SSE or NW-SE sea~floor
spreading. Detailed geophysical investigations in this area
have been few, The magnetic anomaly maps of BARBERI and
VARET (1975,1977) suggest crustal spreading in a NNE-SSW
direction, but the weight of other evidence has been shown
to favour attenuated continental crust,

It 1is generally accepted that the Danakil block has
undergone 100 to 300 of anti-clockwise rotation with
respect to the Western Ethiopian plateau. This is attested
by palaeomagnetic (BUREK,197¢,1974,1978; SCHULT,1975) and
other evidence, It follows that major crustal extension
must have taken place across Northern and Central Afar, It
is a major unresolved problem to what degree this extension
has been accommodated by attenuation of continental crust,
and to what degree by emplacement of new oceanic crust.,

A second major problem is that of recognising the major




plate boundaries within Afar. It is widely agreed that the
Asal rift in South East Afar is the western extension of the
Gulf of Aden spreading axis; and that the Erta Ale range in

'en échelon' continuation

the Danakil Depression marks an
into Afar of the Red Sea trend. 1In the crucial intermediate
area of Central Afar, which is macroseismically very quiet,
the prospective line of major rupture is contested.

The present study of 1local earthquakes throws some
light on both problems. Arrival time data have enabled the
construction of a crustal and uppermost mantle model for
South-Central Afar, and the degree of seismic wave
attenuation has been investigated. The spatial and temporal
distribution of the earthquakes, and their source

parameters, have provided information on -the 1local stress

fields and current activity.




CHAPTER 2

THE ETHIOPIAN SEISMIC PROJECT: DATA ACQUISITION

2.1 Synopsis of the Project

The data derive from a feasibility study undertaken by
the Fthiopian Awash Valley Authority, in connection with a
proposed dam across the Awash river at Tendaho in
South-Central Afar. A seismicity study was sub-contracted
to Durham University as part of the site linvestigation,
Political unrest in FEthiopia caused the <contract to be
terminated prematurely.

The objectives of the study, referred to as the
Fthiopian Seismic Project (ESP), were:

(1) to predict the likely distribution and magnitudes
of earthquakes in the wvicinity of Tendaho during the
expected lifetime of the dam, and in particular to detect
local events which might indicate active faults close to the
dam site. The 1969 swarm of destructive earthquakes,
teleseismically located near Serdo, had demonstrated the
likelihood of potentially damaging activity.

(2) to estimate the ground response of the site to
earthquake motions, For this purpose a station was placed
at the dam site. The specific information required was an
estimate of expected ground acceleration at site.

No seismic stations had previously been operated within
Afar, The seismicity was poorly known from the few events

recorded at teleseismic distances (Section 1.4), and from




local historical non-instrumental records (GOUIN,1979),

The first stage of the experiment employed 4 widely
spaced stations (separations approximately 50 km, see Figure
2.2.1) to obtain the overall pattern of local seismicity.
The stations were not originally conceived as a network, but
were intended to detect microearthquakes and to locate them
using three-component analysis, For a later, second stage
it was 1intended to install additional, <closely spaced
stations to study areas of particular interest. It was
considered especially important to identify the focal depth
of 1local events, 1information which is difficult to obtain
from teleseismic measurements.

The traditional problem in feasibility studies is to
obtain, in a realistically short time, sufficient data for
reliable 1long term probability estimates. Usually this is
done by extrapolating the magnitude~frequency relationship
obtained for small earthquakes. The mechanisms and
distribution of small events are not necessarily the same as
those of large destructive earthquakes. Estimates can be
obtained, however, and gross errors should be apparent after
checking the results against teleseismic observations of the
local seismicity.

Only the first stage of the ESP was realised before the
project was abandoned. The stations were operated from 1973
July 21 until 1974 September 27. The present study covers
the seven month period from 1974 February 20 (following the
recording adjustments described in Section 2.4.2) to 1974

September 27.




2.2 Siting of the Recording Stations

The recording network, centred on the proposed dam site
at Tendaho, consisted of 4 stations distributed widely
across the Tendaho graben. Individual stations were sited
on solid foundations wherever possible. Details are given
in Section 2.3.

Considerations of security and accessibility placed
very severe restrictions on the station sites.. For ease of
access the stations at Mille, Tendaho and Serdo were built
adjacent to the Combolcia ~ Assab highway, the only
all=weather road in the area. In retrospect, station Serdo
was too close to the highway, as passing oil tankers caused
ground vibrations which frequently saturated the recorder.,
Station Det Bahri was located about 2 km from the Det Bahri
cotton plantation, and could normally be reached by
Landrover. All stations were placed close to wvillages so
that local tribesmen could be employed to guard them.

The resulting network had an overall length of 88.6 km
from Mille to Serdo, but measured only 28.8 km
perpendicular to the Mille~Serdo axis (Figure 2.2.1). The
deficiencies of this configuration for locating earthquake
hypocentres are discussed in Chapter 4. The network's
detection capability could have been greatly enhanced by
placing an additional station on the stratoid basaltic lavas
north of Tendaho, at approximately 120¢4'N, 40057'E, but

such a station would have been impractical to guard.




FIGURE 2.2.1

GEOMETRY OF THE ESP STATION NETWORK
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2.3 The Geology of The Tendaho Graben

It is clear from 1its ©position within Afar (Figure
1.1.2) fhat the Tendaho graben is crucial for the solution
of the problems rosed in Section 1.6. The new structural
information obtained from ESP records throws light on the
structure of Afar 1in general, and in particular on
SCHAEFER's (1975) hypothesis that the Tendaho graben is
currently @ major spreading zone, This section describes
the geology of the Graben, with specific reference to the
ESP station sites.

The Tendaho graben (Figures 2.3.1, 2.3.2) is a
conspicuous, sediment-filled NW-SE trough 58 km wide and

100 km long. Intense NW-SE and NNW-SSE faulting occurs at

its margins (see also Figures 8.3.1, 8.3.3, 8.3.4 for
greater detail). The same trends are seen cutting Recent
volcanics on its floor, and are also inferred from

hydrothermal activity at Airobera and at Dubti Plantation
fUNDP,1973) ., Afar stratoid basalts on the western (Magenti
Ale) and eastern (Gamari) flanks have K-Ar ages of 3.9 to
3.2 Myr (BARBERI et al,1975a). The graben began to form
during the Pleistocene, by tensional faulting accompanied by
both basic and silicic volcanism.

Magenti Ale is a major structural boundary within Afar,
marking the most northerly expression of faults having the
NNE-SSW trend of the Main Ethiopian rift. The rift
terminates in the Tafeta and 2llallobeda graben (Section
8.7). These graben are sinistrally offset ‘en échelon’ from

the Issa graben, in contrast to the dextral offsets found




2.6
FIGURE 2.3.1
LOCATION MAP FOR THE TENDAHO GRABEN
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along the rest of the Ethiopian rift (Figure 2.3.2). In the
terminal Allallobeda graben both NW-SE and NNE=SSW fault
systems have been recently active, with structural evidence
that the NNE-SSW faults are in some places the younger
(UNDP,1973). Hot springs at Allallobeda have received
attention due to their geothermal potential (MARRIOTT,1969;
UNDP,1973; UN/ETHIOPIAN GOVT., no date). Their water is
chemically similar to that from a well just west of Serdo,
supporting the contention (TAZIEFF,1970) that the Tendaho
graben is underlain by a large aquifer.

The total thickness of sediments in the graben |is
unknown, but probably exceeds 100¢ m. TAIEB (1971) has
shown that Quaternary marine transgressions affecting North
and Fast Afar (ROUBET et al,1969; LALQU et al,1970; BONATTI
et al, 1971) did not reach the lower Awash valley.

Subsequent lacustrine sediments abound. Pure diatomite
was deposited in deep lakes in all the basins of Central
Afar from 35,000 to 28,000 years ago; and the Tendaho and
Ghobad graben were covered by a single, smaller 1lake from
11,000 to 6,000 years ago (GASSE,1975). Study of these and
of more minor lacustrine episodes (TAIEB,1971; GASSE and
ROGNON,1973; ROGNON and GASSE,1973; GASSE,1974) has shown
that neotectonic movements have been small, although
down=tilting of the Tendaho graben towards the east has been
inferred (GASSE,1974), and north of ILake Abhe deposits 1less
than 2,000 years old are disturbed by groups of open faults
(ROGNON, 1975, orientation not stated). Major 1lake level

variations are contemporaneous with those in Fast Africa and




in the South Sahara belt (GROVE and GOUDIE,1971), and are
governed by regional «climatic <changes rather than local
tectonism,

The majority of the 1igneous rocks exposed 1in the
Tendaho graben are flood basalts. The oldest sequence has
not been dated locally, but near Serdo and west of Det Bahri
it overlies rhyolites correlated with Gad'elu rhyolite dated
at #.34 Myr (UNDP,1973). Many volcanic centres within the
graben post-date the Lower Holocene lake, and all are cut by
NW&~SE or NNW*SSE faults. Examples include the shield
volcano Kurub, Da'Ore and the centres to its south east, and
the basalts north west of Asayita. The largest rhyolitic
massif, Boraule volcano, is elongated along a NW+SE axis.
Its lavas were probably extruded from a major NW=SE fault
whose surface expression is concealed by youhg sediments.

Several recently active volcanic centres have erupted
both basalts and rhyolites on different occasions, South
east of Da'Ore the rhyolite pre-dates the basalt, but the
rhyolitic volcano Amado Dome, the youngést in the graben,
has arisen over Recent basalt extrusions. Amado Dome may
have been the source of the destructive seismic activity,
associated with a volcanic eruption, recorded in Aussa in
1627, although Dama Ale has also been suggested (GOUIN,1979;
DAKIN et al,1971).

The geology of the station sites is significant in the
interpretation of reverberations caused by very shallow
structures (Chapter 7). The following notes are based on

the author's field observations, augmented by the local map




reproduced in UNDP (1973, fig.53) (see Figures 8.3.1,

8.3.3, 8.3.4).

Station MILLE was situated on stratoid basaltic 1lavas
approximately 1 km south west of Mille village. Less than
1 km to the east the basalts are overlain by Pleistocene
conglomerates and then by Quaternary alluvium, sand and silt
deposited by the Weranso and Awash rivers. One NNE=SSW and
three NNW+~SSE minor faults are mapped in the vicinity.

Station TENDAHO (Figure 2.3.3a) was sited on stratoid
basalts above the true left bank of the Awash river at the
proposed dam site. Quaternary deposits of the Awash flood
plain occur nearby to the north east. A line of fumaroles
and hot springs south east of the station trends NNW and is
associated with the major Logghia fault. A few fumaroles on
the Awash flood plain suggest that the fault continues 2 km
to the east of the station, where it 1is obscured by
sediments. Many other NNW=SSE faults occur locally,
downthrown to the east to form the graben margin. The
closest NNE=-SSW faults of the Allallobeda graben system are
8 km to the south south east.

Station SERDO was located in an area of intense NW-SE
faulting approximately 4 km east of Serdo village and north
east of the plain of Kurub, which <consists of water-lain
sediments of tuffaceous sand, gravel and clay. It was sited
on one of a series of ridges of highly contorted pink
rhyolite. "These ridges are long, parallel fault blocks,
trending N4gOW and tilted toward the south west, They

present a steep, almost vertical fault scarp toward the







north east and a gentle slope on the dip side" (DAKIN et
al, 1971) . 500 m north east of the station a band of loose
basalt boulders overlies the rhyolite, 3 km to the east
occurred the faulting, cracks and rockslides associated with
the 1969 Serdo earthquakes.

Station DET BAHRI lies on a small extrusion of
Quaternary rhyolite, bordered to south and west by stratoid
basalts exhibiting intense NW+~SE faulting. Hot ground
occurs 1 km to the east. 50 m to the north and east are the

Quaternary graben floor sediments.

2.4 Seismic Recording Equipment

2.4.1 Choice of Recording Equipment

The ideal recording system for the ESP would have been
a telemetrically~linked network, consisting of a number of
outstations linked to a single recorder and clock. A
telemetric network has several obvious advantages over
separately recording instruments. Such a system has been
used successfully by the IPG (Institut de Physique du Globe,
Paris) seismic project in Djibouti (LEPINE and
RUEGG,1973,1976 and pers. comms.), but was impractical for
the ESP for security reasons,. The auxiliary stations,
particularly their aerials, would have been too vulnerable,
and the employment of local tribesmen to guard them would
have afforded insufficient protection,

Again for obvious reasons, in this application

event-=triggered recording would have been preferable to




continuous recording. However, it would not have been
possible to set wup an automatic event detector so as to
avoid an excessive number of triggers by noise Dbursts.
Furthermore, weakly recorded events which might not trigger
an event recorder are useful in this study in cases where
they have been more strongly received at other stations.

It was consequently decided to use independent,
continuously recording stations, The equipment at each
recording site consisted of a three~component set of
Willmore Mk I! seismometers, a Durham=built seismic recorder
incorporating amplifier and time <code generator units, a
Grundig radio receiver and a power source (Figure 2.3.3b).
To ensure security, the sets of equipment were placed in
permanently guarded huts built of breeze blocks and having
steel doors. The huts were windowless, except for small
steel grilles placed as air vents just below roof level.
They were floored with concrete and roofed with corrugated
iron. The roofs were weighted with -sandbags to reduce
wind«induced seismic noise, which was initially excessive.

Equipment repairs were made at Dubti in the site
engineer's caravan, where a supply of tools and spare parts
was available, The caravan also contained limited test
facilities, including a storage oscillosceope and a

single-channel pen oscillograph,

'




2.4.2 The Seismic Recorders

The Durham seismic recorder has been described by
LONG,R. (1974Db). 1t is a F.M. recorder designed for use in
remote areas where portability and low power consumption are
desirable, coupled with the possibility of <continuous
unattended operation over periods of several days. It
comprises three separate modules (normally housed together):
tape unit; three~channel amplifier and frequency modulator;
and digital clock and time code generator. It incorporates
exhaustive checking facilities, which were routinely
monitored during station visits,

The tape transport is that of a Tandberg model 11
recorder, modified to run continuously at speeds of 9.085 or
P.1 in s=1 and to record through an eight=track head on to
quarter=inch magnetic tape. In this application the three
seismic channels were separated by blank tracks in order to
reduce possible "cross=talk", The three remaining tracks
were used to record a 100 Hz reference frequency, a radio
signal and a time code.

Initially, the tape transports used Scotch
Instrumentation Quality recording tape. The extremely high
temperatures (greater than 1200F) inside the recording huts
caused a loosening of the oxide coating on the tape. This
not only impaired the quality of the records, but made the
tape guides so sticky that the tape would ultimately twist
over or stop. The problem was resclved in February, 1974,
by wusing a different brand of tape, Agfa~Gevaert triple

play. The tape speed initially used was @.05 in s—1,




Shortly after the introduction of the Agfa tape the speed
was increased to 9.1 in s®*l, further improving the recording
quality. With tape reels 36080 ft long this should give a
running time of exactly 5 days, but in practice each tape
was found to last for approximately 4.8 days only.

The most frequent cause of poor quality recording was
worn or misaligned tape heads. Once the supply of spare
heads in Fthiopia was exhausted it was necessary to re+«use
the least worn of the previously discarded heads. Alignment
of the record head is critical, and site engineers did not
always take sufficient care. On two recorders the positions
of the tape guides were moved, so that the tape ran unevenly
over the heads. Faulty record head alignment was shown by
loss of recorded signal strength on one or other of the
outside channels (E=W seismometer and time code), apparent
from routine field <checks (Section 2.5); and by time
differences between the recorded tracks which had to be
compensated on playback. The problem has been reduced on
the current version of the seismic recorder by fitting
non*adjustable tape heads.

Minor difficulties involving the tape units included
the slackening of springs controlling the tension of the
teflon brake pads, causing excessive wear on the latter; and
wear on one set of rubber tape driving belts due to initial
misalignment,

Radio and time code are also recorded in F.M. mode,
The frequency modulated forms are obtained by allowing the

code pulses to switch the carrier frequency between 50 Hz




and 100 Hz. Both recorded channels thus have a binary
character. On playback in Durham the 50 Hz and 100 Hz
frequencies correspond to binary ¢ and 1 respectively, so
that sharp-edged time code and G.M.T. pips are produced.
Both frequencies are derived from the «clock, as is the
199 Hz reference frequency. The reference frequency is used
for flutter compensation on playback (see Section 3.2 and
Appendix 3). In part of this work it 1is also wused in a
servo loop to maintain the replay speed at a constant
multiple of the recording speed.

The source for the clock frequencies and time code is a
thermally compensated 5 MHz <crystal oscillator with a
nominal stability of one part in 106, Clock drift may arise
from inexact adjustment of the crystals' frequencies in the
laboratory prior to setting up the experiment, or from
‘alteration of their fundamental frequencies due to ageing.
There is no necessity for highly accurate clocks, provided
their drift is linear and they can be calibrated against an
absolute time reference, The clocks at Serdo and Tendaho
lost approximately 0.5 s day~l, while the Det Bahri and
Mille clocks drifted at about 1.0 s week+l, The features of
the time code are explained in Section 3.9.

The amplifier wunit contains three amplifiers set
electronically to the same nominal gain, adjustable over the
range 10@¢ to 51200 1in ten stages of approximately x2, so
that a gain setting 'n' corresponds to a gain of 1@@x2n
(0 £ ng 9. This system allows the amplifier gain setting

(which is logged within the time code) to be altered in the




field to accommodate variations in the level of ambient
seismic noise and/or expected seismic signal.

In the initial search for microseisms the amplifier
gains were set to gain 9. In February, 1974, the gain was
decreased by a factor of 4 to gain 7. This not only reduced
noise interference but also increased the high frequency
cut-off (Figure A3.1, Appendix 3). After amplification the
seismic signals are used to frequency modulate a carrier

having a nominal centre frequency of 84 Hz.

2.4.3 The Seisggpeters

Three=component sets of Willmore Mk Il seismometers
(HILGER and WATTS,1964) were used, adjusted to operate with
a natural period of 1.8 s. The periods could be checked by
direct observation of the undamped motion of the mass.

The seismometers were connected to the seismic recorder
through screened coaxial cables, and through the input
circuitry shown in Appendix 7, Figure A7.3. The resistances
were chosen to give about 10% of overshoot following
displacement of the mass, equivalent to a seismometer
damping factor of approximately @.7. The <cables were
colour«coded to lessen the possibility of their ©being
wrongly connected into the amplifier.

The seismometers are calibrated by applying a sequence
of current steps through a Wheatstone bridge, of which the
seismometer coil and sampling resistor comprise one arm.
The current steps effect small displacements of the

seismometer mass, which then executes damped oscillations




which are recorded on to tape in the usual way, giving on

playback the impulse response of the complete
recorder—-playback system, The bridge is so balanced that
the current itself produces no voltage 1input to the

recorder,

Positive and negative calibration current steps are
applied automatically by depressing a switch on the
recorder. During every station visit each seismometér was
calibrated both at the operating gain and at the lowest gain
setting. The latter calibration gives the system's impulse
response with minimum contamination from any external
seismic signal or noise source. The amplitude of the
current steps 1is varied automatically with the gain of the
recorder, so that the recorded amplitude of the impulse
response does not depend on the gain setting.

Considering the extremely hot and dusty operating
environment, the seismometers were notably reliable. One
jammed and another went open circuit, in both cases due to
loose sealing plugs permitting the entry of dust and water.
The cases of the seismometers became encrusted in up to half
an inch of dust and sand. They were thoroughly cleaned and
covered by polythene sheeting. Very 1little dust had

penetrated the cases,




2.4.4 The Radio Receivers

The sole purpose of the radio receiver at each site was
to enable the recording of G.M.T. pips for absolute time
reference, Portable domestic GRUNDIG receivers were used,
and were usually 1left tuned to the Fast Mediterranean
(15.42 MHz) transmitter of the British Broadcasting
Corporation overseas service. This service transmits time
pips, on the hour, at every hour Dbetween @4.00 and
21.00 hrs G.M.T., excepting ¢8.00 and 18.00 hrs.

The GRUNDIG receivers were modified to wuse the tone
switch to cut out the external loudspeaker, thus saving
power during normal use. The loudspeaker could be switched
into <circuit Dby the site engineer in order to monitor the
time pips or retune the receiver. The radio signal was fed
to the frequency modulator via an amplitude discriminator,
causing a binary high to be recorded when the input was
above a threshold wvalue. Adjustment of the threshold
control was critical. Too high a setting caused triggering
by noise, while too low a setting resulted in poor detection

of G.M.T, pips.

2.4.5 The Power Source

When wused in Europe the Durham seismic recorders are
usually powered by eight PP9 (1.5 V) dry <cells, housed
internally, with a 1life~time of approximately five days.
For ease of operation in Fthiopia the power source was a
bank of nine 1000 Ampere~hour LECLANCHE dry cells, connected

in series to give approximately 12 V. The cells, freighted




dry from FEngland, were activated 1in the field by being
filled with distilled water. They provided power for the
first nine months of continuous operation of the seismic
stations, after which their voltage output had fallen to a
level (9.5 to 10.08 V) no longer sufficient to power the
clocks.

Replacement sets of LECLANCHE cells were sent from
Durham, but were held up in customs in Addis Abeba. During
the period June to September, 1974, the four seismic
stations were therefore powered by five 12 VvV accumulators,
which were recharged periodically in rotation. Thus the
accumul ators each provided power for five days of continuous

recording, and were replaced whenever a tape was changed.

2.5 Routine Field Recording

To obtain continuous recordings it was necessary to
visit each station a minimum of once every 4.8 days to
change the tape. While the author was in the field each
station was routinely visited every two or three days, and
Tendaho station (which lay on the route from Dubti to Mille)
almost every day. Frequent station visits were desirable so
that the radio receivers could be retuned énd any recording
difficulties corrected as soon as possible,

The thoroughness of routine tapeschanging visits varied
from site engineer to site engineer. The author's routine
will be described, On arrival, each seismometer was
calibrated at the operating gain on the old tape, provided

it still appeared to be running satisfactorily. The tape




was then wound off and the tape heads and guides cleaned
with ethyl alcohol to remove dust and tape residue,

The new tape was set in motion at the lowest amplifier
gain setting and run in this way for two or three minutes,
during which time the seismometer was calibrated. It was
"easier on playback to minimise the residual flutter on the
seismic channels in the absence of large amplitude signals.
When the amplifiers had been switched back to the operating
gain the seismometers were calibrated again.

During the calibration the induced oscillations of the
seismometers were checked visually and audially, both before
and after recording, using the meter and loudspeaker in the
amplifier unit. The amplitude and shape of the recorded
calibration pulses indicate the gain and 1linearity of the
seismometers, while the degree of overshoot signifies their
damping. Short=circuited or open circuit seismometers are
immediately detectable, as are any seismometer masses which
are not moving freely over their range of displacement.

The correct operation of the recording system was
verified using the checking facilities built into the Durham
recorder. The meter on the amplifier unit was switched to
monitor in turn the amplifier outputs, recording head
currents, vadio, clock and reference signals; and the
voltages of the stabilised power lines, The F.M. signals at
the vrecording head were also checked audially as a final
guarantee of correct system operation. The results were
noted on log sheets, of which an example is shown in Figure

2.5.1. The time and status of the clock, and the amplifier




FIGURE 2,5.1
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gain setting, were checked by switching on the incandescent
display panels of the recorder and reading the successive
blocks of time code information being recorded on to the
tape.

At each station visit particular attention was given to
the quality of recording of G.M.T. pips. Reception
conditions were extremely variable. Station wvisits were
made in the early morning whenever possible, not only to
avoid the heat of the day but because radio reception was
usually best at this time. The GRUNDIG receivers are
inductor~capacitor tuned, and tended to drift off-frequency.
The scarcity of well#recorded time pips in the evenings,
when the stations were seldom visited, might also be due to
a systematic diurnal tuning fluctuation caused by the large
variations in the ambient temperature.

The author usually arranged to arrive at the recording
stations at about ten minutes before an hour, to give time
for retuning before the G.M.T. pips. He then listened to
the pips through the radio's external speaker (to verify
their adequate reception) and observed on the recorder's
monitoring meter the pulses corresponding to binary highs
recorded on to the tape (to check the setting of the trigger
threshold) .

It was possible to use the single~channel pen recorder
to obtain in the field a reading of the clock error. For a
few seconds before and after the hour the encoded clock time
was recorded, but for the duration of the G.M.T. pips the

radio channel was displayed. The clock error could then be




measured with a ruler, essentially as described 1in Section
3.1, to an accuracy of *9.03 s,

Occasionally, no signal could be received on 15.42 MHz.
The receiver could then not be tuned and the site would be
revisited a few hours later. Time pips transmitted by other
broadcasting stations are not necessérily synchronised to
G.M.T., and no other frequency proved to be a viable

alternative to 15.42 MHz.

2.6 Station Maintenance Difficulties

2.6.1 The Environment

All four stations were 1inaccessible during most of
August 1974 due to unusually severe seasonal flooding. The
track to Det Bahri regularly became impassable for periods
of several days after storms..

Two stations were disabled by thieves' attempts to
break in through the protective steel grilles of their air
vents: Mille, where battery leads were disconnected but no
serious damage done to the equipment; and Serdo, from which
the radio was removed through the grille, presumably by its
aerial.

On one occasion the wooden 1id of the recording unit at
Serdé was left unlocked. By the time of the next visit six
tape head leads had been severed, apparently chewed by a

rodent whose droppings were found on the tape deck.




2.6,2 Field staff

The job of providing site engineers to operate and
maintain the FESP recording equipment was contracted to
Hunting Engineering Ltd. Due largely to the impending
political upheaval in Ethiopia it was a major problem to
find suitably trained personnel to staff the Project. Four
site engineers, some of whom lacked both experience and
commitment, were employed during the seven months covered by
this study. The author acted as site engineer during the
final five weeks of recording. One site engineer visited
each station only once during a period of over two months,
during which he entrusted the job of station maintenance to
his untrained Ethiopian interpreter. The major recording
discontinuity in May and early June results from his
negligence.

The running time of each magnetic tape was
approximately 4.8 days. Periodic short breaks in recording
at individual stations were caused by some engineers
changing tapes every fifth rather than every fourth day.
Longer recording discontinuities resulted from their
incompetence to detect and remedy equipment faults. The
clock «circuits 1in particular were beyond their skill to
repair. Maintenance difficulties were aggravated towards
the end of the Project by lack of spare parts.

Periodic visits to Addis Abeba were necessary in order
to despatch tapes and receive equipment to and from Durham.
The seismic stations could not be wvisited during these

periods., Figure 2.6.1 shows the state of operation of each




station during the time period covered by this study, and
Table 2.6.1 summarises the causes of the major recording
discontinuities.

Any future longsterm experiment along the lines of the
ESP should recruit one experienced engineer, who should
train two or more local employees to assist with tape
changing and routine station maintenance, The modular
design of the Durham seismic recorders makes them suitable
for medium=term maintenance by unskilled personnel, provided
that complete spare modules are available at site. If a
fault cannot be 1immediately repaired it 1is simple to
substitute a raplacement module, The engineer need not
therefore remain permanently on site, but must return at
intervals of not 1longer than three months to carry out
complete checks of all instruments and to make necessary

repairs.

2.7 Use of ESP Data for Research

At the start of the research project the ESP records
were intended for use with two main objectives: (1) a study
of local earthquakes; and (2) an investigation of the Jdeep
structure Dbeneath the network using teleseismic events, As
the work evolved, it was decided to restrict this project to
the first study, the second being continued by Mr Hugh
Ebbutt.

Following the cancellation of the commercial project in
October, 1974, it became possible to use the equipment for

pure research. Since it was no longer possible to safeguard




FIGURE 2.6.1

RECORDING STATUS OF THE ESP STATIONS
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TABLE 2.6.1

RECORDING DISCONTINUITIES AT ESP STATIONS

DATES

Mar
Mar

Mar
Mar
Apr
Apr
Apr
Apr
Apr
May
Jun
Jun

May
Jun

Jul
Jul
Jul
Jul
Jul

Jul
Aug
Aug
Aug
Sep
Sep

Sep
Sep

to
to

to
to
to
to
to
to
to
to
to
to

to
to

to
to
to
to
to

to

to
to
to
to

to
to

19

26
17
23
22

25

Apr
Mar

Apr
Mar
Apr

‘Apr

May
Apr
Apr
Jun
Jul
Jun

Jun
Jun

Jul
Jul
Jul
Jul
Aug

Jul

Aug
Aug
Sep
Sep

Sep
Sep

STATIONS

Serdo

All :
(illegible records)
Det Bahri

all

All

Serdo

Det Bahri

All

Serdo

All

Det Bahri

Det Bahri

(no spares available)
All

Mille

(power supply interrupted)

Det Bahri
Mille

Det Bahri
All

Det Bahri

Serdo, Tendaho
Mille

Serdo

All

All

Det Bahri

Serdo
Serdo

CAUSE OF DISCONTINUITY

Clock fault
Scotch tapes used

Flooding

Site engineer absent
Site engineer absent
Tape drive fault

Station not visited

Site engineer absent
Tape stuck

Inadequate power supply
Intermittent radio fault
No record head

Inadequate power supply
Vandals

Jammed seismometer

Clock fault

No record head A

Site engineer absent
Jammed vertical seismometer
and flooding

Landrover out of service
Dust storm

Radio stolen

Flooding

Site engineer absent
Station closed

.{lack of parts for repairs)

Tape twisted and stuck
Tape head leads damaged

8¢°¢



desert sites within Afar, it was decided to extend the range
of the project by operating a regional network for a further
twelve months., The purpose was to locate and analyse larger
earthquakes occurring throughout Afar and 1its margins.
Three of the recording stations were relocated at Dubti,
Alemaya and Addis Abeba, and the fourth was intended for
Asmara. Continaing deterioration of the political situation
in Fthiopia necessitated the rapid evacuation of these
stations before they had yielded any useful information.

The following chapters describe the results of analyses

of the local earthguakes recorded by the 4 ESP stations.




CHAPTER 3

PRELIMINARY PROCESSING AND EXAMINATION OF FIELD TAPES

3.1 Introduction

The FSP field recorded analogue magnetic tapes were
played back and analysed in the University of Durham seismic
processing laboratory. Selected records were digitized for
further processing wusing the CTL MODULAR 1 computer. The
processing facilities available at Durham are summarised in
Figure 3.1.1.

This chapter presents the techniques used for
demodulation and frequency filtering, and the means of
obtaining hard copies of seismic events. The problem of
event recognition is described, and the digitization
procedure outlined. Finally, the accurate timing of the
seismograms is discussed, and an assessment made of the

causes of timing errors.

3.2 Playback

Three different playback systems have been in use at
Durham since the start of the Fthiopian Seismic Project.
Until late 1974 a standard set of E.M.I. F.M, demodulators
was used, in conjunction with a modified deck manufactured
by Tape Recorder Developments Ltd. and operated at
23.81 mm s=1 (15/16 inches per second) ., All records
originally processed with the E.M.I. demodul ators were

reprocessed using one of the subsequent systems.




1/64in analogue
tape deck
(modified NAGRA 1V)

frequency
demodulators

and flutter
compensation

digital -analogue
converter

l

matrix board

{a control system of
slide switches)

&

filtering

optional frequency

{3 KEMO model

disc store or
1/2in magnetic tape

9

CTL MODULAR 1
computer

i

analogue - digital
converter

I

VBK/8K filters) -]

16 channel jet
pen oscillograph

( OSCILLOMINK EM-16)

single channel
drum
oscillograph

( HELICORDER)

X-Y recorder

{HEWLETT
PACKARD 7045A)

KNOTT 12 channel
oscilloscope

SATLITIOVA ONISSIO0Hd JIWSTIS QUVANVIS ALISHIAINN WVYHUNA

JdNoOTd

"1°¢

1

Z°¢




The second playback system utilised demodul ators
designed and built at Durham, The tape transport was a
commercial NAGRA IV deck, modified to run at a constant
speed of approximately 25.4 mm s~1 (1 inch per second). The
deck was fitted with a head of the same type as used on the
field recorders, which was adjustable to reproduce the
setting of the field recording head. Tape skew was
therefore minimised.

The demodulators converted the modul ated carrier
frequency on all channels to a voltage proportional to that
frequency. The conversion was carried out using phase
locked loop circuits, After demodulation, flutter
compensation was carried out by electronic subtraction of
the demodulated reference signal from the other recorded
signals. This operation is only effective if the tape head
is correctly aligned, so that there is no time difference
between the recorded signals.

Demodulator gains were adjusted for optimum flutter
compensation while the tape was running and the reference
signal and uncompensated output of the seismic channels
displayed on the 12«channel oscilloscope. The ©position of
the tape head was adjusted through its mounting screws until
the flutter signals on all output channels were in phase.
Then, with subtraction of the reference channel in effect,
the amplitude of each seismic channel in turn was matched to
that of the reference signal by minimising the residual
flutter seen on the oscilloscope. Finally, it was usually

hecessary to alter the d.c. levels of the voltage outputs to




compensate for variations of the seismic modulator centre
frequencies, These adjustments were carried out each time a
tape from a different field recorder was to be processed and
whenever the setting of a field tape head was altered, and
at the start of each laboratory session 1if the playback
system had been adjusted by other users. Where the tape had
not run evenly over the field recordihg head it was
sometimes necessary to readjust for individual seismic
events,

The frequency range of the phase locked loop used in
the second playback system was insufficient. As explained
in a different context in Appendix 3, the effect of a
seismic signal of amplitude S is to modulate the carrier
centre frequency by an amount Af = kS, where k is a
constant. If S is large, At may exceed the range of the
phase locked loop, causing it to 'lose lock'. This problem
was manifested on seismic playouts as replacement of high
ampl itude seismic signals by a spurious high frequency
(carrier breakthrough) superimposed on a slowly decaying
d.c. voltage pedestal (the demodulation circuitry required
several seconds to recover from the out of lock condition).
The problem was exacerbated by any drift of the carrier
centre frequency from the centre of the demodulator locking
range.

Another problem with the second playback system was
that there was no means of compensating for variations of
field recording speed, which were reproduced on playback as

spurious frequency variations. Accordingly, the system was
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superceded during 1976.

The third playback system, also designed and built in
Durham, has a greater frequency range in the phase locked
loop and successfully overcomes the problem of signal loss
at high amplitudes. The quality of the binary output from
the time and radio tracks has also been improved, by
modifying the demodul ators for these tracks. The
demodulators now act as frequency comparators, outputting a
binary high or binary low according to whether the recorded
frequency 1is above or below a threshold value. The leading
edges of the pulses are sharpened and any residual carrier
is eliminated.

Both improvements are illustrated in Figure 3.2.1,
which is a tracing of playouts on the 16 channel jet pen
oscillograph., The same nominal paper speed was used for the
two sets of traces, which show the same saturating seismic
arrival and associated time code, (The paper speed was
faster for the lower set of traces because the oscillograph
had been recently overhauled). ©Note that all traces are
inverted on the third playback system, with respect to the
second system,

The major modification in the third playback system
concerns the playback speed. The average playback speed is
now held at wexactly ten times the recording speed by
feedback from the demodulated reference signal, which
controls the speed of the deck drive motor. However, the
NAGRA deck is being operated far below 1its lowest design

speed of 95.25 mm sl (3.75 inches per second), resulting in
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an instability that causes the instantaneous speed of the
deck to oscillate about the controlled average speed.
Additional flutter is thus produced. It is shown in
Appendix 3 that complete flutter compensation by subtraction
is theoretically impossible, and that the flutter generated
is so great that at signal amplitudes near to saturation the
dynamic range of the system is reduced to 23 dB.

Full flutter compensation may theoretically be achieved
by dividing a linear function of the signal by a linear
function of the reference track. However, accurate
electronic division is far less easy than subtraction, and
the only practical alternative is to use computer processing
of digitized channels. Although the method has been shown
to work in principle on the MODULAR 1 it has proved to be
less effective than subtraction compensation at low signal
amplitudes, where efficient compensation is most important.
This is due to <cross~talk between channels in the
analogue~digital converter.

The third playback system has the further disadvantage
that tapes with a poorly recorded reference track cannot be

played back.

3.3 Performance of the Recorder=Playback System

No record existed of the frequency response and dynamic
range of the Durham~built seismic recording equipment and
associated playback electronics. Tests to determine these
characteristics are described in Appendix 3. The major

results may be summarised as follows:
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{1) The frequency response was constant to =3 dB over
the frequency range of interest in this study (Table A3.1),
during which the amplifiers were operated at gain setting 7.

(2) The dynamic range at gain 7 and 1 Hz was 36 * 3 4B
(Table A3.2), falling to 30 * 3 dB at 8 Hz. It was not
possible to approach the dynamic range in excess of 50 dB
reported by LONG,R. (1974b) using the E.M.I. demodulation
electronics. At maximum signal amplitude the dynamic range
did not exceed 23 dB.

These tests were made using the third playback system.
The performance of the second playback system was never
measured, but was unlikely to have been better. The input
impedance of the recorder used in the tests was matched to
that for field operation.

The specification of the Willmore Mk Il seismometers
has been published (HILGER and WATTS,1964). When operated
at a natural period of 1.0 s, as in this study, their

frequency response is essentially flat throughout the range

of interest (1.0 Hz to 15 Hz).

3.4 Determination of Seismometer Polarities

Three component analyses (Chapter 6) and focal
mechanism studies (Chapter 8) can be carried out only if the
polarity of the recording seismometers 1is known. This
information was not available from ESP station logs.
However, for an explosive source the initial P motion should
be compressional in all directions. The sense of the first

motions of seismometers recording explosions is therefore
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predictable, and their polarities can be checked.

A nuclear explosion of magnitude M, = 6.4 occurred at
Novaya Zemlya (73.40N, 54.9©0F) on 1974 Aug 29 at 19.09 hr.
From Novaya Zemlya the ESP network has approximate azimuth
1950 and distance 630, The first motions observed on ESP

seismometers should be:

Vertical Uup (+)
North=South Down {(South) (=)
East#West Down (West) (#+) (with lower amplitude)

The explosion was well recorded at Tendaho (Figure
3,4.1) and at Serdo, and shows clearly the correct polarity
of all the seismic traces at these stations, as played out
using the second playback system (Section 3.2). The third
playback system (to which the senses of all motions will
subsequently be referred) inverts all channels relative to
the second playback system. Thus all three seismic channels
at Tendaho and Serdo have reversed polarities with respect
to the newer system.

No explosions were detected at Mille or at Det Bahri.
However, after correcting for reversed polarities at Tendaho
and at Serdo the most distant events recorded throughout the
study showed the same direction of first motion at all ESP
stations. This was to be expected if all the seismometers
now had the same polarity, since these events have very
similar azimuths from each station. It was therefore likely
that Mille and Det Bahri seismometers had correct polarity.

As further evidence of correct polarity it was found
that the first motions of teleseisms on the vertical

seismometers agreed with those observed at AAE and ART
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FIGURE 3.4.1
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(Gouin, Rueggqg, pers., comms.) . For the horizontal
seismometers, confirmation came from the concordance between
event azimuths determined by three-component analysis (Table
5.6.1) and by phase arrivals at several stations

(Chapter 4).

3.5 Filtering

The putrpose of filtering is to enhance the required
seismic signal relative to noise, For routine processing of
ESP data the only filtering used was electronic band-pass
filtering. Unfiltered and filtered seismic tracks were
played out side by side on the jet pen oscillograph. More
sophisticated processing techniques, discussed in Chapter 6,
were used on selected records to enhance particular phase
arrivals.

Band-pass filtering can only be used to reduce those
components of noise which have frequencies outside the
frequency range of the required signal. The pass band must
be carefully selected to prevent the signal waveform being
severely distorted by differential attenuation and phase
shifting of 1its various frequency components. Events with
epicentral distances up to approximately 150 km were
filtered with a band pass of 2 to 12 Hz. For more distant
events the band pass was 1 to 10 Hz,.

During most of the processing period three KROHN HITE
model 335 variable frequency filters were in |use, These
produced unacceptable phase distortion, They were

superceded by three KEMO model VBK/8K filter wunits with




greatly superior performance. Both types of filters had
variable corner frequencies and 24 dB Oct-l roll-off.
Unfiltered and frequency filtered records were Fourier
transformed, and when compared the filtered records showed a
spurious peak at 5 Hz. This corresponds to a 5@ Hz peak on
playback, and was traced to mains pick+up within the filter

and associated witing.

3.6 1Initial Recognition of Seismic Events

Initially, tapes recorded at all four sites throughout
one full month were played out on to the Oscillomink
16 channel jet pen oscillograph and searched for
near-contemporaneous disturbances on the seismic channels at
two or more stations. This enabled the character of records
of local earthquakes to be established. The majority of
recorded events were large enough to be identified at more
than one station.

In order to find all useful events, tapes from at least
one station must be played out continuously throughout the
period of the study. Mille station, which was generally the
quietest, was selected for this purpose., Tendaho and Det
Bahri, the central stations of the network, were better
positioned, but the recordings from both were unsuitable.
Det Bahri was out of service for long periods
(Figure 2.6.1), while Tendaho was subject to frequent
periods of saturation by noise bursts resulting from other
contractual operations at the prospective dam site.

The routine event identification procedure at Durham is
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for tapes to be played out on to the HELICORDER single
channel drum oscillograph. The vertical seismometer channel
is normally displayed. The HELICORDER consists of a hot
wire scriber, attached to a galvanometer movement, which
reproduces the seismic trace on heat sensitive paper rolled
around a revolving cylindrical drum, The galvanometer base
moves slowly parallel to the drum axis, giving rise to a
helical trace. Three and a half days of continuous
recording can be displayed on a single sheet of paper, at a
recording’density of 9 mm per recorded minute. The playosut
time required for this (at 10 times recording speed) 1is
approximately 8.5 hr, and the oscillograph can conveniently
be left running overnight,

Numerous attempts, at wvarious gains and with and
without KROHN HITE frequency filtering, were made to obtain
satisfactory HELICORDER traces of the Mille tapes, It was
found that many noise bursts had sharp onsets and decay
envelopes so similar to those of the seismic events sought
that noise and earthquakes codld not be distinguished on a
single, condensed trace. All the Mille tapes were therefore
played out at a nominal speed of 1 mm per recorded second on
to the Oscillomink 16 channel jet pen oscillograph.
Ideally, all Serdo tapes should also have been played out in
this way to ensure that no events from the east were missed,
but lack of system time precluded this. Disregarding
playback problems and system adjustments, initial playout of
209 days of tape from one station at ten times the recording

speed required 488 hr of processing time and 17.3 km of




paper.

An advantage of 16 channel initial playout was that the
radio and time traces <could be played out alongside the
seismic channels. Thus the hours could be noted at which
G.M.T. pips had been well recorded, and the approximate
time of the seismic events read. (No correction was made at
this stage for clock errors, which seldom amounted to more
than a few seconds).

Fvents found at Mille were then sought at the other
stations. When an earthquake was found to have occurred
close to another station two or more days of tape from that
station, both before and after the earthquake, were played
out continuously to see 1if the earthquake was part of a
swarm with smaller events not identifiable at Mille,

During periods when Mille station was not functioning,
seismic events were sought by continuous playout of the

Serdo records.

3.7 Reading and Identification of Seismic Onsets

All onset times were picked from paper records produced
by the Oscillomink 16 channel jet pen oscillograph. This
instrument passes constant streams of ink through its
sixteen Jets on to moving sheets of paper. Fach jet is
mounted on a galvanometer movement, which is deflected in a
plane perpendicular to the motion of the paper according to
the electrical signal applied to it. The galvanometers are
mechanically damped.

Before use for seismic playouts the alignment of the




pens was checked by generating a calibration pulse
simul taneocusly on all channels, and was corrected if
necessary. Misalignment along the plane of paper motion,
which would correspond to systematic skewing of the
playouts, could be reduced to less than #.1 mm (the error
detectable with a ruler) using the galvanometer movement
adjusting screws.

The demodulated traces were displayed in the following
order: time, 3 seismic unfiltered, time, 100 Hz reference,
3 seismic filtered, time, radio. The amplitudes of the
unfiltered seismic channels were equalised by adjusting the
jet pen gains and checked by playing out the seismometer
calibration pulses at the start of each tape. For matched
seismometers, these pulses should have the same amplitude
and shape when recorded on to tape. To ensure.consistency,
they were always compared with a standard trace, which had a
peak~to=peak amplitude of 30.0 mm. This method of checking
was preferred to displaying the same signal on all three
channels, since it compensates for any gain variations
between the amplifiers of the recorder/playback electronics.

All events were first played out at a nominal paper
speed of 5 mm per recorded second. This playback density
gave the <clearest indication of each event's overall
character, and provided the amplitude and signal duration
measurements required for magnitude estimates. The majority
of events were then replayed at a nominal playout speed of
50 mm per recorded second., At this speed, time is easily

measured to better than 8.01 s (ﬂ,éé mm) . Onset times were




measured against the second pulses of the flanking time
code, as depicted in Figure 3.7.1. It was necessary to
measure the paper distance, b, between each second marker
since the tape and paper speeds were not constant from
record to record. For the second playback system, for which
the leading edges of the time pulses were 1less sharp and
rapid fluctuations in playback speed were not a problem, b
was measured as the mean over 5 s of playout.

P~wave onsets were measured from the first break on the
unfiltered vertical seismic traces. Most events closer than
190 km had predominant frequencies of 5 to 18 Hz. Their
onsets were sharp and <could be picked wunambiguously as
abrupt amplitude discontinuities (e.g. Figure 4.3.3).

First arrivals from events beyond 150 km (Figure 3.7.2)
were often emergent and of lower predominant frequency (2 to
4 Hz). The unfiltered waveforms at different stations were
sufficiently similar for a waveform matching technique
(EVERNDEN, 1953) to be used. The waveform from the station
at which the event was most clearly recorded was traced on
to transparent paper, together with the estimated first
break. The records at other stations, where the first break
might not be visible, were matched with the tracing (it was
sometimes first necessary to reverse their polarity, see
Section 3.4). Relative picking errors were thus reduced.
The superiority of waveform matching over the alternatives
of measuring either first peaks or first <cross-over ©points
(which reguire the accurate recognition of these

characteristics) has been demonstrated by CORBISHLEY




FIGURE 3.7.1
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FIGURE 3.7.2

ORIGINAL ANALOGUE PLAYOUTS OF TWO MORE DISTANT ESP EVENTS

(a) M274, Distance 210 km, azimuth 2310
{b) T34%#. wistance 351 km, azimuth 270
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(1969,p.18) for teleseismically recorded explosions which
could be treated as repetitions of the same event,

S+wave onsets were read from the unfiltered horizontal
seismometer traces. They were harder to pick, being
perturbed by earlier arrivals and sometimes of low
amplitude,. They characteristically showed slightly higher
frequencies than the preceding cycles of the P+wave coda,
because of coda multipathing.

S=~waves can be distinguished from P and surface waves
by their polarization, For digitized records,
identification was <c¢hecked by three=component analyses:
polarization filtering and display of the particle motion
(Chapter 6). 1t was particularly important to ensure that
S arrivals were not confused with surface waves, since
systematically late picking of S would have indicated
spuriously high values of Poisson's ratio. This study does
not attempt the analysis of surface waves.

All seismic onsets were picked twice, at an interval of
approximately eighteen months. The two sets of readings
were essentially independent, since the records were left
unmarked on the first occasion. Before the second readings,
preliminary hypocentres had been determined where possibie,
and events with similar hypocentres grouped together. In
this way intra-group inconsistencies in picking the onsets
were reduced.

The two independent readings showed a time difference
of .03 s or less for over 9¢% of fair or well-recorded

arrivals from 75 km or closer. In a few cases the earlier




readings were discounted on grounds of reader inexperience:
otherwise mean values were taken,

Other possible arrivals occurred between the first P
and first S. To reduce the likelihood of spurious readings
of superpositions of earlier phases, these arrivals were
only picked when cleérly visible as similtar phase or
amplitude discontinuities on records of two or more similar
events, They were observed from well recorded events that
caused ground velocities of moderate amplitude at the
recording stations: not so large that later onsets were
swamped by the first arrival, nor so small that they were

hidden in noise. They are discussed more fully in Section

403'

3.8 Digitization and the CTL MODULAR 1

Records were digitized using the Durham CTL MODULAR 1
computer., The MODULAR 1 incorporates a disc store and a
half=inch tape drive. It is programmed with Durham-written
software designed to facilitate the handling of the
pseudo=infinite time series encountered in seismic records.

The records were digitized to allow the wuse of more
sophisticated precessing techniques. It was originally
intended to use the MODULAR 1 for all digital ©processing,
and a number of computer programmes wetre written for this
purpose. However, breakdowns were frequent and the small
storage capacity of the MODULAR 1 was a handicap when
attempting processing in the frequency domain.

Although the MODULAR 1 compuater has been used in this
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study for some three~component analyses, the NUMAC
{(Northumbrian Universities Multiple Access Computer)
IBM 360/370 has been preferred for Fourier transforms, A
programme written by the author in conjunction with
FEATHERSTONE (1976, appX.2.2) enables half=inch digital
tapes recorded using the MODULAR 1 to be read by FORTRAN
programmes written for NUMAC. An improved version is
incorporated in programme TRANSF (Appendix 9, this study).
The peculiar format of MODULAR 1 magnetic tape files has
been fully described by ARMOUR (1977).

Transfer of FSP data from quarter=inch analogue tapes

to half=inch digital tapes was not the routine procedure

that had been expected. FSP seismic records contain no
significant frequencies above 20 Hz, as subsequently
confirmed by spectral analysis (Chapter 7). This is

approximately the high frequency limit of the recorder/third
playback system instrumental band pass. Thus a digitization
rate of 50 samples s*l1 should have been sufficient to avoid
aliasing. However, spurious frequencies of 35 to 40 Hz were
present on records processed with the second playback system
and could not be satisfactorily removed by the KROHN HITE
filters then in use. Records were therefore digitized at
100 samples s>~1, At this sampling rate it was beyond the
capacity of the half=inch tape drive to accept the newly
digitized records directly without loss of information. The
records were therefore digitized on to disc files, which
were then transferred to tape.

170 records were digitized in this way. Fight tracks




were available on the digital tape. Fach seismic channel
was digitized unfiltered and band«pass filtered with a 2 to
12 Hz band pass. The two remaining tracks were the
demodulated 190 Hz reference channel and the time code.

Several digitization programmes were written for the
MODULAR 1. The programme eventually adopted employed an
amplitude detector on the vertical seismic channel, with a
threshold adjusted for each event so that digitization would
be initiated by the first arrival. The system memory was
set so that the preceding 2 s of signal would also be
captured on to each channel. This allowed for the first
half=cycle of the first arrival, which was sometimes of low
amplitude. 1[It also enabled the signal/noise ratio to be
evaluated and wused as a trigger criterion in subsequent
processing.

| Digital records were alsoc made of noise samples and of
the system response to seismometer calibration pulses at
each station. The maximum length of each digital record was
limited to 71 s by the capacity of the disc store,.

Digitized tapes were subject to varying sample rates
from file to file, and sometimes within a file. The
author's programme DCHECK, written for the MODULAR 1,
samples the digitized time channel and recognises the onsets
of second markers, It prints out the mean and standard
deviation of the sampling rate along the file. DCHECK also
calculates and subtracts from the seismic channels the d.c.
voltage bias caused by drift of the carrier centre

frequency; and associates each sample with its position in




time within the digital file, for use in later analyses.
Tapes digitized by the MODULAR 1 sometimes contained
parity errors. These errors were eliminated by taking the
tapes to Newcastle for copying on NUMAC, which overrode
them. The copied tapes were entirely satisfactory when
subsequently played out on the MODULAR 1. They faithfully
reproduced the analogue traces, demonstrating that the
parity errors had not arisen as the consequence léf

inaccurate recording.

3.9 The Time Code

Encoded time, generated internally 1in the seismic
recorder, was recorded on to tape along with other system
informatian as described in Chapter 2. Before the
seismograms can be timed the time channel trace must be
decoded.

The demodulated time code comprises a series of binary
high pulses whose leading edges should occur at intervals of
exactly one second. The pulse lengths are @.1, 2.3 or
g.7 s. Pulses of length 6.1 and 0.3 s represent binary
zeros and ones respectively. Fvery sixtieth pulse has
length 2.7 s and serves as a minute marker.

Fach minute of time code is divided into six ten-second
blocks by a binary one pulse every tenth second. Within
each block, the first eight pulses indicate a binary coded
two digit decimal number. The ninth pulse of each block is
always binary zero. The first three blocks following the

minute marker indicate the current clock time in minutes,




hours and Julian days (up to 99), while the less significant
digit of the fourth block shows hundreds of Julian days.
The more significant digit of block four 1is the station
code,. The fifth block displays the current amplifier gain,
and the sixth is empty. The contents of each block are
automatically upgraded each minute.

A tracing of a well-recorded one minute length of time
code is shown in Figure 3.9.1. On many tapes the recording
quality is poor, and several minutes of code may be needed
in order to infer the wvalues of digits where pulses are

missing or are obliterated by spurious binary highs.

3.18 Absolute Timing of Seismograms

All the tapes were searched for G.M.T. pips by playing
out the radio trace for a few minutes on either side of each
recorded hour (as determined from the time code). The
second playback system was in use at this stage of the
processing, and the tapes were played out on to the jet pen
oscillograph at a speed of 2.5 mm per recorded second. The
third playback system gave time and radio traces which were
- easier to read (Figure 3.2.1). For the few residual pip
searches made after the introduction of this system it was
possible to use the 12 channel oscilloscope instead of the
jet pen oscillograph.

As explained in Section 2.4, G.M.T. pips were not
often adequately recorded on the tapes, due to indifferent
reception, drifting of the tuning between station visits or

incorrect setting of the binary trigger threshold. Pips
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were usually best recorded in the early mornings, the time
of day when the stations were most frequently visited,
Although the network aperture was small, there was no
significant correlation between stations for the times of
well=recorded pips. This indicates either wvery 1local
variations in propagation conditions, or differential drift
of the tuning of individual sets. Tuning drift is
considered to be the major cause of inadequate reception.

An average of two sets of well«recorded pips per day is
quite sufficient to define the drift curves of well-behaved
clocks. However, the quality of the radio traces was poor
and it was usually necessary to search every hour when
G.M.T. pips were transmitted in order to find enough. This
was a time=consuming process, and constitutes a major
disadvantage of independently recording stations.

G.M.T. pips consist of a sequence of six pulses of a
1 KHz tone, whose leading edges are separated by precisely
one second. The final pulse is longer than the others, and
commences at the exact instant of the hour. Once a set of
pips was found, it was played out again at the faster
nominal oscillograph speed of 5@ mm per recorded second.
The time trace was played out closely on either side of the
radio trace. The number of integral seconds of clock error
was determined by inspection of the position of the final
G.M.T. pip relative to the time code. A line was then
ruled between the leading edges of equivalent second pulses
on the two time traces. The distance between this line and

the leading edge of the next G.M.T. pip, expressed as a




fraction of the mean paper distance between adjacent second
markers, gave the remaining fractional clock error,

The fractional <component of the <clock error was
measured with reference to each well-recorded pip, to the
nearest @.41 s. On re=examination, 1inconsistent values
could normally be attributed to distorted pips. They were
then discarded. The mean of the remaining measurements was
used in plotting the drift curves, and their standard
deviation indicated their accuracy.

Standard deviations were typically #.0825 and @.03 s
for the second and third playback systems respectively.,.
Sets of measurements with significantly higher standard
deviations were discarded. At first sight it may be
surprising that the third playback system gives rise to
slightly higher standard deviations. These reflect its poor
instantaneous speed stability. Sharper pulse onsets are not
necessarily more accurate onsets (Section 3.11).

For each station, measured clock errors were plotted
against time in Jgulian days as encoded on the tapes. 1974
January 1 was day 1. For a constant clock rate, the curves
would be 1linear. This was not quite the case. Quartz
crystal oscillators tend to 'age', their frequency varying
linearly with time, resulting in a gquadratic drift curve.
Occasional clock jumps also occurred.

The c¢lock rate should have been independent of battery
voltage, since the internal power rails were stabilised,
However, when the voltage fell below about 1¢.7 V the

clocks would begin to run increasingly slowly. This




complicated the curve-fitting procedure,

To plot the 1095 measured time errors required 64 drift
curve segments, The curves were frequently replotted as
more sets of pips were found and as individual points were
reassigned to different curve segments to improve the fit.
A computer programme, TIMFIT, was written in FORTRAN for
NUMAC, to fit polynomials to the station clock errors.,

TIMFIT is described and listed in Appendix 4. It
performs the following operations:

(1) Read clock error data for all drift curve
segments, in any order.,

(2) Sort data according to station and time (NUMAC
library subroutine SORT).

(3) Fit polynomials of required order to data (NAG
Mk IV 1library subroutine E@4ABF), and calculate time error
residuals for each polynomial.

(4) Print out details of each polynomial fitted,
and/or

(5) Plot 1input data points and fitted polynomials on
1.B.M, 11 in plotter.

(6) Read event times at all stations, and correct for
clock errors.

(7) Print out corrected times, with estimate of
accuracy.

A warning message is printed whenever any time error
calculated from the polynomial fit differs from the measured
error by more than 0.04 s.

Clock error data were fitted to straight lines and to
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quadratics. Higher order polynomials were unnecessary and
were avoided, since they might 'follow' inaccurate data

points and become unreliable when used for interpolation.
For most segments of the curves the difference between the
linear and quadratic fits was everywhere less than 0.082 s.
Quadratics were used unless data points were sparse or the
correction of any event time involved substantial
extrapolation. 60 of the 64 drift curve segments gave

R.M.S. residuals of less than g.92 s.

3.11 Timing Errors
It is assumed in this section that there is no problem
in identifying the point on the waveform that is to be

timed. Picking errors are discussed in Chapter 4.

3.11.1 Radio Wave Propagation Time

The propagation time from London to Ethiopia for the
radio waves of the B,B.C. overseas service is approximately
#.0825 s. The propagation time across the network is, of

course, negligible,

3.11.2 Electronically~Induced Errors

Systematic delays within the recorder-playback
electronics are negligible. The possibility of significant
relative delays was excluded by two simple tests:

(1) Seismometer calibration pulses recorded at site
showed that frequency response differences among the

seismometers were negligible.




(2) Sudden power failures occurred at all stations at
some time during the field recording, causing effectively
simultaneous pulses on all recorder channels., FExcept for
some filtered traces, discussed in Section 3.11.3,
16 channel oscillograph playouts of the corresponding
sections of tape showed no measurable relative time delays.

The position of the leading edges of demodul ated time
code pulses and G.M.T. pips is subject to error due to the
limited resolution of the demodulators. Approximately two
cycles of the waveform are required to determine frequency.
For <carrvier frequencies of 50 to 100 Hz this implies a
timing error of *0.01 to *0.02 s.

Instantaneous tape speed variations wil} give rise to
random timing errors. SAVAGE (1979) has derived an
expression for the time error from this cause, and has shown
that for the third playback system the maximum error |is
approximately @.008 s.' Tape speed stability was not a

problem with the second playback system.

3.11.3 Filter Delays

The KROHN HITE filters were known severely to distort
the seismic waveforms., KROHN HITE filtered traces were
never used in the picking of seismograms. KEMO filtered
traces were used for a small number of events where pﬁase
onsets were weak. For these events, the filtered traces
were used for picking the onsets at all stations. Any
filter~induced timing errors were consequently systematic.

The time error delay introduced by the KEMO filter




settings described 1in Section 3.5 was not greater than
.81 s, as measured on large amplitude, well=recorded P+wave
onsets. S~wave onsets could not be picked with sufficient
accuracy for similar measurements, but it was noted that the

filters caused very little waveform distortion.

3.11.4 Measurement Errors

Seismogram measurements were normally made on jet pen
oscillograph traces with a nominal density of 50 mm per
recorded second. Assuming that measurements with a ruler
are accurate to 0.1 mm, the measurement error does not
exceed 0.004 s.

A few measurements were made at densities of 25 or
10 mm per recorded second, giving errors of approximately
g.008 and 0.02 s respectively. The slower oscillograph
speeds were used only for event onsets too poor to be picked

at lower densities. They were not used for G.M.T. pips.

3.11.5 Clock Calibration Frrors

For a quadratic fitted to 'n' points, with an R.M.S.
residual of @.02 s, the standard error is @.¢2(n - 2)=1/2,
The number of points on the curves varied between 67 and 5,
giving an error range of 0#.0025 to @#.012 s,

There were a few occasions when either a clock was not
working or G.M.T. ©pips were not recorded during an extended
period. FEvents which may have been affected are labelled
'uncertain' in the listing of Appendix 6 and are considered

specifically, where necessary, in Chapter 8.




3.11.6 Discussion

Relative timing errors between ESP stations are
crucial, since they directly affect the accuracy of
hypocentral locations. Summing the random errors from the
sources discussed 1in Sections 3,11.2 to 3.11.5, assuming
no correlation, gives typical timing errors of approximately
.02 s, with worst error 0.033 s.

Systematic timing errors are important only when data
from other sources are used in the locations., Events were
timed systematically late by about #.625 s due to the radio
wave propagation time of G.M.T. pips. Exactly the same is
true of events recorded at AAF, so no error was introduced
even when AAF arrivals were used. AAE arrivals are in any
case only timed to 0.1 s. IPG network arrivals are timed
with respect to signals from Radio Djibouti, whose
relationship to G.M.T. 1is not known. AAE and ART (the 1IPG
station at Arta, Djibouti) arrivals were used in this study
only to help provide approximate epicentres for a few
distant events whose onsets at the ESP stations were
emergent and subject to picking errors of 9.25 s or more. A
very substantial error is introduced in these cases by
assuming a homogeneous crust extending beneath Djibouti,
Addis Abeba and Afar. The systematic timing errors

described in this section are unimportant.




CHAPTER {4

HYPOCENTRAL LOCATIONS FROM SEISMIC ARRIVAL TIMES

4.1 1Introduction to Location Routines

This chapter describes the hypocentral location of ESP

events from their observed arrival times at the several

recording stations. The general ©problem of earthquake
location is considered, and particular cifficulties
associated with the ESP network are discussed. The choice
of location routines is influenced by the station

distribution,

Traditionally, location procedures compute time
residuals of the form

Aty = T3 - oty (4.1.1)
where T; is the observed arrival time of an event at station
i. ti 1is the computed arrival time of the trial solution
with origin time t and hypocentre (x, vy, 2). This
formulation was introduced by Geiger in 1918 (Geiger did not
treat focal depth as a variable), was used in early computer
programmes for earthquake location (BOLT,1960; FLINN,1960;
HERRIN et al,1962; NORDQUIST,1962; ENGDAHL and GUNST,1966)
and still forms the basis of most routines. ' The equations
of condition used are
At = At + (dti/dx)Ax + (Oti/dy)Ay + (Oti/dz)hz + ej (4.1.2)
where e; is the residual error.

The standard procedure is to solve for At, Ax, Ay, Az

p

by minimizing S (ej)2, where the summation refers to
i=1




p stations. Note that this least squares method assumes
that the travel-time residuals are random variabies,
normally distributed with =zero mean and with the same
variance for all stations.

The solution yields the improved hypocentral parameters
(t+At), (x+Ax), (y+Ay), (z+Az), which are used as the next
trial solution. Iterations are continued until convergence
criteria are met which indicate that the current set of
hypocentral parameters is sufficiently close to the optimum
estimate.

To obtain ej from Equation 4.1.2 reguires the travel
time function and its derivatives, which are obtained by
assuming a model for crustal structure i.e. V(z). The model
must be such that the partial derivatives always exist and,
since Equation 4.1.2 contains no azimuthal dependence, it
must be laterally homogeneous, Systematic residuals will be
obtained if the V(z) model is seriously in error, and may
contain information enabling the model to be improved.

Advances in computer technology have rpermitted the
simultaneous least squares ortimization of hypocentre and
V(z) model. tj in Eguation 4.1.1 1is replaced by t4i, where

t5i = t3i(x13, X23j, X3j, X43, €1, C2,...,Cg) (4.1.3)

j = 1,¢00,9 i=1,...,p
tyi is now the computed arrival time for the jth of g events
to be simul taneously located from observations at
p stations, and is a function of the four hypocentral

parameters X34,...,x43 and also of g parameters cl,...,Cgq

which define the trial V(z) model. Egquation 4.1.2 becomes




4.3

b
Atji = lE%(étji/axkj)Axkj + é;(étjj/éck)Ack (4.1.4)
) + error terms.
Equation 4.1.2 is the special case of Egquation 4.1.4 for
which all the ci are fixed.
Equation 4.1.4 gives rise to a set of g x g = n normal
equations in 49 + g = m unknowns, which as before are the

corrections to the 1initial trial solution to produce the

next solution. In matrix notation Equation 4.1.4 can be
written
Ar = a Ax (4.1.5)

where A is the n x m coefficient matrix whose elements are
the partial derivatives, Ax is the m x 1 solution vector
containing the parameter corrections and AT is the vector of
travel-time residuals Atji,

Provided n > m the system of Eguations 4.1.5 is
overdetermined. Solving by least squares we calculate the
normal egquations

AT aAx = ATAT ' (4.1.6)
which have as their solution the estimated correction vector

Ax* = (AT a)-1 AT AT = HAT (4.1.7)

H 1is the generalised inverse operator for the least squares
procedure, provided é?ﬁ is nonsingular., 1Iterative solution
of Equations 4.,1.6 is carried out until the convergence
criteria are satisfied.

Some observations should be made regarding the use of
the above method, particularly as here applied to earthquake

locations in a multi-layered medium,

Care must be taken over the initial trial solution.




When the travel time function for the V(z) model is

calculated the general solution of Equation 4.1.4 is
nonlinear. A qguasi-linear set of equations is obtained by
considering only the first order expansion, Aprroximate
linearity obtains close to the correct solution,

i.e. linearity may be assumed 1in estimating the errors
(FLINN,1965a; EVERNDEN,1969; BULAND,1976) . If the initial
trial solution is too poor, the travel-time residuals are
large and the iterative routine may not converge, or may
converge to a subsidiary minimum.

The observed arrival times may contain insufficient
data to constrain some of the model ©parameters. ATA  nmay
then be singular or near-singular. For instance, in the
V{z) model the number of layers may be somewhat arbitrary,
resulting in large and unstable, or oscillating, changes in
the solution vector. This can be seen if A is dJdecomposed
into the product

A = UAVT (4.1.8)
where U is a n x p matrix (data space),

A is the p x p diagonal matrix of non-zero eigenvalues
of the operator A,

V is a m x p matrix (solution space),
and p is the rank of 5?& (JACKSON,1972, after Lanczos,1961).

Taking advantage of the semiorthogonal properties of U
and V (see CROSSON,1976a), Egquation 4.1.5 1is soluble in the
form
Ax' = vA-1yTAT (4.1.9)

A-1 is a diagonal matrix with elements 1/Aj (i = 1,...,p),




where the  Aj are the eigenvalues of A, For near
singularity, one or more of the Ai may be wvery small,
causing one or more of the components of the correction
vector, éz', to become large and unstable. Furthermore,
identically =zero Aj, which are theoretically ignored in the
decomposition of A, take small non-zero values because of
rounding errors.

The near-singularity problem is a fundamental
difficulty in the traditional least squares approach,
whether or not the parameter set includes V(z) model
variables., A particular difficulty occurs when layered V(z)
models are used, unless at least one recording station is
sufficiently close that the first arrival is the direct
wave, Where all the first arrivals are head-wave
refractions, the partial derivatives (étji/axkj) are
constant. A small change in depth can be traded off
linearly for a change in origin time, i.e. the arrival times
provide no focal depth information.

Various methods have been used to circumvent the near-
singularity problem. The widely applied location programme
HYPO71, and its modifications (LEE and LAHR,1975) (only the
hypocentral parameters are optimized), use &a step-wise
multiple regression, A statistical analysis determines
which independent variables should be included 1in the
regression. Only parameters that will be significantly
altered are varied at each step, so that the matrix to be
solved is never ill-conditioned. An unfortunate consequence

(noted by Wesson et al, 1971, in BULAND,1976) is that one or




more parameters may never be altered from their starting
values. Convergence problems are still encountered when the
distribution of recording stations is poor. The subroutine
HYPCTR, developed here for simultaneous hypocentre and V(z)
model optimization, also uses a step-wise multiple
regression (Section 4.2.3).

BULAND (1976) has examined the convergence of the
traditional least squares method and has shown that the
convergence domain is much enlarged by damped Gauss-Newton
iteration (performed numerically); while the numerical
stability, and hence the convergence rate, is improved by
use of the 'QR' algorithm (after Wilkinson and Reinsch,
1971, and so <called because A in Equations 4.1.6 Iis
decomposed into & m x n unitary matrix Q times a n x m right
triangular matrix R).

CROSSON (1976a) has improved the <classical least
squares approach by applying a procedure which he terms the
Levenberg-Marquardt algorithm (it was first suggested by
Levenberg 1in 1944 and by Marquardt in 1963). 1Its effect is
to modify Equation 4.1.9 to give

Ax' = VvV [(A2 + e21)-1A] uT AT (4.1.10)
The qguantity within square brackets 1is a diagonal matrix
whose typical element is Aj/(Aj2 + ©2), where © is a
weighting coefficient (or matrix, if the residuals have not
already been weighted by the reciprocal of the variances of
the observations) which is adjusted to the requirements of
the problem. Then as any Aj decreases, the corresponding

component of x' does not blow up according to I/Ai as




before but is smoothly tapered towards zero,

Crosson's programme has the additional advantage of
removing the customary restriction that the velocity
increase monotonically with depth., It has been applied with
impressive results to model the crustal structure below the
Puget Sound region, Washington (CROSSON,1976b) and below
Hawaii (CROSSON and KOYANAGI,1979), indicating in both cases
a low velocity layer at the base of the crust.

LOMNITZ (1977,1978) has noticed that 1if the space
domain is used rather than the time domain, the condition
eguation is

> 0t/R0) [A; - Ati)12 = minimum (4.1.11)
summed over the recording stations. tj is the TRAVEL time
to the ith station, Aj the epicentral distance, and t(Ai)
the travel time function, including focal depth dependence
(but independent of azimuth). The advantage is that when
the trial epicentre 1is close to the real epicentre the
normal equations are truly linear. Convergence is extremely

rapid, and much computing time is saved. Note that only the

epicentral wvariables x, y are included 1in the normal
equations. Focal depth and origin time are btoth estimated
subsequently {and independently) from the distance

residuals.

For teleseismic locations, an interactive programme has
been described by GARZA et al (1977,197%2) which requires
neither least sguares nor travel-time tables. In other
words, no a priori structural model 1is needed. The

principle is that triads of stations are selected which 1lie




at approximately the same hypocentral distance (but which
preferably have widely varying azimuths). With the wusual
limitation of laterally homogeneous earth structure, it may
be assumed that the seismic velocities are the same along
each of the three travel paths. Small groups of data are

selected, so that the effect of any given observation on the

solution may be appreciated. Garza's criticism is that,
where many observations of a single earthquake are
available, "utilization of highly redundant least-squares

methods represents a wasteful wuse of wvaluable seismic
information." Although Garza's method is not applicable to
the present study, the principle of uniform station
distribution 1is fundamental, and thé method also emphasises
that most current location routines fail to extract
structural information that exists in interactive

programmes.

4.2 Methodolegy of Routines used in This Study

4,2,1 General Considerations

The fundamental problem in obtaining good
determinations of ESP earthquake parameters concerns the
paucity and poor distribution of recording stations. Over
90% of ESP events are recorded by 3 stations or fewer. In
order to locate events from small numbers of .arrival
observations a programme 1is used (LEADL, Section 4.2.2)
which (1) assumes a V(z) model and (2) restrains the event

focal depths. This reduces the number of unknown parameters




for each -event to 3 (2 epicentral co-ordinates and origin
time). As the data set 1is small, it is computationally
practical to locate each individual epicentre for a range of
assumed focal depths., This enables the trade-off between
origin time and focal depth tc be examined explicitly.

For 11 events, recorded at all four ESP stations,
independent hypocentral estimates were obtained wusing a
routine {Subroutine HYPCTR, Section 4.2.3) which optimizes
the V(z) model jointly with the earthquake parameters of a
group of events. Subroutine HYPCTR operates with & much
larger set of variables than programme LEADL, and its
solutions may not be so well constrained. It has been used
because 1t provides a check on the assumed V(z) model input
to LEADL, and on the hypocentral locations obtained; it uses
P arrivals only, and thus requires no assumptions (nor
allows any estimation!) of Poisson's ratio; and it has been
adapted by the author to output graphical confidence regions
for the computed hypocentres.

The number of available travel times may be increased
by utilising, where possible, more than one seismic phase at
each recording station. 1In practice, the first S phase is

the only phase other than initial P that <can regularly be

identified. S arrivals are normally less accurately
measured than P (see Sections 3.7, 4.6), because of the
noise from the P coda. They are difficult to pick

automatically for the same reason. Current automatic local
earthquake detection/location routines (e.g. STEWART,1977)

are therefore tending to wutilise P data only from large




numbers of closely spaced instruments,

Here we are forced to use S data with programme LEADL,
and this has ©positive merits. P and § arrivels from the
same station enable origin time to be determined
independently of the spatial hypocentral co-ordinates (JAMES
et al,1969). Model studies by BULAND (1976) have shown that
the condition number* of A in Equation 4.1.5 1is greatly
reduced when both P and S arrivals are used, 1i.e. the
addition of S information enhances stability and
convergence, and always improves the quality of the

locations.

4.2.2 Programme LEADL

Hypocentral 1locations have been obtained wusing a

modified version of the FORTRAN IV programme LEADL written

by Dr Roy Lilwall of UKAEA, Blacknest., LEADL is
specifically designed for small station networks. 1t
requires a fixed input VI(z) model of any number of
constant-velocity horizontal layers. P and S V{(z)

structures are input separately, so that Poisson's ratio may
be varied with depth. Velocities must increase
monotonically with depth. Subject to this constraint any
laterally homogeneous structure is approximated, although in

practice the number of layers is limited by availability of

*For a definition and bibliography of this guantity see
VARGA (1962) pp. 66 and 95.

It should be remembered that Buland's P and S arrival
times were not picked from seismic records. They were
computed at each station, and perturbed by normally
distributed pseuvudo-random numbers with standard deviations
of #.1 and 0.3 s respectively.




computer time. Input for each event consists of the P
and/or S arrival times at each recording station. The
arrivals may be individually weighted by the user.

LEADL uses the traditional 1least squares agproach.
Adeguate stability is assured by the focal depth constraint,
provided that both P and S phases are available from at
least one station. (The treatment of instances of numerical
instability is discussed in Section 4.4)., A flat Earth Iis
assumed, and station elevation corrections are made. P and
S station time residuals may also be included.

The origin time, Tq,, for the trial solution is found
from the first station (I) which has recorded both P and §
phases, using

To = (Tp)1 - [(Ts)1 - (Tp)1l/(Vp/Vs - 1),

where (Tp)y; and (Tg)r are the P and S arrival times at

station I, and Vp and Vg the P and S wave velocities. For
this purgose the value Vp/Vg = 1.73 is assumed,
irrespective of the input V{(z) model. The rrogramme then

computes the travel-time residuals at 36 points distributed
at 120 azimuth intervals around the S-P circle for station I
(i.e., the circle with centre I and radius
Vp[(Tg)1 - (Tp)1]). The point with the minimum sum of
residuals 1is taken as the trial erpicentre. If no station
observes both P and S, the earliest recorded arrival time is
used as trial origin time and the co-ordinates of the
station that records it as trial epicentre.

The iterative procedure is as follows:

(1) Using the current trial solution, calculate the




travel-time residuals for the k observations of the event
(either P or S phases).

(2) Zero the sum of the residuals. (This partially
corrects for non-linearity.)

(3) Set up the normal equations (4.1.6), adjusting
the coefficients of A according to the weight of each
observation. (A is here a k x 3 matrix, since there are
only 3 unknowns.)

(4) Solve for éﬁ' (Equations 4.,1.7) and form the new
trial solution.,

(5) Check the new solution against the convergence
criteria. If they are not satisfied, return to (1).

In normal wuse, convergence was evaluated from the
calculated Wﬁjghted standard error,

E = (:%‘Ati2wi2/£%wi)l/2
If, after i%e rth it;ration, Ey-1 - Er < 0.2¢1 s, the
solution was assumed to have converged. The routine was

terminated 1if convergence had not been obtained after

19 iterations, or if Ey > 1@0Ey-1 (i.e. gross divergence).

4,2.3 Subroutine HYPCTR

Subroutine HYPCTR is a modification of & subroutine
written by Dr Graham Westbrook of the Department of
Geological ¢Sciences, Durham University, for use in
conjunction with the non-linear optimization package MINUIT
(JAMES and R00S,1974) described in Appendix 5. When called
by MINUIT, HYPCTR performs Jjoint hypocentral determinations

for a group of earthquakes specified by their P arrival




times, and concurrently will optimize a V{(z) model
comprising a constant velocity refractor overlain by a layer
in which the velocity increases linearly with derth. Focal
depths are constrained.

Four parameters are reguired to specify the V(z) model:
the velocity at datum, the velocity gradient and thickness
of the upper layer, and the refractor velocity.
Additionally, there are three hypocentral variables
(x, vy, t) for each event. For @ group of g events, all of
whose P arrivals are observed at all four ESP stations, 4g
normal equations are available in (3g + 4) unknowns
{Equations 4.1.5). The solution 1is overdetermined if
49 > (3g + 4).

LLike LEADL, EYPCTR assumes a flat Earth, calculates
station elevation corrections and will correct for station
time residuals., Each arrival time observation can be
weighted exponentially. The objective function, F, provided
by HYPCTR and minimized by MINUIT, is the weighted sum of
squared travel-time residuals

N My
> l.%(tij - uij - Tj)2 exp(Wij)

F o= = N (4.2.1)
(n-l)ZMj
where j=1
N = number of events jointly located,
My = number of stations receiving the jth event,

tij, uij, Wij are respectively the observed arrival time,
calculated travel time and weighting factor for the jth

event at the ith station,

T computed origin time for the jth event

M
‘J/Mj)i(tij - Uij)
1:




The Uj4y are altered at each iteration in response to the

parameters of each new trial solution,

4.3 Constraints on the Structural Model

4,3.1 Introduction

We have seen that V(z) model and hypocentres cannot be
optimized independently. This section considers structural
constraints that can be applied independently of the
optimization procedure,

Later arrivals were observed within the P codas of over
80% of intermediate-magnitude earthquakes recorded 1in the
epicentral distance range 25 to 1908 km, 47 such later rhase
observations are discussed in Section 4.3.2. They are most
useful for constraining the shallower structural parameters.
Deeper structure is examined in Section 4.3.3 by treating
the ESP network as an array. Section 4.3.4 describes an
attempt to use two teleseismically-located earthquakes to
place 1limits on the upper mantle velocity. All results are
summarised in Section 4.3.5.

Afar viz) models of ©previous workers have been
presented in Section 1.5, The starting point for this study
was BERCKHEMER et al's (1975) 4-layer crustal refraction
profile IV (Figure 1.5.1b), the nearest profile to the ESP
network. However, it 1is shown in Section 4.5 that the
P velocity of layer 2 is well constrained to 6.2 km s-1, so
this wvalue is used throughout this section (c.f. Berckhemer

et al's 6.3 km s-1),




Focal depths of earthquakes within Afar, obtaned from
LEADL, range from @ to 5 km (Section 4.4) with a weighted
mean depth of 3.0 km, These shallow foci are confirmed by
S-P times as short as 1 s for very close earthquakes, and 2
to 3 s for earthquakes large enough to be recorded at all

stations and to yield accurate epicentres.

4.3.2 Later Arrivals within the P Coda

In this section travel time differences (At) between
the first P onset and later arrivals are plotted against
epicentral distance (d) calculated using programme LEADL.
The travel time differences were calculated using a FORTRAN
programme written by the author.

Other studies have plotted At against S-p time
(e.g. RYKOUNOV et al,1972, using Sg-pg), The advantage of
S-P time is that it 1is a directly measurable parameter
related to structure and focal depth. It is not used here
because for some events S cannot be reliably read.
Epicentral distance varies only'slightly with V(z) or focal
depth. When d is calculated from any of the models
considered in this section the range of variation is less
than 2 km, which is insignificant.

Later arrivals are valuable for placing constraints on
upper crustal model parameters. Their identification has
been discussed 1in Section 3.7. They were rejected unless
they could be matched across a group of records of events
with similar epicentral distances. Because of contamination

by earlier arrivals they may still be mispicked by up to one




cycle, eguivalent to timing errors of 8.1 to 0.2 s for
frequencies in the range 1¢ to 5 Hz. No attempt was made to
pick onsets appearing to occur within one second of the
first arrival.

Within the epicentral distance range 25 to 108 km the
observed first arrivals are likely to be either the direct P

phase (Pg), or P head waves from intermediate interfaces, or

simply reflected P arrivals. The notation used for these is
'Rn' for the head wave in layer n, and 'rn' for the simple
reflection from layer n (Figure 4.3.1la). It is unlikely
that multiple reflections capable of causing the observed
time delays relative to the first arrival would have
observable amplitudes. P to S mode conversions were not
identified by particle motion analysis (Chapter 6), which
showed the later arrivals to be P phases, Finally,
diffracted waves would not be seen consistently from such
widely separated sources,

Within the epicentral distance range 25 to 7@ km the
first arrival 1is likely to be R2, as demonstrated by a set
of curves (Figure 4.3.2) for structures similar to those
obtained by BERCKHEMER et al (1975) . At very short
distances Py arrives first, whilst at some distance between
7¢ and 1¢0 km R3 becomes the first arrival. For R3 to
arrive before R2 at d < 72 km requires either very 1large
V3/V2 or very shallow hy (see Figure 4.3.1b for notation).

Other phases which may be observed following R2 are r2
and r3. The travel time of rn of course becomes equal to

that of Rn at the 1latter'’s critical distance. The time




FIGURE 4.3.1

A) NOTATION FOR SIMPLE REFLECTIONS AND HEAD WAVE REFRACTIONS

B) NOTATION FOR EQUATIONS IN THIS SUB-SECTION
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Rn is head wave in layer n
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FIGURE 4.3.2

EFFECT ON CURVES OF TRAVEL TIME DIFFERENCES (At) AGAINST

EPICENTRAL DISTANCE (d), FOR THE DEPICTED V(z) MODEL,

OF VARYING UPPER CRUSTAL LAYER THICKNESSES (hj, hj)

(Structural diagrams are inserted to clarify the notation)
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differences t(Pg) - t(R2) and  t(r2) - t(r2)*
increase with increasing d, while t(r3) - t(R2) decreases
with increasing d. The critical distance for R4 s

approximately 70 km when (hj+hy+h3y) 1lies between 28 and
25 km and Vg4 = 7.4 km s~1l; wvalues which are typical of
Berckhemer's profiles for central and southern Afar,.

The later arrival data are given in Table 4.3.1. A few
groups of records exhibit more than one later phase. We
consider first the arrivals which show At increasing with d
in a manner similar to the (Pg - R2) curves of Figure 4.3.2.

With the notation of Figure 4.3.1b,

d (2hy - z)(Vy2 - v12)1/2
t(R2) = — + (4.3.1)
V2 VaVviy
and t(Pg) = (a2 + z2)1/2/v, (4.3.2)

Assuming At t(Pg) - t(R2),

Vo(d2 + 22)1/2 - vid  (2h] - z)(Vy - Vy)1/2
t = - (4.3.3)

Voviy VoV

Since d>>z,

d(vy - V1) (2h] - 2z) (V92 - vy2)1/2
Ae = - (4.3.4)
Vav) VoV

These equations are only applicable to events with foci in

layer 1 of the V(z) model, and the observations of this

*When d>>hj, as for most events in this study, r2
closely follows P, and has not been distinguished from it on
the seismic records. The following analysis 1is wunaffected
if some observed later phases interpreted as P, are in fact
r2, as is increasingly possible as d increases. For the
structural parameters Vi = 4.4 km s‘l, Vo = 6.2 km s'l,
hy = 4.5 km, with z = 3 km, t(r2) - t(Pq) = 0.12, 0.07
and #.03 s for d = 25, 50 and 100 km respec%ively.




TABLE

4.3.1

GROUPS OF EARTHQUAKES EXHIBITING LATER P CODA ARRIVALS

Time between

Recording |[Number of Azimuth Distance First and
Station Records  Swarm Origin Range* Range™ Later Arrivals**| Group

(degrees) (d8) (km) (At) (sec)
Tendaho 8 NW Tendaho Graben 194-200 23.5-27.3 1.48* 9.04 2
Serdo 3 NW Tendaho Graben 66- 80 34.,4-38.1 1.51,1.51,1.59 1
Det Bahri 3 Kurub 179-181 39.9-49.8 1.73,1.75,1.76 1
Det Bahri 7 SE of Serdo 223-226 46.5-47.9 2.99r 08.04 1
Mille 11 NW Tendaho Graben 208-223 57.5-62,3 1.78* 8.05 3
Mille 4 NW Tendaho Graben 201-215 57.5-65.0 3.10*0.07 1
Tendaho 2 SE of Serdo 251,253 63.2,63.4 3.90,3.93 2
Mille 2 N of Mille 182,182 63.5,63.9 3.25,3.32 1
Det Bahri 2 N of Mille 135,135 6$7.1,67.9 1.58,1.64 3
Det Bahri 2 N of Mille 135,135 67.1,67.9 3.61,3.74 1
Mille 3 SE of Serdo 239-239 95.4-95.9 1.14,1.16,1.25 3

*As determined from model C, Figure 4.3.6.
**Mean time diffarence and standard deviation are given for groups of more than

Group 1:
Group 2:

Group 3: other records

records from Mille, Serdo,
records from Tendaho.
(from Mille and Det Bahri).

Det Bahri

(At increasing with d).

3 records.

XA



study cannot be explained otherwise. The restriction d>>z
is therefore justified. Equation 4.3.4 gives
0At/04 = (Vo - v1)/vavy, which 1is a constant. If this
equation is satisfied a plot of At against d will be linear,
provided all the -events occur at the same depth (z).
Assuming a value for V,, Vj can be found from the gradient
of the line and (2h] - z) from its intercept.

A linear fit of the records in Table 4.3.1, group 1,
gave

At = (0.067*9.083)d - (0.961%0.171) (4.3.5)
Arrivals from all the events at Mille, Serdo and Det Bahri
with epicentral distances less than 70 km plot on the same
line, with observed minus calculated time differences of the
same order as the observational time errors (see Figure
4.3.5). Typical records are shown on the gathered
seismograms of Figure 4.3.3 (d < 70 km).

A similar linear fit to the group 2 (Tendaho) records
gave

At = (8.068% 0.002)d - (9.230* 0.085) (4.3.6)
Sample records are shown in Figure 4.3.4. Values of V; and
(2hy - z) calculated from Equations 4.3.5 and 4.3.6 for a
range of velocities V), are presented in Table 4.3.2. Both
equations have the same gradient, and therefore the same
ratio V,/V]. The likely explanation of this 1is that the
velocities are the same below Tendaho as below the other
stations.

Using the values V) = 6.2 km s-1, =z = 3 km yields

hy = 4.5 km below Mille, Serdo and Det Bahri. For Tendaho,




FIGURE 4.3.3

GATHERED SEISMOGRAMS OF EVENTS TAKEN FROM TABLF 4.3.1
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4.3.4

FIGURE

EXAMPLES OF TENDAHO RECORDS

L€ 379VL NI Q3G0N1INI IVAIYYY e

3({?%&%}3%
gl vl i

L 9 S i 3 A l 0 VAIYYVY 1Syld
' ' _ ! ' ' ! ¥3L4v (23S) 3IWIL
1

¢Sl

/géfég —




TABLE

4.3.2

UPPER CRUSTAL STRUCTURAL MODEL PARAMETERS CALCULATED

FOR VARIOUS VALUES OF Vy

(2hy; - 2) | (2h1 - 2)
Vo \'Al (Tendaho) | (other V3 ho
stations)
6.00 4.28 1.41 5.87 6.65 18.55
6.10 4,33 1.42 5.91 6.77 18,71
6.20 4,38 1.43 5.95 6.990 18.88
6.30 4.43 1.44 5.99 7.02 19.084
6.40 4.48 1.45 6.03 7.15 19,20
6.50 4,53 1.45 6.07 7.27 19.37

Velocities are in km s-1, depths in km.
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the later arrival data are less clear, but the figures for
Tendaho imply z < 1.4 km. This is possible, since z is not
well constrained, but it is also possible that the Tendaho
data have been misinterpreted. The two arrivals at
At = 3,9 s from d = 63 km (marked A on Figures 4.3.4,
4.3.5) are weak and possibly spurious. The arrival at
At = 5.25 s on T467 (marked B on Figure 4.3.4) 1is unique to
this record, and is unexplained. Py is almost certainly the
largest later arrival at 25 to 30 km (as observed by
BERCKHEMER et al,1975), but may have been systematically
mispicked due to the complexity of the records from such a
close source., However, some upper crustal thinning or other
inhomogeneity is implied below Tendaho, since the arrivals
are 0.5 s later than for the other stations.

Events of group 3, Table 4.3.1, show At decreasing
with 1increasing epicentral distance over the range 60 to

95 km. There are five possible interpretations:

(1) At = t(R3) - t(R2)
(2) At = t(R4) - t(R3)
(3) At = t(r4) - t(R2)
(4) At = t(r4) - t(rR3)

(5) The later arrival seen from events at about 95 km is
not the same phase as is seen from 60 to 65 km,.
(1) The necessary conditions are easily calculated.
Using the notation of Figure 4.3.1b, t(R3) 1is obtained
analogously to t{R2) (Equation 4.3.1). Then

At = t(R3) - t(R2)




4.26
d(Vy - v3) 2hp (V32 - V2)1/2
= — = 4
V3V V3V
(2hy - z)(V32 - Vlz)l/2 (V22 - V12)1/2
+ - (4.3.7)

Vi3V, VoV)
Under the same conditions as before, the plot of At against
d is linear. A linear fit to the relevant data gave

At = -(0.016*0.001)d + (2.756% 0.098) (4.3.8)
Values for V3 and hy were determined from the gradient and
intercept, respectively, using the upper crustal structural
parameters deduced above (V] = 4.5 km s=1l, hy = 4.5 km,
Vo = 6,2 km s=1 and z = 3 km). The results are given in
Table 4.3.2,

Assuming Vg = 6,2 km s—1, tﬁe corresponding layer 3
velocity 1is 6.9 km s-1, Computed travel time differences
for the resultant 'ideal' 3-layer structure are shown in
Figure 4.3.5, together with the observed values of At. ho
is in fact so thick that R3 does not occur at d < 80 km,
although the arrivals from sub-critical distances are
explicable as At = r3 - Rr2. More seriously, a seismic
‘P velocity as low as 6.2 km s-1, extending to below 20 km
depth, would be extremely unusual. It is concluded that the
observed time differences cannot be fully explained as
At

interpretations for At require a 4-layer structural model.

t(R3) - t(R2). All the remaining possible

(2) This possibility can be discarded. If the layer
3/4 interface 1is sufficiently shallow that the critical
distance for R4 is 60 km or less, R4 arrives too soon after
R3 to explain the observations.

(3,4) These possibilities were -examined numerically.
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Using the preferred set of upper crustal structural
parameters, the remaining parameters were varied one by one
for a wide range of possible models. The lower structural
parameters of Figure 4.3.2 gave At lower than was observed,
Clearly, At is increased by increasing hy or h3, but this
also increases OAt/0d to exceed the observed gradient.
OAt/dd can only be decreased by decreasing V3, and remains
unacceptably high unless hy is less than 7.5 km. When hy is
as thin as this, R3 replaces R2 as the first arrival at
between 65 and 9¢ km. Within the reasonable constraints
6.5 < V3 & 7.0 knm, 5.8 € h3 ¢ 17 km, the only parameter

sets to fit the observations were

b2 h3 V3
4.5 16.0 6.5
6.5 15.5 to 17.0 6.7 to 7.0

In order to explain the values of Poisson's ratio determined
independently (Section 4.4) without lowering V5 or invoking
an S velocity inversion requires V3 > 6.9 km s-1. The most
probable set of structural parameters is thus hy = 6.5 km,
h3y = 16.5 km, V3 = 6.9 km s~1, giving the model adopted
hereafter (Figure 4.3.6cC).

(5) The three later arrivals around 95 km are much
weaker than those at 60 to 65 km. If they are spurious the
constraint on OAt/0d is removed and a wide range of
structural models gives the observed values of

At = t(r4) - t(R2) for the remaining observations.
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Events beyond 10€ km are insufficiently well recorded
for later arrivals to be picked. However, records of the
cluster of earthguakes from around latitude 16.19N on the
Western Ethiopian escarpment (Section 8.3) have a
significantly simpler structure than other ESP records in
the same distance range (106 to 200 km). This provides

indirect support for their deeper hypocentral location.

4.3.3 Deeper Velocities

In order to place constraints on the deeper velocities,
and to search for possible anisotropy, the arrival time data
from more distant earthquakes were processed by treating the
ESP network as an array. The azimuths to events and
apparent velocities across the network were computed from
first arrivel times.

Technigues for processing array data have been
described in €.9. BIRTILL and WHITEWAY, 1965, and
CORBISHLEY,1969. A curved wavefront technique was used
here, the ericentral distances (142 to 300 km) being toco
small compared to the array dimensions (Figure 2.2.1) to
allow a plane wavefront approximation. The technique can be
applied without a priori knowledge of the seismic
velocities, provided they do not vary appreciably across the
path traversed by the wavefront. Differences in local
structure beneath individual stations may be accommodated by
station residuals.

The elongate configuration of the ESP stations

fundamentally limits the accuracy of the determinations.




For a wavefront crossing a linear array of length L in time
t, the apparent velocity
v' = L/t
SoAvr/Ae = -L/t2

When the wavefront arproaches the array at near normal
incidence, t is small and small errors in t <cause large
uncertainties in V'. The ESP array has limited resolution
perpendicular to the Mille-Serdo axis, and the problem is
aggravated by the paucity of suitable earthquakes recorded
at Det Bahri.

2@ events were processed (Table 4.3.3). 6 of these
were discarded because (1) they had azimuths within 150 of
the normal to the Mille-Serdo axis, (2) they were not
recorded at Det BRahri, and (3) they gave velocities with
standard errors greater than 2.5 km s=1, A seventh was
discarded because it gave an anomalously high apparent
velocity (9.68 km s-1), with large station residuals
indicating unacceptable arrival time errors.

For the 13 remaining events the mean apparent velocity
is 6.84*9.57 km s-1 (95% confidence limits). V' is shown
as a function of distance in Figure 4.3.7, where the error
bars were obtained by estimating the arrival time errors and
computing the apparent velocities for the maximum and
minimum errors. Many of the events processed had first
arrivals which were emergent and of low amplitude, and had
therefore potentially large picking errors (Section 4.6).

The dotted line on Figure 4.3.7 1is the linear best fit

for V' against distance (d),
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TABLE 4.3.3
DETAILS OF EVENTS USED IN SECTION 4.3.3
(computed from centroid) Arrival Times (sec) Apparent
-‘Event Distance Azimuth Relative to Mille Velocity
(km) (degrees) Tend Serd Detb (km/sec)
23 199 206 5.76 -- 5.53 6.08
37 2¢8 76 -4.67 - 8.43 6.71
163 139 283 1.38 7.17 6.18 6.73
164 142 283 8.90 6.93 5.80 6.82
173 139 277 1.54 7.70 5.95 7.17
178 140 278 1.46 7.54 5.87 7.21
274 248 209 5.39 12,60 -- 6.44
395 218 80 -3.83 -18.45 -- 7.71
425 1590 340 -4,81 -6.84 -0.79 6.61
430 161 189 -3.38 -8.26 ~-7.89 6.04
431 153 87 -3.44 -- -7.74 7.39
433 194 81 -4.14 - -8.16 6.95
443 155 236 5.40 13.21 7.39 6.39




FIGURE 4.3.7

FIRST ARRIVAL APPARENT VELOCITY AGAINST DISTANCE
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v' = (7,13 9.60) - (0.0018%* 0.0039)d (4.3.1)
with each point weighted by the reciprocal of 1its error.
This indicates that within experimental error the velocity
can be considered constant (an increase in V' with d might
have been expected). There is no indication of a 8.0 km s-1
head wave over this distance raange. It follows that 1if
8.9 km s-1 mantle material exists beneath Afar it must be
deeper than about 40 km (43 km for the optimized V(z) model
(Figure 4.3.6c) deduced in this chapter).

To investigate the possibility of a dipping layer the
apparent velocities are plotted as a function of azimuth, ©
(Figure 4.3.8). This involves obtaining the weighted best
fit to the sinusoid

vl = Vg + V] cos(®) + V2 sin(s®) (4.3.2)
The fit gives

Vg = 6.84 9.57, Vv = 0.27 0.13, Vy =0.14 0.13,
which is equivalent to

v' = 6.84 + 0.31cos(® - 27.59)

This indicates a boundary dipping to the NNE at an angle of
approximately 50 to 6©, The indication is weaker than it
appears, since the statistics take no account of the
absolute size of the errors in V', It is inconsistent with
BERCKHEMER et al's (1975) seismic refraction results, which
indicate that this layer dips to the south, and it finds no
support elsewhere in this study.

The aprarent velocities are therefore interpreted in
the simplest possible manner: that the arrivals all result

from head waves refracted in the same layer, and that this




FIGURE 4.3.8

FIRST ARRIVAL APPARENT VELOCITY AGAINST AZIMUTH
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layer is horizontal and homogeneous. The apparent velocity
across the array is then the true refractor velocity, and is
consistent with the 6.9 km s-1 wvelocity found in Section

403°2G

4.3.4 The Upper Mantle

Events beyond 300 km cannot be satisfactorily located
by the FESP network. ESP travel time data cannot therefore
provide structural information below about 30 km. Two
regional events with weak first arrivals as recorded by ESP
are also listed in ISC bulletins*, Using the observed
arrival times at the ESP stations and the ISC origin data,
and correcting for the effect of the 4.4, 6.2 and
6.9 km s-1 structural layers (Figure 4.3.6c), the mean
travel velocities were calculated for first arrivals to each
station.

The velocities were found to be 7.8 0.7 km s-1,
Notable sources of error are uncertainties in the ISC
epicentres and in ESP arrival times, and 1ignorance of the
focal depths of the events and of the crustal structure in

the source regions.

4.3.5 Summary

In order to locate the earthquakes recorded by ESP it
has been necessary first to construct a Vi(z) model for

South-Central Afar. The model requirements and other

*1974 OT Jun 21 16.83:56 *1.6 s 12.63N*0.087 46.96EX@.¢871
1974 OT Jun 30 13.26:25.,7%0.59s 15.97N*0.@¢75 39.61E*0.098




scientific results obtained in this section are summarised
as follows:

(1) Earthquakes originating within Afar have upper
crustal foci (@ to 5 km).

(2) The head wave R2 1is the first arrival from all
earthquakes with epicentral distances in the range 25 to
790 km,

(3) A V(z) model of not less than 4 laterally
homogeneous layers is required to satisfy the later arrival
observations. The preferred model is shown in Figure
4.3.6cC.

(4) Parameters for the upper two structural layers are
well-determined. Observations at all recording stations are
satisfied by the same upper crustal velocity structure.

(5) The deeper structure 1is uncertain. No firm
evidence is available for the depth of the 1layer 3/4
interface, or the velocity below it, since only the most
distant earthquakes have first arrivals from 1éyer 4, The
distribution of these earthquakes is poor, their first
arrivals are emergent, and later arrivals cannot
satisfactorily be picked.

(6) This section has provided no conclusive evidence
for or against dipping layers or lateral variations in
seismic velocity within the deeper structure.

(7) Assuming the structural model of Figure 4.3.6c,
8.8 km s-1 upper mantle material cannot exist at shallower

depth than about 43 km.
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4.4 Hypocentral Locations using Programme LEADL

Sections 4.4.1 and 4.4.2 describe the 1initial
location of selected earthquakes using programme LEADL. The
programme is tested with a number of different Vp(z) models
and values for Poisson's ratio, and 1is shown to vyield
stable, well-defined epicentres for well-recorded
earthguakes. FEarthquake RMS residuals with a given V(z)
model provide a criterion for model evaluation.

Final hypocentral estimates are discussed in Section

4.4.3,

4.4.1 Use of the Programme and Initial Results

A sample of 91 earthquakes was located using two
initial Vp(z) structures: Model A, after BERCKHEMER et al
(1975, profile 1V); and Model B, after RUEGG (1975a,b)
(Figures 4.3.6a,b). Model C (Figure 4.3,.6¢C) was
subsequently preferred to both initial models.

P and S arrivals were weighted according to probable
picking time errors. Clean, impulsive P onsets were given a
weight of 1.6. S onsets and poorer P onsets were given less
weight, such that the weightings were approximately
inversely proportional to probable picking errors. The
maximum weight assigned to S onsets was #.5. The weighting
method 1is subjective. However, for events from which five
or more arrivals were available, the hypocentral estimates
were insignificantly changed by altering the weightings of
individual arrivals beyond the limits of possible subjective

inconsistency.




Computed epicentres are relatively insensitive to
vertical wvariations of velocity structure. However, 82% of
the sample 1locations had 1lower, often much 1lower, RMS
residuals with model A than with model B, irrespective of
the Poisson's ratio used. Model A was therefore preferred
to Model B, It has fewer layers than B, so that locations
are obtained more rapidly and are less liable to
computational instability.

26 earthquakes, recorded at 3 or 4 stations anl  chosen
to cover a wide range of azimuth and distance, were
processed in order to assess the behaviour of the programme,
The chosen earthquakes were located for a range of values of
r, where r = Vp/Vg and Vp was kept constant. The
earthquakes (Table 4.4.1 and Figure 4.4.1) were divided
into two groups according to distance. Group A earthquakes
have first arrivals which have travelled solely in the top
two structural layers of Model A. First arrivals of Group B
earthquakes are from the 6.8 or 7.4lkm s=1 p_velocity
layers.

It is found that:

(1) Group A earthquake RMS residuals are strongly
dependent on focal depth when both P and S arrivals are used
(Table 4.4.2, (1)). This enables an optimum focal depth to
be detarminal, S5rni13 8 RMS residuals become increasngly
independent of £focal depth, 1implying that beyond 150 km
there is nn longer any focal depth resolution.

(2) Many earthguakes show a trade-off of origin time

against focal depth, without significant alteration of the
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TABLE 4.4.1 .
EVENTS USED IN PRELIMINARY HYPOCENTRAL LOCATIONS
EVENT RECORDING DATE -ORIGIN TIME- LATITUDE LONGITUDE DEPTH
NUMBER STATIONS 1974 HRS MINS SEC (ON) (OE) (KM)
GROUP A 12 = MTSD 23 FEB 20 31 24.82 11.8145 41.1204 3.0
26 * MTSD 26 FEB 11 37 19.19 11.9185 41.031@ 3.0
27 MTSD 26 FEB 11 37 39.65 11.9083 41.8329 3.8
171 +# MTSD 2 APR 23 52 38.23 11.4281 41.4974 3.5
278 * MTS 23 JUN 9 55 16.88 11.1959 4@6.9285 1.0
352 MTSD 26 JLY 21 33 56.09 11.8763 41,3309 3.9
434 * MTSD 23 SEP 8 20 42.80 11.9923 40,8726 8.5
437 MTSD 23 SEP 10 2 36.59 11.9976 40.7681 8.75
455 *® MTSD 24 SEP 17 38 8.062 11.8622 41.5077 8.0
467 MTSD 24 SEP 18 48 3.97 11.8622 41.5889 0.0
481 MTSD 24 SEP 2¢ 25 51,74 11.8689 41.5893 0.0
494 * MTSD 25 SEP 1 41 37,43 11.9296 41,2058 1.75
583 * MTSD 25 SEP 20 19 26.89 11.9876 41.3616 5.0
GROUP B 75 MTS 26 MAR 18 29 -25.36 13.2315 41.0264
78 MTS 26 MAR 11 28 25.19 13.2377 41.817¢
79 MTS 26 MAR 11 57 15.51 13,2375 41.8320
162 MTSD 2 APR 9 2 1,00 11.9146 39.9022 7.5
163 MTSD 2 APR 9 11 7.81 11.9339 39,9373 3.5
164 * MTSD 2 APR 9 49 3.86 11,8976 39.8821 8.5
173 MTSD 3 APR 2 43 46.66 11.8650 39.8544 13.0
178 MTSD 3 APR 5 34 57.36 11,9135 39.99215 5.5
425 * MTSD 17 SEP 13 26 19.94 12.7994 49.7137
43¢0 MTSD 20 SEP [] 1 37.16 11,5186 42,3429
431 MTD 20 SEP ¢ 17 20.83 11.5980 42,3708
433 MTD 21 SEP 12 3.56.88 11.8746 42,7816
439 MTSD 23 SEP 13 51 22,39 11.8334 39.8983 3.0
443 * MTSD 23 SEP 19 54 54.87 10.8405 40.8564
* These events were also located using subroutine HYPCTR

In this and subsequent tables,

M (or MILL)
S (or SERD)

Mille
Serdo

T (6r TEND)
D (or DETB)

= Tendaho
= Det Bahri
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FIGURE 4.4.1
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TABLE 4.4.2

VARIATION OF ORIGIN TIME AND RMS RESIDUAL WITH FOCAL DEPTH

(typical Group A earthquakes)

(1) FOR EVENT 12, BOTH P AND S PHASES USED IN SOLUTIONS
Focal Origin ----Epicentre---- RMS
Depth Time Latitude Longitude Residual
(km) (s) (OoN) (OFE) (s)

0 24,21 11.814 41,122 0.163
1 24 .41 11.814 41.121 2.1290
2 24.61 11.814 41.121 n.081
3 24.82 11.814 41.120 0.049
4 24,81 11.815 41.129 @.051
6 24.77 11.815 41,1290 2.062
8 24,70 11.815 41.120 g.084
10 24.61 11.815 41,122 2.139
12 24,51 11,815 41,125 P.231
15 24,37 11.817 41.125 2.287
20 23.98 11.811 41.141 2.430
25 23.55 11.811 41.154 3.618
30 23.01 11.812 41.168 2.789
(2) FOR EVENT 434, P ARRIVALS ONLY
g 42,88 11.9845 40.7795 2.001
1 43,04 11.9845 4@.7796 0.001
2 43,19 11.9844 40.7796 g.001
3 43,34 11.9844 4@.7796 0.002
4 43.34 11.9844 40.7795 2.002
5 43,34 11.9841 48.7797 2.003




epicentral estimates (Table 4.4.2). This is the phenomenon
discussed in Section 4.1. The behaviour of the RMS
residuals in Table 4.4.2 demonstrates the value of
including S arrivals,

(3) Increasing r decreases the epicentral distance
estimates (Figure 4.4.2), and increases focal depth
estimates (Figqure 4.4.3). For example, changing r from 1.72
to 1.82 alters the'depth of event 494 from & to 10 km.

(4) Using both P and S arrivals, LEADL reached the
same solution from every trial epicentre within 208 km of
the network. When only P arrivals were wused, all the
group A earthquakes and 9 from group B converged without any
trial epicentre being supplied. The remaining 5 earthquakes
of group B converged only when a starting epicentre was used
close to the solution previously computed from both P and S
data.

In summary, LEADL gave stable and well-defined
epicentres for all the test earthquakes. Focal depth
information was obtained for earthquakes less than about

150 km from the network,

4.4.2 Determination of Poisson's Ratio

Using Model C (Figure 4.3.6c), each -earthquake of
Group A was located for 8 values of r, varied between 1.70
and 1.84 in steps of @.02. The best value for r was
assumed to correspond to the lowest RMS residual, at
whatever focal depth this occurred. Sample plots of minimum

residual against r are shown in Figure 4.4.4, and a
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FIGURE 4.4.4

PLOTS OF MINIMUM RESIDUAL AGAINST P/S VELOCITY RATIO
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histogram of the results in Figure 4.4.,5a. The mean value
is r = 1.76. Hypocentral parameters of Group A earthquakes
giving the minimum residual for the set of estimates with
r = 1.76 were therefore taken as the best estimates.

Figure 4.4.6 shows the wvariation of epicentral
estimate with r for two earthquakes from group A. Event 27
was recorded at all four stations, event 42 at three
stations. The increased stability due to the fourth station
is evident. The same figure also shows the solutions
obtained from P arrivals only. They occur close to the
solutions for r = 1.76, suggesting that the estimate of
1.76 1is good and that LEADL is reliable when S data are not
available,

Further confidence 1in the value r = 1.76 1is obtained
by plotting S travel times against P travel times (Figure
4.4.7), both calculated with reference to the origin times
computed from P arrivals only. If the origin time |is
correctly determined, and the measured P and S correspond to
the same phase, the gradient of the graph will be
t(S)/t(P) = r. A linear fit to 37 data points gave
r =1.76 *9.012.

The velocity ratio at greater depth was determined in
the same way, using the more distant group B earthquakes.
The S velocities of the two upper structural layers were

held at the values constrained by r = 1.76, while those of

1]
—
°
0]
et

the lower layers were varied in steps of #.83 from r
to r = 1.99. The result was a mean value of r = 1,90

(Figure 4.4.5b). Assuming a perfectly elastic, isotropic
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medium, r is related to Poisson's ratio, o, by

o= (r2 - 2)/{2(r2 - 1)]
(e.g. BULLEN,1965, p.213). r = 1,76 gives O= 0.26 for
the upper crust, and r = 1.990¢ gives 0 = 0.31, The
significance of these values is discussed in Chapter 9.

It should be noted that the sample sizes are small,
since the only useful earthquakes were those for which both
P and S arrivals could be accurately picked at 3 or 4
stations. Other earthquakes from similar locations were not
used for fear of biasing the sample. There was no evidence

for azimuthal variation of Poisson's ratio.

4.4.3 Final Hypocentral Locations

LEADL was used with the optimized model C to locate as
many earthquakes as possible., The focal depth interval used
was @.25 km from @ to 3 km; 8.5 km from 3 to 18 km; and
1 km from 14 to 15 km. Individual arrivals giving
anomalously large residuals were assessed, and occasionally
discarded, Earthquake location was wusually a routine
procedure, but certain cases require comment.

Earthquakes recorded at only two stations have two
possible epicentres, one of which is the reflection of the
other in the vertical plane including the stations, Since
most earthquakes occurred in sequences one solution could
usually be unambiguously preferred. A reasonable choice was
possible in a few further cases. A small remainder of
earthquakes could not be uniquely located.

A second problem when LEADL is used for earthquakes




recorded at only two stations is that the RMS residuals are
not depth dependent i.e. there is no focal depth
information. It was necessary to assume a focal depth for
these earthquakes, since origin time and epicentral
co-ordinates are depth dependent. Earthquakes which formed
part of a sequence were assumed to have occurred at the mean
of the calculated depths for that sequence. In all other
instances the arbitrary focal depth 3 km was assigned, this
being the mean depth of all the calculated hypocentres,
3 km was also the depth assigned to earthquakes originating
150 km or farther from the network.

LEADL would not always converge for earthquakes at
epicentral distances greater than 200 km. To treat these,
the programme was modified to give the RMS residuals at a
grid of pre-selected points. The initial grid was defined
to enclose all the intersections of the S-P circles for each
recording station. The modified programme was run with
grids of progressively finer mesh until the global minimum
of RMS values had been found. This procedure was only
necessary for ©poorly recorded earthquakes and those with
very emergent arrivals, where the high RMS residual at the
global minimum indicated 1large relative arrival timing
errors. For a few earthquakes which were recorded at AAE or
ART, approximate epicentres were obtained by incorporating
arrival times at these stations. Such locations are subject
to large errors, since no correction was made for the
inapplicability of V(z) model C beyond Afar.

The 504 earthquakes identified by ESP are listed in




Appendix 6, 226 of these being recorded at one station only.
It was possible to 1locate 250 of the remaining 278 using
LEADL (the epicentres are mapped and discussed in
CHapter 8). RMS solution residuals are included in
Appendix 6 to indicate the internal consistency of the
arrival data, but they should not be regarded as

representing the errors on the determinations.

4.5 Hypocentral Locations using Subroutine HYPCTR

As explained in Section 4.2, the use of Subroutine
HYPCTR was confined to a small number of well-recorded
earthquakes. Subroutine HYPCTR was initially run using the
8 asterisked earthquakes of Group A, Table 4.4.1. Vi(z)
structural parameters were not constrained (except for the
upper layer velocity gradient, VG, which had to be positive
to avoid a velocity inversion), and the initial trial values
assigned to them were found not to be critical. Initial
trial earthquake epicentres were as determined using LEADL.
All focal depths were restrained to 3 km.

The resultant epicentres' were insensitive to the
parameters of the upper crustal layer, and in particular to
VG. The programme was therefore rerun with VG fixed at a

very low value (10-4 s-1) to simulate a 2-layer, constant

velocity model, The resultant model 1is shown in Figure
4.3.6d. B,
Table 4.,5.1 compares the epicentral estimates from

HYPCTR (Solution C) with those found using LEADL and the

V(z) model of Figure 4.3.6c, with and without S arrivals




TABLE 4.5.,1

COMPARISON OF COMPUTED EPICENTRES FOR SELECTED EVENTS

SOLUTION-------~ (A)---==== ——----- (B)====-===  —m----- (C)—======  —=m——- (D)---=----
LEADL, for model LEADL, P phases HYPCTR, optimized HYPCTR, fixed
of Fig.4.3.6¢c only, Fig.4.3.6c model, Fig.4.3.6d model, upper two

layers of Fig.4.3.6c

Event
Number Latitude Longitude Latitude Longitude Latitude Longitude Latitude Longitude

12 11.814 41.120 11.812 41.121 11.810 41.121 11.812 41.129
26 11.91@ 41,031 11.907 41.0832 11.901 41.037 11.901 41.037
:171 11.429 41.497 11.3890 41.551 11.448 41.459 11.443 41.464
279 11.196 40.928 11.189 40.928 11.181 40.933 11.196 | 40.926
434 11.992 46.773 11.985 40.779 11.985 49.778 11.983 490,779
455 11.862 41.508 11.859 41.462 11.858 41.456 11.863 41.479
494 11.930 41.206 11.926 = 41.209 11.932 41,206 11.930 41.210
503 11.988 41.362 11.985 41.360 11.985 41.351 12.985 41.371

AR 4



(Solutions A and B). Also tabulated is the set of solutions
(D) obtained by running HYPCTR with the constrained V(z)
structure of the upper two layers of Figure 4.3.6c. All
four parameter sets are in good agreement. The epicentres
estimated from Solutions A, B and D are within 2 km of those
estimated from Solution C in all but 4 cases (event 171,
Solutions A and B; event 455, Solution A; event 503,
Solution D). Otherwise, the mean distance from the
Solution C estimates is ©#.96 km, @8.66 km and @.74 km for
Solutions A, B and D respectively.

Adding to the data set the 3 asterisked earthquakes of
group B, Table 4.4.1, a further HYPCTR solution set was
obtained. The influence of the 3 more distant earthquakes
was shown by an increase in the refractor velocity of the
optimized V(z) model from 6.22 to 6.56 km s~1, and by a
two-fold increase in the minimum value of the objective
function (Equation 4.2.1) (i.e. a poorer fit). As located
by LEADL, these 3 earthquakes have first arrivals that are
head-waves from layer 3 of model C (velocity 6.9 km s-1), so

both these results were to be expected.

4.6 Sources of Location Errors

Four sources of random error are identified, and two of

systematic error. The random errors arise from (1) gross
reading errors, (2) misidentified arrivals, (3) residual
reading errors, and (4) seismogram timing errors.

Seismogram timing errors, typically ¥ 6.02s, have already

been discussed (Section 3.11). Systematic errors are caused




by (1) errors in the geographical co-ordinates assumed for
the ESP recording stations and (2) inaccuracies in the

assumed V(z) model.

Random Errors

4.,6.1 Gross Reading Errors

A paper on errors in the first onset readings of
seismograms (FREEDMAN,1966) reported that at least 5% of all
onsets were picked with gross errors, generally of integral
numbers of hours, minutes or seconds. The errors were
usually caused by misreading the timecode.

In this study, all seismograms were reread 18 months
after the onsets had originally been picked (Section 3.7),
minimizing the possibility of gross reading -errors. Gross
errors introduced during the transcription of the data on to
computer files normally became apparent when LEADL failed to
converge or\ gave large residuals, but the arrival times of
all spatially isolated hypocentral estimates were rechecked.

The data are believed to be free of gross errors.

4,6.,2 Misidentified Arrivals

Errors arise when either (1) the first P or S phase |is
totally missed or mistaken, or (2) the correct phase is read
but the first cycle of the waveform overlooked. Errors are
most likely to occur when the signal to noise ratio is low.

For earthquakes from 100 km or closer, most P onsets

were 1impulsive and of comparable amplitude to the rest of




the P coda (see e.g. Figure 4.3.3). Such onsets were
unmistakable. Many S arrivals were also picked with
confidence (Section 3.7), and some were differentiated from
later P coda arrivals by polarization analysis (Section
6.3). Others may have been mispicked by up to one cycle
(giving a worst-case error of *9.2 s for a typical
frequency of 5 Hz) because of contamination by later P coda
arrivals,

Comparison of the original and léter readings of
30 sample earthquakes from 150 km or beyond showed onset
time differences of < #.065 s in 16 cases; between 0.05 and
.2 s in 8; and between 0.3 and 1.5 s in the rémaining 6.
Neglecting these six, the mean time difference was 0.04 s.
The repeatability of a set of results does not of course
guarantee their accuracy, but does indicate the magnitude of
likely errors.

P and S onsets of earthquakes from beyond 150 km were
often of 1low amplitude and may sometimes have been missed,
or picked early. For typical P onset frequencies of 1 to
5 Hz, arrivals mispicked by one cycle will have time errors
of 1.6 to 8.2 s. A few such errors were revealed when
waveform matching was used for the later set of onset picks.
S onsets of distant earthquakes are liable to larger errors,
because of their generally 1lower frequencies and the

possibility of interference from earlier phases.




4.6.3 Residual Reading Errors

This section considers errors caused by misreading the
exact part of the first cycle of the first arrival that
constitutes the onset, For impulsive arrivals residual
errors should not exceed a quarter of a cycle, i.e. #.025
to 8.25 s over the observed frequency range 18 to 1 Hz. For
over 98% of fair or well recorded earthquakes from 75 km or
closer the time difference between the two independent
seismogram onset readings (which includes timecode measuring

errors, Section 3.11.4) was 0.03 s or less,

4.6.4 Discussion of Random Errors

The last squares treatment of ESP arrival times has
tacitly assumed that the probability density of travel-time
residuals is normal (Gaussian). This assumption is wvalid
only 1if the expectation of the travel-time error is zero
(see e.g. JEFFREYS, 1948; FREEDMAN,1968). The sample mean
may not otherwise be an appropriate estimate for the
population mean,

In this study, clock drift and measurement errors are
independent from station to station, and data contamination
has been eliminated as a significant cause of sample bias.
P arrival time errors may, however, be biased 1in one
direction, because undetected first arrivals are more likely
than spurious early picks of background noise. Errors in
picking an arrival are not independent, because of the
correlation between the waveforms at different stations; but

all seismograms have been read by the same person, so




maximum uniformity and internal consistency have been
ensured. Correlated waveforms may result 1in a constant
picking error at each station (especially when waveform
matching 1is wused), with no effect on the hypocentral
estimates except through systematic errors in the S-P time.
These errors do not significantly alter the distribution of
residuals, and for the large majority of earthquakes the
assumption of normality is justified.

In summary, seismogram timing errors and residual
reading errors each contribute random errors of about 0.02 s
to most arrivals from epicentral distances of 100 km or
less. More distant (or very weak) earthquakes may have
misidentified arrivals, giving rise to significantly 1larger
errors.

One problem with the small number of available arrivals
in this study 1is that there is little redundancy in the
data, so that errors in individual travel times are not
always apparent from the station residuals of the

corresponding hypocentral estimates.

Systematic Errors

4.6.5 Station Co-ordinate Errors

Geographical co-ordinates of any given point within
Afar vary from map to map, commonly by 1 to 2 km in latitude
and up to 3 km in longitude. This is the consequence of
cartography based on aerial photographs with very 1limited

ground control. German workers have conducted a geodetic
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survey in Central Afar, determining geographical
co-ordinates of about 120 stations by astronomic position
lines (TORGE,1975), but details have not been published.
Fortunately, in the present study the absolute accuracy of
the station co-ordinates is unimportant.

In order to minimise relative errors all stations were
located with respect to a single set of maps (UNDP,1973,
figs.29,53*%), compiled during geothermal exploration.
Since these are the most detailed geotectonic maps of the
area they have also been used in Chapter 8 for referring
seismic epicentres to local geological features. Mille is
located from a 'map at the scale 1.5:1,000,000, the other
stations from 7.5:1,000,000 scale maps.

The author was led to believe that the ESP stations had
been surveyed when they were set up in 1973. Only after his
final return from Ethiopia did he discover that no proper
station co-ordinates existed. He was obliged to relate the
station positions to adjacent landmarks featured on
available maps, and on his own photographs.

Tendaho station was located to *20 m on a 1:1000 scale
map of boreholes at the proposed dam site (GIBB, Sir
ALEXANDER and PARTNERS,1973), and Serdo station to *175 m
from fig.l of SEARLE and GOUIN (1971b). Det Bahri and
Mille were located directly with respect to the UNDP maps.

Estimated station locations and their errors relative

*This document is restricted and the maps otherwise
unpublished. The author is indebted to Ato Seife Berhe of
the Ethiopian Ministry of Mines, who kindly sent him copies
of the maps.
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to the UNDP maps are given in Table 4.6.1.

TABLE 4,6.1

ESP STATION CO-ORDINATES

Latitude Longitude Elevation

ON OFE (metres)

Mille 11.420* 0.0035 49.752* 0.08035 595 * 25
Tendaho 11.690% 0.0008 40.958* 0.0008 417 * 5
Serdo 11.957 * 0.9020 41.359*0.0020 398 * 19
Det Bahri 11.561*0.0025 41,208 *0.0025 495 * 25

The figures for Tendaho and Serdo include the additional
uncertainty involved 1in transferring the locations from
Gibb's and Searle's maps to the smaller scale UNDP maps.
The UNDP maps are themselves distorted. They are based on
aerial photographs of varying scales, and ground control is
limited to geothermal areas. To allow for this a further
possible error of *0.00250 (approximately 258 m) in
latitude and longitude should be assumed for the other
stations relative to Tendaho. The estimated absolute error
is 1 to 2 km,

Station elevations have been calculated relative to the
Assab-Combolcia highway, which passes through Mille, Tendaho
and Serdo and has USCGS benchmarks at intervals of 5 to
50 km. Gravity profiles along the highway have involved
frequent elevation measurements made by altimeter (estimated
error *2 m) or by precise levelling (MOHR and ROGERS,1964;

SEARLE and GOUIN,1971b).




The elevations of Mille and Serdo stations relative to
the highway were estimated to *¥20 m and %5 m respectively,
and the relative height of Tendaho station was shown on the
Gibb map. Because of the extreme flatness of the Recent
sediments flooring the Tendaho graben the elevation of Det
Bahri could be estimated from MOHR and ROGERS'(1964)
measurements east of Dubti.

A relative horizontal station 1location error of 'e'
metres, along a line having angle oL to an event azimuth, is
equivalent to a travel time error E = (10-3€ cos(d))/V
seconds for head wave arrivals from a horizontal «crustal
layer of V km s-1, I1f € =508 m, V = 6,2 km s~1 and & = go,
E = 0.08 s. This is a worst-case error. Similarly, for an

arrival with angle of incidence 'i' an elevation error of

€ metres corresponds to a travel time error of
E' = (10-3€ cos(i))/Vyg seconds, where Vg is the near-surface
velocity; with a worst-case error of E'® 9.004 s for
€ = 25 m,

4.6.6 The Structural Model

Any V(z) structural model is only an approximation to
true Earth structure, Errors will arise because of the
over-simplified form of the model, and also because within
the form adopted the parameter estimates may not be optimal.
The effect on the hypocentre estimates of varying the model
parameters is shown in Section 4.7.

In such a complex tectonic province, velocity

inhomogeneities are expected from dipping layers, faults and




igneous intrusions. The effects of such lateral
inhomogeneities, 1low-velocity 1layers and other structural
complexities excluded from the model cannot be estimated.
However, the lateral inhomogeneities are not so large as to
have been revealed either by the methods of Section 4.3 or
by particle motion analysis (Chapter 6).

Equation 4.3.1 may be rewritten

t(R2) = (1/Vo)[d sin(ic) + (2h1 - z)cos(ic)] (4.6.1)
where i. is the critical angle, since sin(ig) = Vg/Vi. if
the Vg to V)] layer interface dips at an angle 89, it is
easily shown that along the direction of dip Equation 4.6.1
becomes

t(R2) = (1/Vg)(d cos(®)sin(ig)

* (Dg+DR) cos(®)cos(ic) - z cos(ic-9)] (4.6.2)
where Dp, DR are the depths to the dipping interface below
the crust and the receiver, Substituting the <crustal
parameters of Figure 4.3.6c, with z = 3 km, reveals that for
an epicentral distance of 50 km (where R2 is likely to be
the first arrival) a 50 dip will alter the travel time by
about @.8 s. For a 100 dip the figure is about 2.2 s. The
effect of undetected dips on hypocentral estimates will
depend on the number of recording stations and their
distribution about the hypocentres.

It is well known from laboratory experiments (e.qg.
TOCHER,1957) that in rock samples subject to uniaxial stress
the wvelocity parallel to the stress axis exceeds the
velocity normal to the axis. NUR (1971) has discussed this

result in terms applicable to tensional and shear faulting.




Observations of such a velocity anisotropy in Afar might
yield wvaluable information <concerning the regional stress
pattern (although it could also be caused by other
phenomena, such as oriented dyke swarms).

ROTHMAN et al (1974) have demonstrated through a
computational experiment that undetected velocity anisotropy
can cause large errors in hypocentral locations. For Afar,
however, velocity inhomogeneities due to deviatoric stress,
major faults and intrusive bodies are 1likely to be less
pronounced than those due to dipping layers, To find
seismic evidence for such inhomogeneities, unless their
location has been precisely determined from other data,
normally requires analysis of azimuthal variations in the
station residuals of a large and well-distributed network,
together with a search for any reflected, refracted or

diffracted arrivals generated by the inhomogeneities.

4.6.7 Discussion of Systematic Errors

It has been shown that the errors due to recording
statioﬁ mislocations do not exceed 0.08 s, whereas the
errors due to undetected dips may be much larger than this
and will increase with increasing epicentral distance, d.
The error in t(R2) for d = 50 km and a 50 dip is about 1.3%.

Inaccuracies in the V(z) model velocities cause the
largest errors. For example, considering for simplicity the
V(z) model as replaced by an equivalent half-space of
velocity V, the time error caused by a velocity error of A\f

will be At = xAv/V2, where x is the hypocentral distance.




For AV = 8.2 km s-1 and V = 5 km s-1, At = 43,

4.7 Estimation of Location Errors

Small RMS travel-time residuals for a hypocentral
location do not necessarily imply that the parameter
estimates are accurate. This has been demonstrated
explicitly by JAMES et al (1969).

Where the solution has been achieved by minimization of
an objective function, F, confidence regions bounded by
contours of constant F are computed assuming a quadratic
form for F around Fyry. This approach (Section 4.7.1) is
valuable in determining the shape of the confidence regions,
but it is shown that the absolute size of the errors Iis
better determined by the more direct methods employed in

Section 4.7.2.

4.7.1 Method of Obtaining Confidence Regions with HYPCTR

The magnitude of the minimum value of the objective
function (FyiN) for an optimized model is a measure of the
inconsistency between the data and the V(z) model. The
value Fyry = 6.17*%19-3 s2, obtained from HYPCTR in Section
4.5 when deriving the optimum 2-layer model of Figure
4.3.6d, is greater than would be expected from the 1likely
errors in the arrival time measurements discussed in the
previous section, This could be explained by
underestimation of the arrival time errors, or by failure to
find the true minimum of F (unlikely, in view of the good

agreement between HYPCTR and LEADL solutions demonstrated in




Table 4.5.1). The most obvious explanation 1is that the
structural model used is too crude.

Subroutine HYPCTR was modified to allow the variations
of F(uj,us,...,un)with pairs of hyperspace co-ordinates
Uy, uz to be plotted as contour diagrams. Each contour is a
fiducial confidence ellipse bounding a surface of constant F
about FMIN (a horizontal plane in Figure 4.7.1),
i.e. enclosing a confidence region (AL-CHALABI,1972).

Sample contour diagrams are shown in Figures 4.7.2 and
4.7.3. They 1indicate semi-quantitatively the relative
magnitudes of errors in each pair of variables, and how
errors in the determination of the parameter values are
inter-related., It has been shown (FLINN,1965a) that the
orientation and eccentricity of the confidence ellipses for
latitude and longitude (Figure 4.7.2) depend solely on the
distribution in azimuth and distance of the recording
stations, and not on the travel time residuals.¥

The prevalent, approximately NW-SE elongation of the
confidence ellipses most effectively demonstrates the
deficiencies of the ESP stations for seismic event location.
The four ESP stations formed an approximately elliptical
network (Figure 2.2.1), with major axis at @480 and
consequent poor resolution normal to this direction. The
difficulty is most clearly shown by those earthquakes
(12,494,26) (Figure 4.4.1) <closest to the centroid of the

- — — — - - —— i ————— — - ——— ——————— ———— — - — —— - —— - n D w— -

*Flinn's result assumes that the variance of the random
errors is the same at all stations. Where reading errors
differ from station to station, this condition is
approximated by suitably weighting the observations.




FIGURE 4.7.1

DIAGRAMMATIC REPRESENTATION OF THE OBJECTIVE FUNCTION, F, IN

THE REGION OF ITS MINIMUM VALUE




FIGURE 4.7.2

CONFIDENCE ELLIPSES FOR LATITUDE AND LONGITUDE

Length and orientation of arrows indicate
distance and direction to centroid of station network
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CONFIDENCE ELLIPSES FOR VELOCITY AND DEPTH OF

FIGURE 4.7.3

CRUSTAL REFRACTOR FOR OPTIMIZED 2-LAYER MODEL
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4.68

network, More distant earthquakes (503,455,270) show the
superimposed effect of elongation of the ellipses in the
direction of the network centroid, the consequence of their
location well outside the network. The closer the epicentre
to the network centroid, the better the station distribution
and the more accurate the location, as demonstrated by the
relative sizes of the confidence ellipses.

F was found to be a sensitive function of refractor
velocity but insensitive to the other structural parameters
(e.g. refractor depth, Figure 4.7.3). The method thus gives
little structural information. F was also insensitive to
focal depth. This provides a justification for the focal
depth constraint applied when using HYPCTR, and for fixing
the wvalue of the upper layer velocity gradient (Section
4.5).

To examine further the focal depth sensitivity, one
additional set of solutions was obtained by running HYPCTR
with the focal depths unrestrained, but fixing the upper
crustal layer parameters and two of the event epicentres (in
order that the solution be overdetermined). F remained
insensitive to focal depth, and only for one event (171) did
the optimized depth differ from the previously fixed depth
by more than 1 km. This set of solutions may be unreliable,
however, because of the minimal redundancy in the data: 31
equations in 3¢ unknowns.,

It should be noted that it 1is <convenient but not
necessarily accurate to wvary pairs of parameters in

isolation, neglecting their dependence on other variables.




More rigorous analysis requires knowledge of the covariance
matrix, B, from whose off-diagonal elements the correlation
coefficient between the ith and jth parameters 1is obtained
as

Cij = bij(biibjj)~1/2
where the square roots of the variances bj; and bjy are
included as normalising factors, Where confidence
boundaries for F(uj, uz,...,ui,...,un) are calculated from
the expression for the variance, written
V(F) = i%(ér:‘/éui)zvmi) + 2ii(aF/aui)(aF/auj)c(ui,gj)
(plus hiéher order terms whf?hpiill be insignificant in the
neighbourhood of the computed epicentre), the assumption of
independent variables 1is equivalent to combining the
variances, V(uj), while ignoring the covariances, c(uj,uj).

Applying SHUEY's (1974) statistical formulation, the
95% confidence level is calculated as Fg_ g5 = 39,8 FyrN from
the equation

Fp.95 = FmIN[1 + (n/(N - n))fn,N-n(8.95)] (4.7.1)
where n is the number of variable parameters, N the number
of arrival time observations and fp N-n(8.95) the

appropriate fractile of the F-distribution at the 95%

confidence level. By contrast, in Figures 4.7.2 and 4.7.3,

F = 1.1FyiN at contour 1
F = 2.0FqiN at contour 2
F = 2,7FyiN at contour 3
F = 3.8Fyry at contour 4

EVERNDEN (1969) has discussed the wunreasonably large

confidence areas given by SHUEY's method. He shows that, if




the variance of the arrival times can be assumed known (02)
from previous data, the extremely conservative statistic fj
can be replaced by the )(nZ statistic, with a pronounced
reduction in the predicted area of the confidence ellipses
(by the factor (62/82)€X62/2fn)), The drawback of
Evernden's analysis is that satisfactory a priori estimation
of variance, 02, may not be feasible.

Although contour diagrams such as Figures 4.7.2 and
4.7.3 have proved valuable in defining the shapes of the
confidence regions they are uninformative as to their size,
since the statistical analysis depends heavily on the
quantity of data used. Alternative statistical methods
(e.g. JACKSON,1976) have the same limitation. In view of
the paucity of stations and earthquakes 1in the present
study, it is better to estimate the size of the confidence

ellipses more directly, as below.

4,7.2 Confidence Estimates from Perturbation Experiments

The effect of errors was also examined by perturbation
experiments. Arrival times and structural parameters for
9 representative ESP earthquakes were perturbed by their
likely errors, as detailed in Table 4.7.1, Station
mislocations were also considered. The distribution of
epicentres computed from the perturbed parameters is shown
in Figure 4.7.4a for a representative event (434). The
ellipse defined by the travel time errors is very similar in
orientation and eccentricity to the fiducial confidence

ellipse for the same event shown in Figure 4.7.2.




TABLE 4.7.1

PARAMETER PERTURBATIONS USED TO DERIVE FIGURES 4.7.4 AND 4.7.5

-Arrival Times- P/S Wave P Velocity P Velocity Depth to
Event [at all Stations Velocity of Layer 2 of Layer 3 Layer 3
Number| P wave S wave Ratio (km/sec) (km/sec) (km)
(sec) {sec)

12 .03 g.2 .02 6.2 - -—-
164 0.2 0.2 0.03 9.2 8.3 3.0
171 g.05 .2 9.02 0.2 -——— -—
2791 0.05 g.2 0.02 g.2 -—- -——-
425 8.2 0.2 0.03 .2 8.3 3.9
4332 .2 a.5 0.03 .2 9.3 3.9
434 0.03 2.2 0.02 g.2 - -—-
455 .03 g.2 .02 8.2 -—— -———
503 9.03 0.2 .02 0.2 - ---

Structural parameters are varied from those of Figure 4.3.6c.
In addition, station location errors of 568 m north, south, east
and west were considered for Mille, Serdo and Det Bahri stations.

INot recorded at Det Bahri.
2Not recorded at Serdo.




FIGURE 4.7.4
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Figures 4,7.4b,c show the equivalent epicentral
distribution for two sample sub-sets of the recording
stations. Figure 4.7.4 <confirms the intuitive expectations
that

(1) for a given set of arrival time errors, events
recorded at fewer stations are subject to larger epicentral
uncertainties, Where only two recording stations can be
used it is also possible that abnormally large arrival time
errors may go undetected, causing large errors in the
~computed epicentres.

(2) the magnitude of the errors caused by inaccuracies
in the V(z) model is 1little dependent on the number of
recording stations.

(3) the unperturbed epicentral estimate for event 434

is little dependent on the station sub-set used to determine
it.
The dispersion of the epicentres calculated from sub-sets of
the total arrival data has itself been used as an estimate
of location uncertainty (FLINN,1965a). The different
epicentres are of course not independent, since they are
influenced by arrival times that are common to more than one
sub-set.

Sets of perturbed epicentres for two more distant
earthquakes are shown in Figure 4.7.5. Note the increased
perturbation of the epicentres due to structural parameter
variations. The increase in the area of the arrival time
error ellipses is caused by the assumption of larger P phase

arrival time errors (Table 4.7.1).




FIGURE 4.7.5
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Figure 4.7.6 shows freehand ellipses drawn around the
epicentres determined from perturbation experiments on the
9 earthquakes of Table 4.7.1. Note their exaggerated scale.

Spotted ellipses circumscribe epicentres perturbed by P and

S arrival time errors and recording station mislocations
(thé former are usually much larger than the latter). Open
ellipses surround epicentral perturbations due to errors in
structural parameters. They degenerate into lines for the
closer earthquakes, where only the two uppermost structural
layers are involved,

The spotted areas are not equivalent to the confidence
ellipses of Figure 4.7.2, since they depend directly on the
magnitude of the errors given 1in Table 4.7.1, However,
their orientation is in all cases very similar, emphasizing
that the distribution of recording stations is the dominant
factor governing their shape, whatever method 1is wused to
obtain them. The spotted ellipse for event 278 should pass
through the two crosses, which have been plotted explicitly
to show the anomalously large effect of altering the S phase
arrival time at Tendaho. This arises because only at
Tendaho does the S arrival carry significant weight in the
solution (and in particular, S cannot be picked at Mille
since the record is saturated by the first arrival).

Structural errors cannot operate on individual
earthquakes in 1isolation. They may be considered as
distance scaling factors operating on the full set of
computed epicentres, with little azimuthal effect. They are

usually substantially greater than the errors due to other
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causes, The tectonic structure of the seismic area, |if
sufficiently well known, may be wused as an additional
structural determinant, structural parameters being selected
to give maximum correlation of the computed epicentres with
known fault patterns {see Chapter 8),

For most ESP earthquakes the distribution of recording
stations is poor. The importance of an adequate station
network 1is demonstrated by the best placed well-located
event (number 12, Figure 4.7.6), for which the spotted
ellipse has a major semi-axis of less than 300 m*., The
structural error bar falls entirely within the spotted
ellipse, and has been omitted for clarity. LANGENKAMP and
COMBS (1974) have given a fuller demonstration that for
events within or on the margin of a seismic recording
network the epicentres are not critically dependent on the
structural parameters chosen for a laterally homogeneous
model.

On the basis of the data presented in Figure 4.7.6,
the estimated probable error in the location of earthquakes
from 85 km or less (whose first arrivals will have travelled
only in the upper two layers of model C, Figure 4.3.6c),
well recorded at 4 stations, 1is approximately *2.5 in
distance and *1.50 in  azimuth. For more distant
earthquakes the <corresponding figures are *4% in distance
and 2,50 in azimuth. For earthquakes recorded at fewer

*Its shape is determined by the effect of station
mislocation errors. The smaller ellipse due to arrival time
errors alone has the NW-SE orientation found 1in Figure
4.7.2.




stations the azimuthal error may be doubled.

The epicentral distributions of Figures 4.7.4 to 4.7.6
were computed with focal depths constrained to 3 km. Focal
depths of shallow earthquakes are difficult to determine
even for earthquakes within the station network, unless they
have occurred very close to a particular station.

JAMES et al (1969) have shown that the theoretical
sensitivity of arrival times to changes in focal depth is
greatest when the station is vertically above the source,
and drops rapidly to zero at a small distance, which for
shallow earthquakes may be less than the network spacing.
The sensitivity of focal depth to V(z) model changes has
been demonstrated by LANGENKAMP and COMBS. (1974). Both
these previous results are confirmed by the findings of
Section 4.4 (e.g..Figure 4.4.3).

All earthquakes located within Afar have upper crustal
foci. For the majority of events, more exact focal depths
cannot be assigned. Where exact figqures are given, they may

be in error by several kilometres.

4.8 Earthquake Locations: a Summary

Epicentres of 258 earthquakes (listed in Appendix 6)
have been estimated wusing programme LEADL. A number of
scientific results, obtained in the process of developing
the earthquake 1location procedures, have already been
summarised 1in Section 4.3.5. Subsequent sections have

yielded additional interesting results:




(8) Earthquakes from Waldia, on the Western Ethiopian
escarpment, also have upper crustal foci. Greater focal
depths (24 to 26 km) are indicated only for one group of
earthquakes farther south along the escarpment. ESP focal
depth information is summarised in Figqure 4.8.1.

(9) Vp/Vg has the approximate value 1.76 for the two
upper layers of the preferred structural model, rising to
1.90 at greater depths, where the velocity structure |is
less certain. There is no evidence for azimuthal variations
of these figures.

(1¢) For earthquakes within about 68 km of the network
centroid, recorded at 3 or more stations, the epicentral
estimates are insensitive to details of the V(z) model. The
only exception 1is the second layer velocity, well
established as 6.2% 9.1 km s~1, For earthquakes outside the
ESP network, the largest surce of error in the -epicentral
estimates is the uncertainty in the structural model. The
effects of possible errors in the recording station
co-ordinates are shown to be unimportant,

(11) Fiducial confidence and perturbation ellipses,
computed to show the effects of random errors, have their
orientation and eccentricity controlled by the network's
geometry, and emphasise its relatively poor resolution along
the NW-SE axis.

The significance of the earthquake locations |is

discussed in Chapter 8, where epicentral maps are given,
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CHAPTER 5

MAGNITUDES

5.1 Introduction

The object of this chapter 1is to derive a 1local
magnitude scale for Afar. The requirement is not merely a
rating of ESP earthquakes according to their size or
strength, but a basis for comparing them with other
earthquakes recorded in Afar and elsewhere. Two quantities
are used to obtain estimates of ESP earthquake magnitudes:
the maximum seismogram trace amplitude, and the duration of
the seismic signal.

In the frequency domain the received seismic body wave

spectrum at a seismometer may be factorised as

X(w,r,8) = S(w) B(r,8) Cg(w) P(w,r) G(r) Cr(w,r) I(w)
where (5.1.1)
X(w,r,8) = received spectrum at hypocentral distance r
S(w) = source spectrum, corresponding to the far field

source time function

B(r,®) = source radiation function, with 8 as azimuth
Cg(w) = source crust effect on spectrum |
P(w,r) = path effect on spectrum

G(f) = geometrical spreading

Cr(w,r) = receiver crust effect on spectrum

I(w) = instrumental response

Here and throughout this chapter a laterally homogeneous

earth is assumed (as these factors are also functions of




position). Equation 5.1.1 is considered further in
Chapter 7. 1Its complexity warns that earthquake magnitude,
as defined by any single quantity, will be only a crude
indicator of earthquake size. As RICHTER (1935) stated when
first introducing the concept of earthquake magnitude:

"precision...was neither expected nor required. What
was looked for was a method of segregating large, moderate
and small shocks [in a particular area), which shoﬁld be
based directly on instrumental indications.”

Richter defined 1local magnitude, My, for Southern
Californian earthquakes, by the relation

M = 1logjgA(d) - logjghg(d) (5.1.2)
where A was the maximum trace amplitude on a Wood-Anderson
seismogram of an earthquake at epicentral distance d, and
Ag(d) was an empirical normalisation function. The zero
magnitude was arbitrarily defined as that for which the
maximum trace amplitude at 100 km was 1 pme.

Equation 5.1.2 1is used in the present study, and Iis
still widely used in seismological observatories throughout
the world (ADAMS,1977). The normalisation function, Ag(d),
must be adapted for wuse with different instruments,
different phases and different parts of the world. The
difficulties involved are discussed in the next section.

A series of papers by GUTENBERG (e.g.1945a,b; also
GUTENBERG and RICHTER,1956) have related the amplitude of
the ground vibration to its predominant period, T, 1leading
to formulae of the form

mp = logig(A/T) + Q(d,h) (5.1.3)




where O is the normalisation function, which depends also on
the focal depth of the earthquake, h. my is the body wave
magnitude, often measured for ground motion at a particular
period. Any specified body wave phase may be used. Many

regional empirical formulae in use currently are of the form

my, logig(A/T) + ¢ logjgd + b (5.1.4)

or Mg = 1logjg(A/T) + C logjpd + B (5.1.5)
Equation 5.1.5 1is the <corresponding formula for surface
waves, of which the most widely used version 1is the
"Moscow~Prague®' or 'IASPEI' formula (KARNIK et al,1962).
NUTTLI (1972) has pointed out that the 'constants'
b, ¢, B, C, should theoretically be written as functions
b(my,T), c(d,T), B(Mg,T), C(d,T).

More recently, a short-range body wave magnitude (mb*),
based on maximum P coda ground velocity, Ay, has been
defined by the formula

mp* = logjgAy + 2.3logjgld - 2 (5.1.6)
(NAVARRO and BROCKMAN,1970), where A = hypocentral distance.
At the end of this chapter the ESP data are fitted to a
local magnitude formula of this form.

In this study the parameter A has been preferfed to
(A/T), and M; to my, because of the difficulty of isolating
any particular period or phase on a local earthquake record.
Whichever parameter is used, the major difficulty 1is the
assignation of an appropriate regional normalisation
function. Use of signal duration (D) as the parameter for
earthquake magnitude determination (Section 5.2), eases

this problem. Since the magnitude against logigD




relationship is closely linear its constant and gradient can
be determined from a few events whose magnitudes are
independently available.

26 events recorded by ESP were also received by the
WWSSN station at Addis Abeba (AAE), which determined their
magnitudes and normalised them to mp as teleseismically
determined by USGS (Gouin, pers. comm). These events enable
ESP mp values to be tied into the world-wide my scale
(Section 5.2).

ESP My values cannot be related to mp in this way,
since 21 of the 26 events saturated the Durham recorders.
Consequently, Section 5.3 presents an ESP M; scale, based
directly on the calculated gain of the Durham instruments,
which assumes that Richter's A, (d) curvé is applicable to
Afar. Globally-linked Mp and independently-derived Mp are
then compared in order to obtain the explicit regional
normalisation function for Afar, A,(d,Afar). Finally, the
differences between A,(d,S.Calif) (i.e. Richter's curve) and

Ay (d,Afar) are discussed.

5.2 Earthquake Magnitudes from Signal Duration

The use of signal duration for earthquake magnitude
estimation was proposed by BISZTRICSANY (1958), who measured
the duration of the surface~wave train of teleseisms
recorded in Eastern Europe. Only during the past ten years
has the method been widely applied to 1local earthquakes.
Not only may it be applied to saturated records, but it is

simpler to apply than the trace amplitude method; the signal




duration is often the only quantity that need be measured to
obtain the magnitude estimate. It is now customafy to use
the total duration, D, of the seismic record measured from
the initial P onset to the point at which the signal level
falls below a given threshold value, or alternatively to the
point at which it returns to the background noise level.

Empirical formulae relating M; and D have the form

M = ag + a3 logygh + apd (5.2.1a)
where apg, aj, ap are constants; or simply

M, = ag + aj logigD (5.2.1b)
since a; 1is small, and has always been found to be
negligible for epicentral distances d < 20¢ km. Equation
5.2.1la might be expected to contain an additional term
expressing focal depth dependence. However, for the small
and shallow earthquakes to which the signal duration method
is normally applied, focal depth is much 1less accurately
determined than epicentral distance and no conélusive
dependence of duration on focal depth has yet been
established.

Equation 5.2.1b has been obtained theoretically by
HERRMANN (1975), subject to the restrictive assumptions that
the events considered have "the same source location and
focal parameters with respect to the recording station”; and
that their codas are monochromatically filtered and have an
envelope represented by a simple power law in time. 1In
practice, several studies have observed that the gradient,
aj, of the My versus logjgD curve increases with increasing

amplitude. To account for this, some authors




(HERRMANN,1975; BAKUN and LINDH,1977) have quoted two
equations of the form of Equation 5.2.la or 5.2.1b, with
different coefficients for different magnitude ranges; while
others (e.g. REAL and TENG,1973) have fitted equations of
the form

M = bg + bjlogigD + by(logigD)2 + b3d (5.2.2)
In all cases where Equation 5.2.2 has been fitted, bj has
been found to be negligible. REAL and TENG (1973)
attributed the curvature of the M versus log;gD
relationship to an intrinsic feature of the M scale.
However, similar curvature 1is observed when 1log;gD |is
plotted against mp or log;gMg (Mg is the seismic moment).
HERRMANN (1975) has derived a theoretical relationship
between logjgD and 1logjgMpg, showing that the curvature
results from the effect of decreasing corner frequency with
increasing event size, causing a corresponding decrease 1iIn
the amplitude of the <coda and hence a relatively smaller
duration. The very rapid fall-off of log;gD with M; found
by BAKUN and LINDH (1977) for My <1 can probably be
explained by these small events having corner frequencies
above the pass band of the instruments.

The spectral content of the recorded ground motion will
depend not only on the instrumental response but alsc on the
earth filtering quality factor, Q, which characterises the
effects of wave attenuation and scattering. SUTEAU and
WHITCOMB (1979) have quantified these dependences in
deriving a theoretical magnitude relationship of the form

M, = ag + ajlogigD' + azdp'l/3 + £(D') (5.2.3)




where the constants ag, aj), az depend on the effective Q and
on geometric spreading, and £(D') 1is a function of the
instrumental ‘response and, weakly, of the scattering
process. Both Herrmann and Suteau and Whitcomb follow AKI's
(1969) theory that the later portions of the coda are
composed of backscattering surface waves, originating at
large distances from the source and the receiver and due to
lateral crustal inhomogeneity. Both theoretical
relationships show good agreement with observational data.
It should be noted that D' in Equation 5.2.3 is the total
signal duration measured from the origin time, which is not
necessarily known.

Figure 5.2.1 shows the plot of log;gD against My (AAE)
obtained in this study using 25 of the 26 ESP events whose
magnitudes were also determined at AAE™, M, (AAE) was
obtained by staff of the Geophysical Observatory, Addis
Abeba, from Equation 5.1.2, through measurement of Sg or Lg
(Gouin, pers. comm). Adopted values of Mp (AAE) are the mean
of the magnitudes obtained from the N~S and E-W
seismometers, as copied by the author f£from preliminary
determinations on file at the Observatory. Their accuracy

is approximately * 9.3 magnitude units.

%

D" is the duration, in seconds, of ESP seismic records,

measured from the P onset until the time at which the signal

amplitude returns to the background seismic noise level.
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*The remaining event occurred as part of an aftershock
sequence, so that its duration could not be satisfactorily
measured. This is the most notable disadvantage of the
signal duration method.
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This method of defining the end of the coda has an advantage
over the alternative criterion c¢f taking the time at which
the signal level falls below a given threshold value (LEE et
al,1972; BAKUN and LINDH,1977), in that it is independent of
the recording device and 1its gain on playback. The
disadvantage 1is that measured durations will be anomalously
short if the background noise 1level 1is high. HERRMANN
(1975) has shown that measurements made with signal cut-offs
at different amplitudes differ only in the constant term ag
in Equation 5.2.1. ag 1increases for higher cut-off
amplitudes.,

Differences 1in signal duration, D*, between stations
may be expected because of uncertainties in measuring D*,
varying 1local geology and varying background noise levels.
The latter two factors will cause systematic differences in
D*, which may be expressed as station corrections. In this
study (using Equation 5.2.1b) a station correction ratio,
Si, referred to Tendaho station, was defined by the

relationship

n
S = (1/n) Z((D*1)i/(D*rend) i)
i=1
where (D*Tend)ir (D*I)i are the signal durations at Tendaho
and at station I respectively of the ith of n well-recorded

events. The results were

SMill] = 1.06%8.17 (n = 32)
Sserd = 1.34%0.26 (n = 29)
Spetp = 1.22%0.21 (n = 23)
(STeng = 1.08)

where the standard errors indicate the uncertainties in




measuring D*, which are largely caused by the difficulty in
determining the signal cut-off point. The S; are almost
negligible. They are all greater than 1.6, supporting the
observation that Tendaho is generally the noisiest station.

The duration used for determining the magnitude of each
event was the simple mean of the corrected durationé

Dy = D*p / S1
Any duration D; which was shorter by 35% or more than the
mean of the «corrected durations at the other stations
recording the event was attributed to high noise level, and
was discarded. For all such occurrences the abnormal noise
was clearly visible on the seismic records. All durations
were measured on the vertical seismometer traces.

The data plotted in Figure 5.2.1 were fitted to linear
and quadratic logjgD  dependencies by least squares
regression. For event 134, the difference between observed
and calculated values of My (AAE) exceeded 2. This event was
removed from the data set. The re~evaluated results, based
on 24 events, were

Mp, (AAE) = (#.1020.35) + (1.73%9.16)10og)¢D (5.2.4)
with correlation coefficient, r = 90.92, standard deviation,
o= 0.29,

and Mp (AAE) = (1,77 % 8.208) + (0.43%0.04) (log1gD)2 (5.2.5)
with r = 0,91, 0= 0.29,
These equations cover the magnitude range 2.2 < M, € 5.8,

When the data were sub-divided according to magnitude
to fit two lines of the form of Equation 5.2.4 the results

were
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Mp, (AAE) (6.80%0.19) + (1.28% 8.18)1logigD (5.2.6)

with r = ¢.97, o= 06.10, 2.2 £ M, € 3.6, 10 events,

]

and My (AAE) (1.12*1.08) + (1.,33%0.46)log1gD (5.2.7)

with r = .65, O0=0.32, 3.6 £ M € 5.8, 14 events,

or My (AAE) (8.67* 0.29) + (1.39%8.15)10g1gD (5.2.8)

with r = 9.94, o=0.18, 2.2 { M € 4.0, 15 events,

and My (AAE) (1.64%*1.70) + (1.15%0.70)1lo91gD (5.2.9)
with r = ¢g.,5¢, o©o = 08,34, 4.0 ¢ My, £ 5.9, 18 events.

Neither pair of equations represents the data as
usefully as Equation 5.2.4, which is preferred to Equation
5.2.5 by virtue of its greater simplicity. The 1lines
represented by Equations 5.2.7 and 5.2.9 are
unsatisfactory because of the large scatter in the data for
the larger events, They have very 1low correlation
coefficients, and lower gradients than the full data set
line of Equation 5.2.4. The scatter is probably largely
caused by errors in My (AAE). The difference in the M
values obtained from reading the N-S and E~-W seismometers at
AAE was sometimes considerable (1.4 magnitude units in one
case), whereas the variation 1in logjgD between different
stations of the ESP network was #6.15 or less.

Table 5.2.1 compares the magnitude/duration
relationships obtained in this study with those previously
published. The present results are fully consistent with
the earlier work., Detailed compariscns are not wvalid,
because of the variety of instruments and magnitude ranges
that have been used. Furthermore, Mp, (AAE) is not

necessarily equivalent to Richter's M;. These differences




(A) to fit Equation 5.2.1

MAGNITUDE
REFERENCE RANGE ag ay
TSUMURA (1967) 3.2-5.0 -2.53 2.85
CROSSON (1972) 1.8-4.1 -2.46 2.82
LEE et al (1972) 2.5-4.0 -0.87 2.00
REAL and TENG (1973) 2.8-5.1 -1.081 1.89%92.085
2.8-5.1 9.e8 1.63*0.04
LANGENKAMP and
COMBS (1974) 1.1-3.2 . -1.9 2.0
HERRMANN (1975) * 3.0-4.4 1.13%0.24 1.22%9.11
* % 3.0-4.4 9.34*9.36 1.31%0.13
* 4,3-5.5 -1.23%1.04 2.19%0.38
% * 4.3-5.5 -4.,22%1.82 2.99p.60
* 2.5-4.5 0.48%p.32 1.27*0.18
* & 2.5-4.5 -1.68%9.78 1.96%9.37
BAKUN and LINDH (1977) ©8.5-1.5 g.28%0.01 2.71%p.01
1.5~-4% -3.59%0.37 3.32%0.19
1.5-4+ -3.26%9.29 2.92%*3.13
3.8-5.8 0.31*3.24 1.76%0.11
This Study 2.2-5.0 0.10%3.35 1.73%0.16
2.2-4.0 6.67*6.29 1.39%1.15
2.2-3.6 0.80%0.19 1.28%0.10
(B) to fit Equation 5.2.2
MAGNITUDE
REFERENCE RANGE bg by
REAL and TENG (1973) 2.0-5.1 1.03 0.43%0.901
2.8-5.1 1.60 8.42%0.01
BAKUN and LINDH (1977) 0.5-4+ 2.16*0.09 8.70*0.04
2.5-4+ 0.20%0.01 0.60*0.002
This Study 2.2-5.0 1.77%0.2¢0 0.43%9.04

Amplltude cut-off 5 mm.

**mmplitude cut-off at noise level.
Otherwise, different relationships for the same reference
different instruments,

1¢3a3

p.9%0.2

8.51%0.66
0.74%0.76
8.88%0.36
0.57%9.45
1.88*1.5¢
1.90%1.88

183b3
p.9%p.2

RMS
ERROR r
6.2-8.3 ---
g.21 ——=
8.22 -
9.16 -
9.14 -
- 9.91
—-— 08.87
——— .92
- .89
- .92
— .88
9.19 -
.21 -
9.16 -
9.13 -
.29 8.92

RMS
ERROR v

9.15 -
.14 g
0.28 ———
#.22 ———
2.29 -

and magnitude range imply
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mask the regional wvariations of the «coefficient a; (of
Equation 5.2.1) which should reflect geographical
variations in the scattering process ({Afar being a
structurally complex region, a relatively large number of
scatterers would be expected).

For proper comparison with the magnitudes of
earthquakes elsewhere, the ESP signal durations must be
related to a magnitude scale which has world-wide validity.
Workers at AAE have obtained an empirical correction formula
between My (AAE) and mp(CGS), based on more than 108 events
(Gouin, pers. comm),

M (AAE) = ©0.24 + 1,85mp(CGS) (5.2.10)
Combining Equations 5.2.4 and 5.2.14,

Mp = mp(CGS) = =-P.13 + 1.65log979D (5.2.11)
Unless otherwise stated, all magnitudes quoted in subsequent
chapters are calculated from Equation 5.2.11. Note that the
smallest earthquake for which M[(AAE) |is available has
my = 1.9, Magnitudes of smaller events have been obtained
by extrapolation, and should be treated with caution. There
is a distance-dependent 1lower limit to the smallest event
which can be classified, since the minimum duration 1is by

definition the P to S time,

5.3 Earthquake Magnitudes from Maximum Trace Amplitude

Before earthquake magnitudes can be determined from
Richter's equation (5.1.2) three major problems must be
considered. Firstly, the response characteristics of the

Willmore Mk II seismometers and Durham playback electronics




used in this study differ from those of the Wood-Anderson
seismometer, The Wood-Anderson is no longer considered
suitable for studying small earthquakes. It has relatively
low sensitivity, and records cnly horizontal motion,

Secondly, the dynamic range of the Durham seismic
recording and playback equipment does not exceed 36 dB
(Appendix 3). Thus, for any given epicentral distance
(again, neglecting azimuthal effects), earthquake magnitude
determinations are restricted to a range of 1.8 magnitude
units or less, Smaller earthquakes will not be observed;
larger cones will saturate the recording equipment.

Thirdly, Richter's normalisation function was intended
for Southern California, and does not necessarily apply to
other regions even if Wood~Anderson seismometers are used.
Itjis dependent on the structure, attenuation and elastic
pgéperties of the crust and upper mantle, which vary widely
from region to region (EVERNDEN,1967; MITCHELL,1973). It is
for historical reasons that this study compares a dilation
zone with much volcanism (Afar) to a shear zone with 1little
volcanism (Southern California). We expect the result
(section 5.4) that the normalisation functicn for Afar will
differ from Richter's function,

The definition of My is more difficult to generalise
world-wide than that of myp or Mg, which are normally
measured using particular phases. Local earthquakes cannot
usually be resclved 1into their component phases, and the
phases which have greatest amplitude in any given distance

range vary with structure,




The problem of instrument response should 1ideally be
overcome by taking the Fourier displacement spectrum of the
recorded seismic trace, <correcting it for instrumental
response, shaping it by the thecretical response of the
Wood-Anderson seismometer and transforming the resultant
spectrum back to the time domain, where the maximum trace
amplitude is read. The present study does not use this
approach, which 1is excessively laborious for large numbers
of events where distortions such as clipping are present,
and which 1is not justifiable 1in terms of the precision
expected of magnitude measurements.

The overall gain, G, of the Durham seismic recording
and playback equipment is calculated in Appendix 7 as

G = 2.74x104
The natural periocd of the seismoheters was 1.0 s. The
system gain was approximately constant over the frequency
range 2 to 10 Hz (the frequencies at the half-power (=3dB)
points were #.04 Hz and 15 Hz (Figure A3.1, Table A3.1)).
On all the ESP seismic records the phases giving rise to the
maximum trace amplitude have frequencies within this range.

As operated by Richter, the Woocd-Anderson seismometer
has natural period #.8 s, damping factor 2.8, and a gain of
2899 which is also constant over the frequency range 2 to
19 Hz. Consequently, in this study the factor for
conversion from ESP trace amplitude to the equivalent
Wood~Anderscn trace amplitude has been approximated by the
ratio of the system gains. A trace amplitude A on the ESP

instruments thus corresponds to




(2800A/2.74x10%w) = A/9.96w on the Wood-Anderson. The
factor w (dominant frequency of the phase giving rise to A)
is included because the ESP instruments measure veloccity
whereas the Wood-Anderson measures displacement. Equation
5.1.2 may now be written

M, = logyg(A/9.96w) ~ 1logjghg(d)

1

logjg(A/w) =~ logigAg(d) - 1.00 (5.3.1)
(to 2 significant figures), where A is the maximum trace
amplitude and Ap(d) the normalisation function.

For events of the same swarm, having approximately the
same fcocal mechanism and reccrded at the same set of
seismometers, the factors on the right hand side of Equation
5.1.1 might be so equalised that each event would be a
scaled version of every other, both in the fregquency and the
time domain. It might then be possible to alleviate the
difficulty of 1limited dynamic range by measuring, wherever
possible, both the maximum trace amplitude, A, ¢f an event
and the trace amplitude, A', of any cther point on the coda
that could be consistently recognised from event to event.
Since the ratic A/A' would then be constant, A could be
inferred from A' for larger events where A saturated the
record. In practice, the only ratic that could be
conveniently measured was Ag/Ap, where Ap, Ag are
respectively the maximum trace amplitudes of the P and S
wave codas. One set of results is shown in Figure 5.3.1.
The first motions of the -events shown are very similar
(Chapter 8). The lack of a linear relationship between Ag

and Ap (r = 8.71 for the best straight line in the least




FIGURE 5.3.1

MAXIMUM S CODA AMPLITUDE AGAINST MAXIMUM P CODA AMPLITUDE

(MM)

MAXIMUM S

FOR EVENTS FROM NW TENDAHO GRABEN RECORDED AT MILLE

30

20

10

(distance = 60 km, azimuth = 349)
®
e (2]
®
Q@
@ ]
) @
g o ¢ o
@ e
&
e e @
® @ @ 0
=)
@
9
®
o &
1 | i
10 20 30
MAXIMUM P [(MM)




5.18

squares sense) shows the effect on coda amplitudes of even
small variations in the focal mechanism or propagation path.
Mr, cannot therefore be reliably determined from
saturated records by this method.

We now consider the problem of the normalisation
function, Ag(d). RICHTER (1935) obtained Ag(d) for Southern
California by plotting logjpgAg against d for a
representative group of earthquakes recorded at several
stations. Curves were drawn through the several points
referring to each shock and were found to be approximately
parallel, demonstrating the wvalidity of the method. The
curves were combined into the single Ag(d) curve, parallel
to the individual curves and passing through an arbitrarily
selected point. EATON et al (1974) and DOUGLAS and RYALL
(1972) have assumed the equivalent attenuation relation
A oc d~K, where k is a constant attenuation factor. It
corresponds to the same distance correction implicit in the
definition of magnitude by such equations as 5.1.2, 5.1.4.

The ESP stations are too few for the above method to be
used satisfactorily. As a first approximation Richter's
Ag(d) curve was therefore applied directly to the ESP data.
Such a c¢rude approach 1is partially justified by a
previous study of East African local seismicity
(ARNOLD,1974), which demonstrated that the Ag(d) curves for
events recorded at Nairobi and at the Durham University
Kaptagat array had very similar shapes to Richter's curve.
This is equivalent to saying that the difference in

structure between Southern California and East Africa can be
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largely represented by a constant, k', inserted into
Equation 5.1.2.

Trace amplitudes were obtained from 267 reccords at
Mille and Tendaho. In each case the maximum trace amplitude
was measured from the 5 mm per recorded second l6-channel
jet pen oscillograph trace (Section 3.7), and the frequency
at the maximum amplitude from the 5@ mm per recorded second
trace., The epicentral distance used was that computed using
programme LEADL (Sections 4.2.2, 4,4.3), and the
corresponding value of Ag (d) was read from table 1 of

RICHTER (1935)*. M;, was then calculated from Equation 5.3.1.

5.4 Comparison ¢f Mp and Mp: Results and Discussion

Ideally, every value of M; obtained 1in Section 5.3
should differ from the previously determined magnitude Mp
for the.same event by a factor, k(d), which represents the
difference between the normalisation functions for Afar and
Socuthern California, i.e.

k(d) = 1logygAy(d,Afar) -~ logjgAy,(d,S.Calif) (5.4.1)
Non-zero k(d) values will vreflect structural differences
between the two regions. If the normalisaticn functions
have the same distance dependence (i.e. shape), k(d) will be
a constant equivalent to ARNOLD's (1974) k',

In practice, for a sample of 247 events the mean
difference My - Mp was 0.19, with standard deviaticn 9.38

- vy Ty e v W TR E Tie T The  me e TeR e U T R S w T T Sy T " Ty " Tem e e =8 W e e T v " = e M= e cmm = ey “ms =% aw . . - —

*It should be noted that this table, which defines the
widely—-used Richter <curve, "presents ... the results of
studying a comparatively small group of shocks", all
occurring during one month (RICHTER,1935,p.7).




magnitude units. The close overall agreement between Mp and
Mg shows that the error introduced by applying Richter's
An(d) to Afar is small.

The Mp values, given by Equation 5.2.11, have been
calculated to be consistent with world-wide mp results. A

definitive Ag(d,Afar) curve may thus be generated from the

expression
Afg(A/w) = logig(A/w) - Mp (5.4.2)
where Afg(A/w) = logjgAg(d,Afar). Combining Equations

5.2.1, 5.4.1 and 5.4.2,

ML - Mp = k-1 = m
m is the mean difference due to structure between the Afar
and Southern California normalisation factors, whereas k
(here taken to be constant) includes also the difference in
response between the instruments used to determine them.
The Afs(A/w) curve 1is plotted on Figure 5.4.1. Points on
the curve, denoted by short horizontal bars, are generated
over intervals of 5 km of epicentral distance. By grouping
together all events occurring within 5 km distance ranges an
estimate 1is obtained of the scatter of the Afg(A/w) values.
Vertical error bars show standard deviations for each group
of events, while the thickness of each horizontal line
indicates the size of the data group. Open circles denote
single wvalues., Richter's curve is plotted for comparison,
displaced by k = 1.19 to optimize the fit with the Afp(A/w)
curve. In other words, the relation

M (A) = logjg(A/wW) - logigAs(d,S.Calif) ~ 1.19 (5.4.3)

produces maximum consistency between My (A) and magnitude as
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determined from Richter's curve.

Several conclusions may be drawn from the Af,(A/w)
curve. However, although the validity of the My scale has
been implicitly assumed there are no absclute measurements:
the conclusions are based solely on the consistency of data
from duration and amplitude measurements.

(1) The insignificant value m = #.19%* 0,38 shows that
Equation 5.2.1 may be applied directly to Afar without
modification of Af (d) by a significant constant to allow
for structural differences between Afar and Southern
California. However, Figure 5.4.1 demonstrates that the
Af,(A/w) curve 1is a poor fit to Richter's curve, so that
k(d) is not well represented by a constant. The Af,(A/w)
curve has smaller gradient than Richter's curve, reflecting
a lower rate of attenuation of amplitude with distance, so
that when Richter's curve 1is assumed magnitudes are
underestimated at distances below 68 km and consistently and
increasingly cverestimated beyond 140 km, relative to
world-wide data.

The indication is that significantly greater
attenuation exists below Afar than below Southern California
at lower crustal and uppermost mantle depths. This result
is fully consistent with the 1low seismic velocities and
raised Poisson's vratios found for the 1lower <crust and
uppermost mantle in the previocus chapter, and with the
results of other studies reviewed in Chapter 1.

(2) The standard deviations of the points of the

Af,(A/w) curve from Richter's curve are of the same order as




the scatter of the individual data points, and a
significantly better fit to the bulk of the data
(60 € d € 140 km) should nct be expected. The data scatter
is not decreased when all the events in a given distance
range originate from the same swarm, and cannct therefore be
attributed to differences in focal mechanism or in
attenuation as a function of azimuth. Possible azimuthal
variations arising from crustal 1inhcmogeneity are more
logically examined in the frequency domain (Chapter 7).

(3) For events at epicentral distances of 100 km or
greater, where Afg(A/w) is 1less strongly a function of
distance, the mean difference between estimates of M; at
Mille and at Tendaho 1is 0.81%2.12. As for the signal
duration method, no station ccrrection need be applied. The
magnitudes of near events are relatively underestimated at

the closer station, for example:

APPROXIMATE

NUMBER EPICENTRAL

EVENTS FROM NW TENDAHO GRABEN OF EVENTS DISTANCES
Mp (Mill) - M{ (Tend) = 0.67% #.19 9 ( Mill: 68-65 km

( Tend: 25-30 km

M (Mill) - M (Serd) = 0.40% 0.45 4 ( Serd: 35-4@ km

EVENTS FROM SE OF SERDO
, ( Mill: 93-96 km
Mg (Mill) - My (Tend) = 0.20%0.13 4 ( Tend: 52~64 km

Overall figures 1in this distance range are statistically

significant. They suggest that the prominent ‘'knee' on the
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Richter curve (at 58 to 6@ km) is much less pronounced,
perhaps absent, for Afar. It also appears tc be absent for
Kenya (GURBUZ,1973,fig.27; ARNOLD,1974). 1In other words,
the abnormally high rate of increase of attenuation with
distance found by Richter in this distance range appears to
be a peculiarity of the Southern Californian crust not
exhibited by Afar. More data are required toc substantiate
this conclusion.

(4) (M~-Mp) is independent of Mp for events in a given
distance range. There is thus no indication that the linear
extrapolation of the Mp curve below Mp = 1.9 is in any way
invalid.

Note that the value of m depends on the computed gain
of the ESP instruments. If the gain is in error by a factor
2, m will be altered by logjg2 = 9.3,

The scatter of the data points in this section is of
similar magnitude to that found in other trace amplitude
magnitude studies (e.g. EATON et al,l1972), and is a
consequence of the initial simplifying assumption that
earthquake size can be characterised by a single parameter.
The imprecision of local magnitude estimates 1is one
explanation for the multiplicity of empirical relations that
have been used to fit experimental results.

The apparent absence ¢f the Richter ‘'knee' suggested
that the ESP data might be fitted to a simpler, analytic
distance normalisation function., The eguation chosen was
analogous to Equation 5.1.6, but the measured trace

amplitude was M| rather than mp. Since all the ESP events




in the data set have upper crustal foci, epicentral distance
(d) was used instead of hypocentral distance. For the
optimum fit,

ML = 1logjpgAy + 1.8logjgd - 2.43 (5.4.4)
with o = 0.32, This 1is a better fit than Equation 5.4.3,
It is valid Zor the whole distance range 20 to 400 km, as
shown in Figure 5.4.2.

That Equations 5.4.3, 5.4.4 and 5.2.11 (signal
duration) all give consistent magnitudes for the ESP data
demonstrates the unity o¢f the three forms of relationship
currently most widely used in the calculation of local
magnitudes. Analytical relationships such as Equation 5.4.4
are preferable to those based on Richter's curve because

they are simpler to derive and to apply.
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CHAPTER 6

THREE~COMPONENT ANALYSIS

6.1 Introduction

The three-component sets of seismometers wused by the
ESP have recorded the complete particle motion of incoming
signals and noise. The various body and surface wave
arrivals which constitute the seismic record have different
polarization properties, Many authors have described
polarization filters which will discriminate in favour of
particular phases. They have been widely used 1in the
analysis of teleseisms, but have not hitherto been applied
to local earthquake records.

This chapter contains a discussion of the theory of
such filters, and a review of the pertinent 1literature,
followed by a description of their application to the ESP
data. A method is developed for finding the azimuth and
angle of incidence of ESP events recorded by a single
three-component set of seismometers, Invoking a crustal
model, the event hypocentres are determined by ray tracing.
Finally, the hypocentres are compared with those obtained in
Chapter 4.

The polarization properties of seismic waves within a
body are well known, and may be calculated directly from
infinitesimal strain theory assuming a homogenecus, elastic
medium (e.g. BULLEN,1965). Despite the idealised

conditions, the theory is a good approximation to real earth




conditions. This analysis concerns detectors on the earth's
surface, where the 1incident body wave amplitudes are
modified because of the P-SV interaction which occurs at the
free surface. The modifications have been given by KNOPOFF
et al (1957), and were first applied to the design of
polarization filters by WHITE (1964).

Radial and transverse horizontal components of motion,
R and T (Figure 6.1.1), are obtained from the original
north-south (N) and east-west (E) horizontal seismic
channels by co-~ordinate rotation through an angle ©:

R

Ncos(®) + Esin(8) )
(6.1.1)

T Nsin(8) - Ecos(8) )
where 8 is the event azimuth.

The wvertical component of motion, V, and R have the
same waveform for P waves, and are in phase (KNOPOFF et
al,1957). This 1is shown diagrammatically in Figure 6.1.2.
For SV motion, V and R have a relative phase shift of 1809,
provided the angle of incidence is less than the critical
angle, i, = sin~l(vg/Vp), where Vg, Vp are S, P wave
velocities respectively. For i > sin"l(VS/Vp), the wave
motion is no longer rectilinear. Incident SV is totally
internally reflected as SV, undergoing a phase shift.
Reflected P is also out of phase with incident sv.

Figure 6.1.2 demonstrates that the product of vertical
and radial (horizontal) components of ground motion,
V(t)R(t), is always positive for P arrivals and negative for
S arrivals. Elliptical motion, with V phase shifted by T /2

with respect to R, gives V(t)R(t)values which may be either
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FIGURE 6.1.2
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positive or negative, but which average to zero over one
cycle.

A smoothing filter 1is usually applied to V(t)R(t) to
reduce the effects of noise. For digitized data, a very
simple filter may be realised by forming a moving window
average over a range of n samples either side <cf the time
corresponding to the output sample value, x. Thus

VR = (l/(2n+l))E?ViRi , (6.1.2)
time averaged over (Z:R;nl) samples, can be used as a filter

to enhance rectilinear wave motions. Summation over a cycle

of the waveform is equivalent to

T
l/ﬂj~cos(e)cos(8 + €)de = 1 if € = @ (P-waves)
-1 -1 if € = T (S-waves, i < i)
@ if € = M/2 (elliptically

polarized waves)
The more general equations are given by WHITE (1964).

The VR filter tends to suppress all non-rectilinear
wave motions, 1including Rayleigh surface waves (Figure
6.1.2). Since background noise <consists primarily of
fundamental and higher mode Rayleigh waves, the filter has
the important property of improving the signal to nocise
ratio. This is valuable in the present study, where signal
generated noise 1is often substantial and cannct be removed
by frequency band-pass filtering (Section 3.5). Note also
that SH and Love waves do not contribute to Vﬁ, since they
are polarized orthogonally to V and R.

SHIMSHONI and SMITH (1964) developed the VR filter
independently of WHITE (1964), and applied it toc teleseismic
records. The application to the ESP data of a mcdified

version of their filter is described 1in Section 6.3, A




series of more general 'REMODE" (Rectilinear Motion
Detector) filters, based on the correlation functions for
two components of motion, was originated in the time domain
by SAX and MIMS (1965) and in the frequency domain by
ARCHAMBEAU and FLINN (1965), with further development by
GRIFFIN (1966). Operators which enhance surface waves are
generally designed 1in the frequency domain (although the
Hilbert transform (e.g. BRACEWELL,1978,p.267) could be
used), since surface wave trains are dispersive. A somewhat
different polarization filter, in which both the
rectilinearity and direction of the particle motion are
considered, was described by FLINN (1965b) and modified by
MONTALBETTI and KANASEWICH (197@0). It is this filter which
is developed in the present study.

REMODE filters have been applied toc teleseisms by
BASHAM and ELLIS (1969); and have been used in
explosive~socurce upper mantle investigations by LEWIS and
MEYER (1968) and ARCHAMBEAU et al (1969) . The pertinent
results of all these papers may be summarised as follows:

(1) Filtered traces are ‘'cleaner' than the original
seismic traces. Late-arriving portions of the P coda are
discriminated against (they are largely cocmposed of upper
crustal reverberations) and noise prior to the first
P arrival is virtually eliminated. Filtered arrivals may
confidently be picked when the original signal to noise
ratio is as low as unity (SHIMSHONI and SMITH,1964).

(2) Although ARCHAMBEAU et al (1969) and MONTALBETTI

and KANASEWICH (1970) have applied polarization filtering to




elucidate multiple P phases, LEWIS and MEYER (1968) found
their REMODE filtered traces reliable for SV arrivals only.
For P arrivals at near-vertical incidence the amplitude
ratio of vertical/horizontal seismometer records will be
very large. If the horizontal motion is not resolvable the
P motions will be rejected by REMODE.

(3) Polarization filters are non~linear. Initial
P motion is often reduced in amplitude cn filtered records
relative to later~-arriving larger phases. The polarity of
the first P motion is preserved on all records illustrated
in the literature, but later arrivals are cocften distorted.

(4) REMODE filters have sometimes given poor results,
with phases difficult to identify, when the seismic records
have contained noise at the signal frequencies (i.e. not
removed by band-~pass filtering) (BASHAM and ELLIS,1969).

The next sections of this chapter examine to what
extent these results are true for the polarization filtered
records of local earthquakes detected by ESP. The large
majority of ESP records used were frequency band-pass
filtered in the range 2 to 10 Hz (1 to 190 Hz for Waldia
events) prior to three-component analysis. When unfiltered
records were used {(due to faults with the KEMO filters at
the time of digitization), the d.c. signal components were
subtracted. Undetected residual d.c. will invalidate the

results obtained with the polarization filters.




6.2 Particle Motion Plots

The particle orbits of orthogonal pairs of components
of ground motion were examined visually as functions of time
by inputting the components from the digital tape to the
X and Y axes of the 12-channel oscilloscope or
HEWLETT-PACKARD X-Y plotter. Figures 6.2.la-f show particle
motion plots of approximately the first 2.5 s of the first
P and S arrivals of events with epicentres NW ¢f the Tendaho
graben. They have been traced from the X-Y plotter. The
events illustrated were selected for their large signal to
noise ratio. The heavy line at 45° on Figure 6.2.1la is a
calibration line obtained by inputting the same signal to
the plotter X, Y axes to check that their gains were equal.
Its displacement from the ‘preceding noise' trace on the
figure 1is for <clarity only, and does not indicate a d.c.
shift.

Rectilinearity of the records is largely confined to
the first cycles of the first P arrival. Note from
Equations 6.1.1 that on the plots of N against E the
direction of particle motion for the P onset should define
the event azimuth (provided the <c¢rust 1is horizontally
layered), while for pure SH arrivals originating from the
event the direction of motion should be transverse to this
azimuth. The event azimuths determined in Chapter 4 are
marked on Figures 6.2.la,e. The large transverse component
seen on Figure 6.2,la arrives so early on the reccrd that it
must be a converted phase from a shallow scurce., Early

transverse motion has also been found in particle motion




FIGURES

6.2.1la-d

6.9

PARTICLE MOTION PLOTS FROM TENDAHO STATION

TS5 are closely similar events)

(A)

EVENT T29
P ARRIVAL

Preceding noise

or P coda
Motion of P or
S onset
( b4 Subsequent
- motion
~
N
AN
N\
N\
N
/
7/
//
EVENT T29
P ARRIVAL

EVENT T5S
S ARRIVAL

(0)

EVENT 755 v SN
S ARRIVAL vy




6.10

6.2.1le,f

FIGURES

PARTICLE MOTION PLOTS FROM MILLE STATION

(d)

EN

voljow juanbasqns L~

j3SUC d JO UOIJO =

astou buipaisasid

8YW LN3IA3Z

HINWizZy N




6.11

plots of teleseismic signals (ELLIS and BASHAM,1968) and was
not unexpected in this study, where the near-surface
geological structure is complex (Section 2.3 and
Chapter 7).

Components of motion I and J, having the directions of
pure P and SV arrivals, respectively, may be determined from

the components V and R by

I = Vcos(i') + Rsin(i') )
) (6.2.1)
J = vVsin(i') - Rcos(i') )

These equations represent a co-ordinate rotation of i', the
apparent angle of incidence of the event (Figure 6,2.2). 1i°
differs from the true angle of incidence because of P-S5 wave
conversion (KNOPOFF et al,1957). Figure 6.2,1f shows
near-vertical apparent incidence which is a consequence of
the very small horizontal energy observed on the seismic
records for approximately 2.05 s following recognition of
P on the wvertical., It 1is typical of Mille records of
Tendaho graben events, but is not observed at other stations
or from other azimuths,

Many S arrivals of ESP records show very little
rectilinearity (Figures 6.2.1c,d). This can be explained by
interference from P coda arrivals, which occurs particularly

for close events where the P to S time is short.

6.3 A Body Wave Discriminator

This section examines the performance of a simple
filter which wuses the time-averaged product VR (Equation

6.1.2) to discriminate between P and S body wave arrivals.




FIGURE 6.2,2

COMPONENTS OF MOTION IN THE INCIDENT PLANE OF A SEISMIC RAY




Following SHIMSHONI and SMITH (1964), 'half wave rectified’

<

R is multiplied by the original signals V, R in order to
obtain output in a form where the seismic phases can be
recognised.

The calculations are performed on the MODULAR 1
computer, The length of the time window is critical, and
should be approximately equal to one cycle of the wave
motion. A longer window improves the suppression of
arbitrarily polarized noise, but increases the time
uncertainty of the output traces. Examples of the computed
output are shown in Figures 6.3.1, 6.3.2, where

Vv x VRt V x VR (VR > 9)
()]

(VR € @),

and similarly for traces 6 to 8 on Figure 6.3.1. This form
of display separates P from S phases. Traces 5 to 8 on
Figure 6.3.1, and 2 to 6 and 7 to 10 on Figure 6.3.2, had
the same gains. The product functions were not normalised.

The following observations are made:

(1) The P coda is greatly 'cleaned' by the
suppression of reverberations and other noise. Rectilinear
P motion dominates the record for not longer than the first
two cycles.

22) The groups of waves marked B, C in Figure 6.3.1
do not represent rectilinearly polarized particle motion,
since VR has both polarities.

(3) Event T481 (Figure 6.3,2) shows a second
P arrival, indicated at D on trace 9, becoming very clear
about 2 s after the first arrival. This arrival is evident

on other events of this swarm, The similarity of its
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waveform with that of the first P arrival is emphasised on
the filtered traces, although its onset is not evident. If
present, the onset would have very low amplitude, since the
output on trace 9 is roughly proportional to the cube of the
input signal. For this event the initial horizontal energy
is small, resulting in poor discrimination o¢f the initial
P onset on trace 9, relative to the subsequent cycle (which
might represent a different phase). The horizontal energy
is 1initially concentrated on the E-W seismic channel, as
would be predicted from the event azimuth (729), The
transverse component (trace 6) builds up rapidly from zero
at the first onset, and transverse energy briefly dominates
the record as soon as #.4 s after the first arrival,

(4) Event M289 (Figure 6.3.1) is atypical in
suggesting the possibility of significant S-P conversion,
shown at E on traces 5 and 7. Where the S arrival to P coda
amplitude 1is 1large the S onset is apparent on the filtered
records (as on Figure 6.,3.2, trace 10), but typically shows
rectilinearity for less than a cycle and is distorted in
shape. These effects may be caused by slight clipping.

The body wave discriminator was wused to check the
validity of S onset picks (Sections 3.7 and 4.5); and to
verify the existence of the later P coda arrivals described
in Section 4.3, P coda second arrivals were picked later on
the polarization~filtered traces than on the coriginals by
.15 8.2 s, and S arrivals showed a similar trend. As
illustrated by point (3) above, it was concluded that the

REMODE filtered traces were more likely to be late than the




original picks to be early. The former were not used for
timing. It should be emphasised that the records chosen for

illustration are unusually quiet,

6.4 Azimuthal Dependence of R and T

For the VR filter to be used as above, the event
azimuth, 6, must be known in order to form R. The
sensitivity of the filter to azimuth errors is now
considered. If the filter is insensitive to small errors in
azimuth, 8, such errors will be unimportant. If it proves
sensitive, it may be used for determination of 6 values by
trial sweeps over a range of values. Part of the output of
one such trial sweep is shown in Figure 6.4.1.

From Equations 6.1.1,

drR'/de' = -Nsin(8') + Ecos(8') = =T

dT'/d8' = Ncos(®8') + Esin(e') = R'
At the true azimuth (8 = e') dT'/de' = R, its maximum value,
and drR'/de' =T =0, i.e. A(VR')/d8' =8, since V is

independent of 8.

Figure 6.4.1 illustrates these points. The first
onset, assumed to be pure P motion, is little affected in
shape or amplitude by variations of ¥ 30° from the
approximately correct azimuth 1839, whereas some later
arrivals are substantially altered. The figure indicates
that the section of the record marked 'a' is the only other
part of the P coda arriving from an azimuth similar to (or
directly opposite to, since VR is simply inverted for a 18@°

azimuth error) that of the first arrival.
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FIGURE 6.4.1

BODY WAVE DISCRIMINATOR USED FOR APPROXIMATE AZIMUTH

DETERMINATION

(event T276, window length @9.15 s, distance = 57 km,
correct azimuth =® 1830)
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Azimuth, ©, 1is not accurately determined by the VR
filter. It will be better determined as the value of 8' for
which iTi = § and iVRi > @ (the condition on % VR is
necess;;; to exclude t:; value 8' = @ +T). Figur;=16,4.2
is a graph of the output of a programme written for the
MODULAR 1 computer to calculate the quantities R, T, VR,
time averaged over the first 10 samples of event T48l1. The
event azimuths calculated in Chapter 4, and by
three~component analysis 1in Section 6.7, are indicated by
single and double arrows, respectively.

These simple numerical methods are of 1limited
usefulness in calculating azimuth and apparent angle of
incidence as time functions along the record. They give no
estimate of the coherence between the seismic components,
and the parameters used are not normalised (hence the
different azimuths for the peaks of R and VR in Figure
6.4.2), Further programme development was beyond the
storage capacity of the MODULAR 1, so attention was turned

to NUMAC for the development of a more versatile

polarization filter.

6.5 Determination of Azimuth and Angle of Incidence

6.5.1 The Theory of the Polarization Filter

The covariance between n observations of two variables
X, Y is in general given by
n
CoviX,Y] = (1/n) 2> (X; = my)(Y; - my),

i=1
where
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n n
my = (1/n)>Xi ; my = (1/n)>Yj
i=1 i=1
For the seismic records under consideration we have ensured

that my, and my = @ (Equation 6.1.3), therefore
n
(1/n) > XiYj (6.5.1)
i=1

Section 6.4 considered the determination of @ from the

]

Cov([X,Y]

relation
n n n
2T; = cos(8)3Ej =~ sin(e)3Nj = 0, for
i=1 p=1 i=1
arbitrary n, or
n n
8 = tan~1(SE;/SNj)

i=1 i=1
Since it 1is only the coherent portions of the record that

are of interest, 6 might be better defined by
® = tan~l(Cov[E,F]/Cov(N,F]) (6.5.2)
(MONTALBETTI and KANASEWICH,1970), where F is any of the
components V, N, E.
The coherence functicn between X and Y is defined by
Covi(X,Y]

Bxy = (6.5.3)
¥ (Var(X].var[y])1l/2

Note that Byxy is the square root of the 'correlation
efficiency' or 'correlation coefficient' defined by SAX and
MIMS (1965) and used by MONTALBETTI and KANASEWICH (1974).
The present definition preserves the distinction between
pure P motion (for which Bgy = 1) and pure S motion
(Bey = -1). Bgpn = @ for elliptically polarized phases.

Following FLINN (1965b) , a measure of the
rectilinearity of particle motion over an n-sample time
window is given by the covariance matrix

(Var[E] Cov[E,N] Cov[E,V]>

(@]
]

Cov[E,N] Var[N] CovI[N,V]
Cov{[E,V] Cov[N,V] Varl[V]

(6.5.4)
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for the set of n samples (Ex, Nk, Vi), k =1,2,...,n.
Equation 6.5.4 1is no more than a generalisaticn of Equation
6$.5,2, and of the analogous relation for the apparent angle
of 1incidence. C defines an ellipsoid whose shape and
orientation best fit the data points in the 1least-squares
sense, Its largest principal axis has the direction of the
wave polarization. The degree of rectilinearity is measured
by the ratio of the principal axes. If Ly, L, are the
largest and intermediate eigenvalues of the covariance
matrix, the function

RL = 1 - (Lo/Ljy) (6.5.5)
will be close to unity if the motion is highly rectilinear
(that is, when the ellipscid is highly elongated); and to

zero when it is unpolarized (Figure 6.5.1la).

6.5.2 Method for Computing Azimuth and Angle of Incidence

As used by FLINN (1965b) and by MONTALBETTI and
KANASEWICH (1978), polarization filters <f the type
described above have been tuned to enhance arrivals from a
particular desired direction, normally with R corresponding
to the known great circle azimuth from source to receiver,

Flinn defined a 'directionality facteor', D, by the
relation

D = d1.11
where 1), d; are respectively unit vectors along the largest
principal axis and along any chosen direction d; (Figure
6.5.1b). Flinn used D as a gain factor to tune the filter

in the direction d. RL was used as a rectilinearity gain




FIGURE 6.5.1
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factor. The original seismic records were modulated by gain
control products of the form RLan, where a, b were small
integral powers controlling the sensitivity of the tuning.
In the present study the filter is adapted to determine
the azimuth, €, and apparent angle of incidence, i', of the
ESP events. Attention is concentrated on the first few
cycles of the first arrival, which have been shown in
Section 6.2 to be the most linearly polarized section of
the record and are expected to approximate to pure P motion.
Their polarization direction will be that of the azimuth,

and 17 will thus have this direction. 1If the eigenvector of

the largest principal axis is v = (vg, vy, Vy),
6 = tan~l(vg/vy) (6.5.6)
i' = cos™l(lvyl) (6.5.7)

The true angle of incidence, i, is related to i' by

i = sin~l[(vg/Vp)sin(i'/2)]

(KNOPOFF et al,1957).

The Dbehaviour of the filter 1is monitored by the
functions RL (Equation 6.5.5) and Bgy (Equation 6.5.3),
both of which should be close to unity if the seismic signal
is truly P.

Programme MOTION, 1listed 1in Appendix 8, has been
written in FORTRAN for NUMAC to calculate and solve the
covariance matrix, C (Equation 6.5.4), so as to obtain @
and i' from Equations 6.5.6, 6.5.7. The elements ci,j are

calculated over a window of length w such that
rew=1

(ci,3)y = EZ (5iS5)k
=T

for the window beginning at sample r. The computation




proceeds by moving window integration, using the relation
(ci,5)r+1 = (ci,3)r + (SiSjlr+w ~ (5iS3)r

Each window vyields values 6,, iy of azimuth and apparent

angle of 1incidence. The output wvalues, averaged over

n windows, are

n
8 = (1/n)3>8, )
- r=1 _ ) (6.5.8)
i = sin~l{(vg/vp)sin(i'/2)] )
where

i' = (l/n):rl:ir

95% <confidence rjumits on 8, i' are calculated by Fisher
statistics (FISHER,1953). Values of ©, i' are rejected for
any window over which the solution for C has rectilinearity
RL < 90.85 (as computed from Equation 6.5.5).

Note that Equation 6.5.6 1is not single-valued. It has
two solutions in the range 06° < 8 < 360°, differing by 188°,
The degeneracy is removed by considering the sign of VR,
which must be positive for the correct azimuth (see Section
6.1). MOTION effects this by taking the value of 9 for
which vy > 8.

Programme MOTION has as input the digitised seismic
records stored on half-inch magnetic tape (Section 3.8). On
these records the event onset is preceded by approximately
150 samples of noise, of which MOTION uses the first 108 to
compute the noise powers

Pi,y = G.ﬂllé_:)siyksj',k for i =1 to 3, j =1 to 3
where 1 = E-W compohent, 2 = N-S, 3 = Vertical.

On many records the rectilinearity o¢f these 1initial

samples 1is high. This does not invalidate the earlier




statement that background noise is likely to be unpolarized,
since on quiet records the background traces are dominated
by residual flutter. It does however preclude automatic
recognition of the event onset by a sudden increase in the
rectilinearity function, RL. The criterion for event onset
used by MOTION 1is the signal to noise power ratio on the
vertical channel,

SNR3 = Var[V]/nP3, 3
where Var[V] is defined over a window of length n samples.

Values of 6, i' computed by MOTION begin to be used in
the formulation of the output means 8, 1 only at the first
window over which SNR3 > 5@, and provided the rectilinearity
critericn is also satisfied.

It 1is useful to have an estimate of that part of the
azimuth error caused by correlated noise or flutter, This
is obtained by differentiation of Equation 6.5.2,

& = tan"l(E.v/N.V)
where the implied summation signs have been omitted for
simplicity ana F = V; whence

(N, V)dA(E.V) = (E.V)d(N.V)

a6 = (6.5.9)
(E.V)2 + (N.V)?2

Now E, N, V consist of the superposition of seismic signal
and noise. Thus we may write

EDV

(Eg + En) . (Vg + Vy)

(2g.Vg) + (En.Vy)
the cross terms being zero since we assume that the noise is
uncorrelated with the signal. d(E.V) can be identified

with the correlated noise component (EyN.Vy), 1i.e. the




correlation E.V when no signal is present.
In terms of the covariance matrix, C, the error

estimate equivalent to Equation 6.5.9 is

w(Cp3P13 + C13P23)

d8pnoise (6.5.10)

C13C13 + C23C23
This quantity is also evaluated by MOTION.

As a comprehensive check on the phases of arrivals the
functions 6, i', RL, Bgy, Bgy, Bnvs 96p0igse Mmay be output
for each successive window down the record. A typical
section of output is discussed in the next sub-section. The
variations of 6 and i' as functions of time are of
particular interest, and may allow arrivals to be picked

later in the P coda.

6.5.3 Application of MOTION to ESP Seismic Records

About a hundred seismic records were processed using
programme MOTION. Reliable values of azimuth and angle of
incidence were obtained only for events where the signal to
noise ratio exceeded 6 on both V and R components. For less
well recorded events (for which the event onset criterion
was relaxed) the rectilinearity condition was seldom
satisfied, and where values of 6, i were ocutput they had
excessively large confidence 1limits of 50° or greater.
Results were obtained for 57 events recorded at Mille,
Tendaho and Serdo. 9 events from Det Bahri were also
processed, but had insufficient rectilinearity because of
high background noise on the horizontal seismometer traces.

Window lengths of approximately one cycle of the first



arrival (19 to 15 samples) were used for evaluating the
covariance matrix. Too long a window will soon begin to
sample phase arrivals other than the first P onset, and will
be less 1likely to pick out later rectilinear phases. Too
short a window will not adequately smooth the data. Two
determinaticns of 8, 1 were made, with window lengths (n) of
18 and 25 samples. The pair of wvalues giving the 1lower
errors was accepted. The azimuth values 8 were found to
begin to drift (indicating that unwanted phases were being
encountered) after 18 to 25 successive windows following
recognition of the event onset, After 15 to 30 windows
(spanning 2.25 to @.4 s after the first arrival for window
length 13) the rectilinearity of the record wculd drop
sharply. A simultaneous increase in the angle of incidence
indicated the arrival of scattered waves. High (i.,e.
shallow) angles of incidence were found throughout most of
the P coda of each event, suggesting 1its dominance by
seismic energy scattered at shallow depths beneath the
receiving stations.

The above points are apparent in Figure 6.5.2, a graph
of the output from MOTION for the first 1.8 s of a
well-recorded event, The figure shows the values of the
angle of incidence, azimuth, rectilinearity (RL) and E-N
coherence function (Bgy) for all windows having RL > @.85.
The first arrival is highly rectilinear over 15 successive
windows, all of which give 8 = 28% 7°, Note the azimuth
discontinuities of *T before and after the windows which

sample the first P phase. As explained in Section 6.5.2,
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EXAMPLE OF INFORMATION OUTPUT FROM PROGRAMME MOTION
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these correspond to changes in the sign ¢f the eigenvector
component vy, which is used by MOTION to distinguish between
the two azimuths, 8 and & +7, which satisfy Equation 6.5.6.

The filter has the ability to detect later arrivals.
The rectilinear section of record beginning at about 1.55 s
is identified from Bpy as a longitudinal phase arrival. It
has the same azimuth as the first arrival and a very similar
angle of incidence. The arrival is unclear on the original
seismic traces (Figure 6.5.3), but has been picked as a
distinct onset on other records of the same earthquake
sequence and is used in the analysis of Section 4.3,

The coherent section of record at about 115 samples is
identified as transverse from the large negative value of
Bpy and the apparent azimuth, which differs from the first
arrival azimuth by approximately 90°, However, it cannot be
directly associated with the first arrival (for example, as
a P-S conversion) because it has a near-horizontal angle of
apprcach. The same applies to the other unshaded coherent
phases identified in Figure 6.5.2,

Several of the later onsets discussed 1in Section 4.3
were verified as P phases using programme MOTION. Others
did not satisfy the rectilinearity criterion, because of
perturbation due to other components of the P coda. For
detecting S arrivals, MOTION was more successful for events
recorded at lower amplitudes or greater distances. Any
clipping of the signal waveforms will evidently invalidate
the results, The majority c¢f events used for azimuth

determination had S~P times of 10 s or less. At these small
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distances, many records with adequate signal to noise ratios
for azimuth determination had (S arrival) to (tail of

P coda) amplitude ratios of 3 or less.

6.6 Results, with Discussion o¢f Possible Sources of

Inaccuracy

6.6.1 Introduction

Azimuths (83) and angles of incidence output from
MOTION are 1listed, with error estimates, in Table 6.6.1.
For comparison, the multi-station azimuths (84) obtained in
Chapter 4 are also given. The table shows azimuth
deviations, Ae = 6g - 83, which consistently exceed the
calculated error estimates. In addition, the standard
errors for the angles of incidence for groups of events
(Table 6.6.2) are greater than the errors calculated for
individual events (Table 6.6.1).

These discrepancies may result from one or more of the
following factors:

(a) Local effects of superficial crustal structure
beneath the recording stations;

(b) Effects on the wave paths of deeper structural
inhomogeneities;

(c) Instrumental effects;

(d) Perturbation by noise;
and, in the case of A8,

(e) Errors in 84.

Factors (c) to (e) are considered briefly in Sections



TABLE 6.6,1

AZIMUTHS AND ANGLES OF INCIDENCE

FROM THREE~COMPONENT ANALYSIS

MULTI-STATION 3-COMPONENT
EVENT AZIMUTH 8¢ AZIMUTH B3 INCIDENT ANGLE COMMENTS
M5 33.8 1.4+4/~ 9.9 18.8+/- 3.6
M11 162.6 57.7+/- 6.8 22.8+/- 2.5
M26 29.1 T 21.5+/- 6.5 16,64/~ 2.1
M27 29.4 —-- - --- --- IN TAIL OF M26
M48 44,2 29.3+/- 5.8 19.5+/- 2.5
M125 299.2 312.1+4/- 4.9 14.6+/- 1.4
M144 300.4 311.0+/-14.8 19.0+/- 4.2
M145 298.9 319.8+/- 6.7 18.8+/~- 2.5
M153 3009.1 J18.4+/- 6.8 26.3+/~- 3.8
M270 142.3 181,94/~ 5.5 33.7+/- 3.3 SATURATED RECORD
M281 --- 173.4+/- 5.8 18.6+/~ 2.1 RECORDED AT M ONLY
M283 -—- 175.4+/- 4.8 24.6+/- 2,2 RECORDED AT M ONLY
M289 --- 167.0+4/- 4.7 26.1+/- 2.3 RECORDED AT M ONLY
M434 2.8 18.6+/-18.1 17.08+/- 3.4
M54 57.6 S51.9+/- 3.8 45.0+/- 2.4 SATURATED RECORD
M467 59,2 62.1+/-11.7 11.4+/- 2.7
M48! 58.8 65.7+/- 9.8 17.64/- 3.1
T26 18.8 74.3+/~ 9.2 15,4+/- 2.8 SLIGHTLY SATURATED
T27 18.6 ——— --- --- -~ IN TAIL OF T26
T29 36.4 41.64/- 3.7 23,7+/- 1.7
T42 2.5 18.3+/- 4.2 17.2+/- 1.4
T47 57.4 29.5+/- 7.6 17.4+/- 2.5
TS2 14.1 35,24/~ 4.2 24.5+¢/- 1.9
T63 12.1 31.4+4/- 2.8 25.3+/- 1.3
T293 26.2 17.4+4/- 7.4 21.4+/- 3.1
T125S 280.9 305.3+/- 3.6 21.8+/- 1.5
T145 280.9 289.2+4/~ 5.4 28.4+/- 2.8
T154 280.8 382.6+/~- 4.8 18.6+/- 1.8
T164 281.1 313.3+4/- 6.5 39.9+/- 6.0
T434 329.0 359.0+/- 3.9 23.2+/- 1.7
T437 328.9 347,24/~ 6.7 19,84/~ 2.6
T455 72.3 100.0+/~15.6 10.5+/- 3.3
T467 72.3 84.3+/~ 3.3 13.3+/- 9.9
T481 71.7 85.6+/~ 7.2 11.8+4/- 1.6
T494 45.4 83.0+/- 8.2 16.0+/- 2.6
53 262.0 250.2+/-11.6 27.4+/- 5.9
sS4 253.6 261.8+/- 7.6 32.7+/~ 4,5
s8 265.4 256.8+/- 5.7 32.8+/- 3.4
$26 261.8 247.84/-13.5 29.9+/- 8.5
527 261.4 ~—- -——— -—- --- IN TAIL OF S26
$293 255.0 284.84/-10.5 17.5+4/- 3.6
5294 255.0 253.2+/-1¢.9 25.4+/- 5.2
5125 267.4 237.8+/- 4,2 18.2+/- 1.5
5126 268.8 154.6+/- 8.2 27.6+/~ 4.2 SATURATED RECORD
5129 268.3 245.5+/-13.1 22.4+/~ 5.6 SATURATED RECORD
S170 165.8 201.1+4/-48.4 }3.5+/-12.9
5171 165.8 181.9+/-42 .6 9.3+/- 7.9
5180 --- 209.2+/-19.3 16.0+/- 6,1 RECORDED AT S ONLY
5182 -—- 288.8+/-13.6 19.9+/- 5.3 RECORDED AT S ONLY
5455 123.¢ 98.5+/-22.6 6.7+/~ 3.8 SATURATED RECORD, CLOSE
5452 121.9 - —— ——- - CLOSE EVENT
5457 260.1 - -———- ~—— - CLOSE EVENT
5464 135.9 -—- -—— ——— -—— SATURATED RECORD, CLOSE
S477 111.6 88.7+/-20.8 14.8+4/- 5.8 CLOSE EVENT
€466 349.7 343.3+/-15.2 7.6+/- 2.3 CLOSE EVENT
5467 122.8 —— -— --- --- SATURATED RECORD, CLOSFE
5496 256.9 250.7+/-16.8 23,74/ 7.6 CLOSFE EVENT

Multi-station azimuths have probable errors of approximately +/-1.,59 (Sections 4.7, 6.6.4).



TABLE

6.6.2

ANGLE OF INCIDENCE DATA BY EVENT GROUPS

Mean angle Approximate| Approximate

Station | Group | of Incidence Azimuth* P toc S Time
(Degrees) {Degrees) (Sec)
Mille a 19,44/~ 2.6 22@8-945 7.8-8.2
Mille o 22,7+/-13.1 258 12,3
Mille d 23.14/- 4.9 178 4.7
Mille e 19.9+/~ 5.9 299 15.3
Tendaho a 21.2+/~- 3.8 912-857 2.9-4.1
Tendaho b 21,54/~ 2.4 329 5.3
Tendaho c 11.6+/- 1.5 872 8.4
Tendaho e 19.9+/~- 9,2 281 17.2
Serdo a 27.5+/- 5.7 253~265 4,2~5.0
Serdo c,9 13.8+/- 7.8 various 2.5-3.3
Serdo f 14,24/~ 5.3 166 8.1
Serdo** e 18,2 238 22.1

*This column gives the ranges of multi-station

in Figure 6.6.3.

azimuths, 84, for the events of each group.
**0Only one reliable event in this group.

Not included

Key to event groups {(see also Figure 6.7.2).

(a)
(b)
(c)
(d)
(e)
(£)
(g9)

NW Tendaho graben.
N of Mille

SE of Serdo.
Allallobeda graben.

Waldia (W Ethiopian escarpment).

S of Serdo.
Kurub veoclcano area,




6.6.2 to 6.6.4. Section 6.6.5 discusses the more
important points relating to geological structure. It is
shown that the poor correlation between the results of this
chapter and those of Chapter 4 is caused by the unrealistic
assumption of laterally homogenecus structure below Afar;
and in particular to local scattering effects, to which the

three-component method is extremely sensitive.

6.6.2 Perturbation by Noise and Flutte;

The azimuth error due to nocise and flutter, d6p,iger
computed by MOTION (Equation 6.5.18) is less than 5° for
all events used in this section. The signal to noise
amplitude ratios exceed 6 on R and 9 on V. The observed
variations in azimuth and angle of 1incidence cannot be

attributed to necise or to residual flutter.

6.6.3 Instrumental Effects

Mis-match between the seismic traces of any
three~component set of instruments will cause systematic
errors in the azimuth and/or angle of incidence. For
example, 1if one wvertical seismometer gain is anomalously
high, angles of incidence computed at that station will be
systematically too low; or if an E-W seismometer is
outputting a low amplitude signal, azimuths will be deviated
towards the N-S axis.

Tests reported in Chapters 2 and 3 have shown no
indication of differential instrumental response.

Furthermore, the present data set shows that no individual



station exhibits anomalous behaviour,

6.6.4 Z=rrors in the Multi-Station Azimuth

Most of the events used here have been well recorded at
3 or 4 stations, Their absolute azimuth error has been
estimated in Section 4.7 as 1.5°, Systematic variations in
Ae might derive from errors in the multi-station azimuth
arising from the wunjustified assumption of a laterally
homogeneous crust. However, within each group the waveforms
of events are so strikingly similar that they strongly
support the tight <clustering of epicentres found 1in
Chapter 4. The scatter in Ae is very largely caused by the

three-component values.

6.6.5 Structural Considerations

Sections 6.6.2 to 6.6.4 have eliminated
non-structural sources as major causes of the observed
fluctuations in azimuth and angle of incidence, We now
examine the structural effects, factors (a) and (b) in the
introduction to this section, by reference to Figures 6.6.1
to 6.6.3, which show graphically the important features of
Tables 5.6.1 and 6.6.2., Figure 6.6.1 shows a scatter of
angle c¢f incidence as a function of S~P time that, if it is
caused by real structural effects, implies a highly
three~-dimensicnal structure,

Theoretical plots of angle of incidence against
distance (or S-P time) are shown in Figure 6.6.4. For a

crust of constant velocity (Figure 6.6.4a),



FIGURE €.6.1

PLOT OF ANGLE OF INCIDENCE AGAINST S-P TIME

FOR EVENTS RECORDED AT ESP STATIONS
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FIGURE 6.6.2

PLOT OF A8 = 84 - B3, AGAINST 85, FOR EVENTS

RECORDED AT ESP STATIONS

85 is azimuth obtained from P and S arrivals
at more than one station

83 is azimuth from particle motion at a single station

Full circles represent Waldia swarm events (epicentral

distance greater than 188 km). All other events (open
circles) are closer than 190 km).
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PLOT OF ANGLE OF INCIDENCE AGAINST MULTI-STATION AZIMUTH

FOR GROUPS OF EVENTS
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FIGURE 6.6.4

THEORETICAL PLOTS OF ANGLE OF INCIDENCE AGAINST DISTANCE

FOR LATERALLY HOMOGENEOUS STRUCTURAL MODELS

(a) constant velccity structure
(b) diagram to clarify the text
(c) layered structure

90
(A)
(%]
wj
w
[ 4
(L]
W
o
60
z
s !
S .
Z30 l.
w .
o
5
=
<
0 1 1 L i J
0 1 2 3 L x/z
(B)
i v
< Xn ‘;//
. ini
! &

it "

o1 (c)

(DEGREES)

20

10}

ANGLE OF INCIDENCE

0 1 1 i ]
0 50 100 150 200
DISTANCE (KM)




i = tan~l(x/2)

For a layered V(z) model, with the focus in layer n,

sin(i)/sin(ip) = Vg/Vp (Figure 6.6.4Db)
But tan(ip) = xp/2Zp
1= sinTl(Ve/Vp) (xq/ (%42 +22)1/2)] (6.6.1)

tending to sin~l(vg/v,) for xp>>zp. Equation 6.6.1 is
illustrated in the distance range below 12 km in Figure
6.6.4a, which is drawn for an event with 1.8 km focal depth
using the preferred structural model of Chapter 4, overlain
by a superficial 1layer of velocity 2.1 km s~1, For
increasing distances beyond 12 km the first arrival 1is a
head wave 1in progressively deeper layers of the structure.
Over the distance range that the first arrival 1is a head
wave in a given 1layer, the angle of incidence is
distance-independent (Figure 6.4.4c) and has the appropriate
value given in Table 6.6.3, row 3. Figure 6.6.4 1is easily
modified for a structure where the velocity increases
continuously with depth, since such a structure is
equivalent to many thin layers each having a discrete
velocity.

Figure 6.6.1 does not resemble the simple theoretical
form for a layered V(z) model shown in Figure 6.6.4c. Some
scatter in angle of incidence (i) as a function of
epicentral distance (or S-P time) is tc be expected due to
the different focal depths (z) of ESP events. For wvery
close events, where the direc: wave is the first arrival,
the dependence of i on z is given by Equation 6.6.1. i is

independent of 2z for head waves, but Figure 6.6.1 will



still show scatter at larger ©S-P times because <crossover
distances (or S-P times) diminish with increasing z. Using
the preferred V(z) model of Figure 4.3.6c, overlain by a
superficial layer with velocity 2.1 km s~1 ang arbitrary
thickness 300 m, Figure 6.6.5 shows the theoretical scatter
due to the observed focal depth variations (4 to 5 km) for
events within Afar. This is much 1less than the observed
scatter (Figure 6.6.1), which must therefore largely be
caused by superficial scattering and/or deeper structural
inhomogeneities. If the 1latter 1is the primary cause,
systematic azimuthal variations of A8 and angle of incidence

are to be expected.

TABLE 6.6.3

CRITICAL ANGLES: THEIR DEPENDENCE ON SURFACE VELOCITY

Velocity of Critical Angle in Degrees for
Sur face Layer Refraction at Deeper Boundaries
(km/sec) of Given Velocities (km/sec)
4.4 6.2 6.9 7.4
4.4 45,2 39.6 36.5
3.0 43.0 28.9 25.8 23.9
2.1 28.5 19.8 17.6 16.5
1.5 19.9 14.9 12,6 11.7
Ae (Figure 6.6.2) nas no statistically significant

azimuthal dependence. Events arriving at the same station




FIGURE

6.6.5

THEORETICAL SCATTER IN ANGLE

OF INCIDENCE AGAINST S~P TIME
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from similar azimuths show large fluctuations in A®; and the
Waldia swarm events (full circles), which have similar
azimuths from all three stations, show negative A8 at Mille
and Tendaho but positive A8 at Serdo. Figure 6.6.3 relates
angle of incidence to azimuth, 65. The plotted points mark
the angles of incidence for the groups of events defined by
Table 6.6.2, while the error bars represent the standard
deviations within these groups. The large size of the error
bars of Figure 6.6.,3, and the paucity of points, emphasise
that three-dimensional modelling is not justified.

By excluding other sources of data scatter, it has been
demonstrated that the variation in three~component estimates
of azimuth and angle of 1incidence arises primarily from
crustal inhomogeneities beneath the recording stations so
local and superficial that they cannot be meaningfully
modelled. They create reverberations (i.e. signal generated
noise) which scatter part of the primary energy by
refractions, reflections and diffractions, distorting even
the first cycles of the recorded seismic arrivals. Figures
6.6.,2 and 6.6.3 show that the angles of incidence are
consistently and significantly smaller than those that would
result from head wave arrivals on the preferred V(z) mcdel
(Figure 4.3.6¢c). If this model were applied directly, all
the events wculd be located in the 1lower crust or the
mantle, Th.s 1s <contrary to the findings of Chapter 4,
where it was shown that all events within Afar have upper
crustal foci, and that the large majority of first arrivals

are likely to be head waves.



Chapter 4 did not <consider thin, shallow surface
layers. These have no significant effect on the
multi~-station locatiens, but affect the three-component
angle of incidence profoundly. A low velocity surface layer
will cause the incident waves to be deviated towards the
normal, to a dramatic degree if the velocity contrast |is
substantial (Table 6,6.3). The observed 1low angles of
incidence can only be satisfactorily explained by such a low
velocity layer. Instrumental effects and noise perturbation
have already been ruled out, A lower crustal or upper
mantle source 1is impossible: to obtain a head wave as an
arrival at an angle of 20° through a surface velocity of
4.4 km s~1  requires a refractor with a velocity in
excess of 13 km s~1., Moreover, low surface velocities are
very probable for the 1lavas (with possible intercalated
sediments) on which the ESP stations are sited.

The range of values of angle of incidence can be used
to place limits on the velocity of the surface layer, which
is assumed to overlie the structure of Figure 4.3.6c. If
the first arrivals for event group ¢ at Tendaho (i=11.6°,
Table 6.6.2) and group a at Serdo (i=27.5°) both result
from head waves in a layer of wvelocity 6.2% 0.1 km s, as
deduced in Chapter 4, the corresponding surface velocities
are 1,3*¢.1 km s™1 and 3.3%9.2 km s~1. These represent
the extreme values indicated by the data (optimum values for
each station are ©presented 1in Section 6.7). Note that
group a at Serdo 1is too distant for the larger incident

angles of their first arrivals to be explained as direct



6.46

waves or wide—~angle reflections.

Although it has been shown that scattering is the prime
cause of the form of Figures 6.6.1 to 6.6.3, we conclude
this section by examining the underlying systematic
variations that would be observed due to more profound
lateral structural variations. The ESP network is such that
it 1is possible, 1in theory, to detect lateral structural
variations across the Tendaho graben. Seismic events
occurring around Tendaho can be located from P and
S arrivals at the trio of stations west of the graben
(Figure 6.6.6). The azimuth and angle of incidence relative
to Serdo of the same events can then be obtained by analysis
of the complete ground motion recorded at Serdo. Systematic
variations from the expected values may be attributable to
lateral structural variations,

We examine briefly the consequences for 83 and i of two
types of lateral structural inhomogeneity: a dipping layer,
and a lateral velocity boundary, for instance the edge of a
basaltic intrusion. Effects of lateral inhomogeneities on
apparent velocity have already been mentioned 1in Section
4.5,

A dipping layer will have little effect on the apparent
azimuth, 83. The effect on the angle of incidence, as a
function of azimuth, is illustrated in Figure 6.6.7. It |is
clear that an approximately cosinusoidal relationship
exists,

i(e) = i, + d cos(® - €) , (6.6.2)

where io = sin~l(vg/Vy), @ is the angle of dip and € the



FIGURE 6.6.6

DIAGRAMMATIC REPRESENTATION OF LOCATION OF TENDAHO GRABEN,

RELATIVE TO ESP STATIONS
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FIGURE 6.6.7

VARIATION OF ANGLE OF INCIDENCE WITH AZIMUTH FOR

A LAYER DIPPING TO THE WEST
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up~dip azimuth.

The consequences of lateral velocity boundaries are
mathematically more complex. A simple example is given in
Figure 6.6.8a, which assumes a N-S lateral velocity
discontinuity. Suppose a seismic event has been located at
E using Mille, Tendaho and Det Bahri station records. The
true azimuth of the event from Serdo 1is 65, along SE,.
However, the angle of approach of the seismic waves, which
is the wvalue for azimuth that will be obtained from the
ground motion at Serdo, is 83, along SB. With the notation
of Figure 6.6.8a,

83 = 90° - i, (6.6,.3)

a cos(ij) + b cos(ijy)

tan(8g) = EN/SN =
a sin(i;) + b sin(ijy)

a sin(83) + b cos(ij)
8g = tan~! (6.6.4)
a cos(83) + b sin(iy)

<
[

~N
<
N
1]

sin(ij)/sin(ij) (Snell's law)

cos(83)/sin(ijp)
i = sin~l((vy/V))cos(83)) (6.6.5)
Eliminating i, from Equations 6.6.4 and 6.6.5, and
rearranging,

Ae = e85 - a5

- tan-l sin(®3) + (b/a)(l - ((Va/V])cos(e3)2]1/2

COS(93) (1 + (sz/aVl)) - 83

From Equation 6.6,4, 8g —> 83 in the 1limit (b/a) —= g.

As (a/b) — g,

s —= tan~l(cot(iy)) = o9go - is
and
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Ae —> 989 - iy - 03 = i1 - iy = Ai,
its maximum value, Thus

Ae = 98° - o3 ~ sin~l((vp/V])cos(03)) (6.6.6)
.9, Ai = 18.50,

For &3 = 45° and V2/V)
In the extreme case as a —> @ and 63 —> 089,
Ae — 90° - sin~l(vy/Vy) = 25.80 for (Vp/Vy) = 0.9.

The case a<<b, (Vy/V;) = 0.9 (Figure 6.6.9a), where
the boundary has azimuth €, is illustrated graphically in
Figure 6.6.9b. Such a velocity contrast 1is geologically
reasonable, and the azimuth disparity Ae will be readily
observable. 1In the case where the receiving station 1is in
the higher velocity medium there is the possibility of head
wave arrivals along the velocity discontinuity (Event 2,
Figure 6.6.9c). If Figure 6.6.8a were viewed in section,
instead of in plan, it would illustrate the analogous effect
of a vertical velocity boundary on the angle of incidence.
Figures 6.6.8b,c show further possibilities.

In general, a realistic three-dimensional structure
will present a superposition of all the effects considered
in this section, with the addition of the multiple
reflections and/or diffractions that will arise in the
models shown in Figures 6.6.8b,c. To locate events through
such a three-dimensional structural model rapidly becomes a
complex exercise in ray tracing.

Although the present data set is insufficient for the
detection of lateral structural inhomogeneities, the method
developed here has potential. The two limitations

encountered are the poor distribution of naturally-occurring



FIGURE 6.6.9

EFFECTS OF LATERAL VELOCITY BOUNDARIES

(a), (c). Diagrams of a seismic station close to a lateral
velocity discontinuity.

(b) Deviation (A®) of azimuth caused by velocity
discontinuity, for the case illustrated in (a),
with V2/V1 = @.9.
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earthquakes over a comparatively short time period, and the
probable errors in the hypocentres determined by other
methods., These difficulties could bé lessened in a future
study by incorporating a network of explosive sources, and

by increasing the number of seismic recorders.

6.7 Hypocentral Locations from Three-Component Analysis

Given the azimuth and angle of incidence of a seismic
event at a recording station, and the S-~P time, the
hypocentre may be found by tracing the seismic ray back
through the earth to 1its point of origin. For the ray
tracing preocedure to be successful the earth structure must
be known. Erroneous structural models will give rise to
systematic location errors. If the event 1lcocations are
already known (as, for instance, in the case of explosions)
the structural model may be optimised and refined to be
consistent with them.

It is apparent from Section 6.6 that three~component
hypocehtral locations wusing the data of Tables 6.6.1 and
6.6.2 will be unsatisfactory. They are included here
because they highlight the problems caused by structural
inhomogeneity, especially the critical effects on the angle
of incidence. There is every indication tﬁat the location
method might be wvaluable 1in regions of 1less anomalous
crustal structure,

This study has used a ray tracing programme written by
Ms. Mary Rogan of Durham University for application to an

n-layered (n £ 5), laterally homogeneous earth structure.




We define

i = angle of incidence (to the vertical)
Ai = error in i
tpg = S-P time
icn, = critical angle for refraction at the interface

between layers (n-1), n

t, = ‘travel time in layers # to n
The following ray path options are considered by the
programme. They are shown diagrammatically in Figure 6.7.1.

(a) i > iq1 #+ Ai. Ray reflected at first interface.

(b) i < igoq - D, Focus in bottom layer of
structure,

(c) 1 < igy - Ai and tr-1 < tpg < ty. Focus in
layer n (r < n).

(d) i -~ igy < Ai. Ray is a head wave in layer r. 1In
this case there is no unique solution. The programme
computes the extreme possibilities d; and d;. dj is the
shallowest and closest possible hypocentre, such that the
ray travels the minimum distance along the refractor. d; is
the deepest, most distant solution.

The programme was applied using the azimuths and angles
of incidence obtained with programme MOTION (Table 6.6.1),
for all events on which S could be picked. The structural
model was the preferred velocity/depth structure of
Chapter 4 (Figure 4.3.6c), overlain by a @.1 km thick
surface layer whose velocity was varied between 1.3 and
3.7 km s”1, at 8.2 km s~ intervals. The value 2.1 km s~1

gave the set of focal depths least inconsistent with those



FIGURE 6.7.1

RAY PATHS CONSIDERED BY RAY TRACING PROGRAMME
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of Chapter 4. Table 6.7.1 shows that this wvelocity is
reasonable, and demonstrates that there is no justification
different

for wusing different surface velocities at

stations.

TABLE 6.7.1

MEAN DATA FOR EACH STATION, FOR EVENTS CLOSER THAN 100 KM

Mean Angle Corresponding
Station of Incidence Surface Velocity

(Degrees) (km/sec)
Mille 2206+/-9eg 2.4+/—ﬂ,9
Tendaho 18.4+/-4.9 2:,0+/~8.5
Serdo 19.7+/-9.2 2.1+/~-2.9

The resulting hypocentres are

and are compared

Chapter 4.

(1) The
assignation of the three previodsly

(group d) to

in Figure 6.7.2

programme has

the Allallobeda graben.

is mapped in Figure 8.2.7.

(2) There
between the two sets of solutions,
lateral inhomogeneities

no consistency between the

effectively

at depth.
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EARTHQUAKE HYPOCENTRES BY

TABLE

6.7.2

THREE~COMPONENT ANALYSIS

ANGLE OQOF P TO S| --~-HYPOCENTRE-—--~
GRP EVENT AZIMUTH |INCIDENCE TIME LAT LONG DEPTH

(degrees)|(degrees) (sec) (deqg) (deq) (km)
a M5 1.4 18.8 7.85 112.080 49.77 3.0
a - M26 21.5 16.8 7.93 |111.94 49.96 15.0
a M48 29.3 19.5 8.66 |11.94 41.05 3.9
a M1l 57.7 22.8 7.56 [11.60 41.085 2.1
b M434 12.6 17.9 8.22 |12.,00 40.86 18.1
c M464 51.9 45.0 12.28 | 11.56 49.93 .0
c M467 62.1 11.4 12.29 [ 11,76 41.46 87.4
c M481 65.7 17.6 12.27 111.82 41.65 12.0
d M289 167.0 26,1 4.79 | 11,17 40.81 G.1
d M281 173.4 18.6 4,72 11,19 49.79 11.0
d M283 175.4 24,6 4,72 }111.19 49.77 1.3
e M125 312.1 14.6 15,31 | 12,19 39.88 74.3
e M153 318.4 26,3 15,45 | 12.96 40.17 0.1
e M145 319.40 18.8 15.31 [ 12.36 39.97 3.0
a T293 17.4 21.4 2.95 |11.81 41.00 2.6
a T42 18.3 17.2 4,10 111,95 41.64 15.0
a T47 29.5 17.4 3.36 |11.87 41.66 12.7
a T63 31.4 25,3 2.74 111,81 41.03 6.9
a T52 35.2 24,5 3.44 111.83 41.06 2,2
b T437 347.2 19.8 5.32 | 12,87 46.87 3.0
b T434 359.0 23.2 5.34 {111.94 40.95 g.2
c T467 84.3 13.3 8.49 | 11,74 41.52 58.6
c T481 85.6 11.0 8.45 | 11.73 41.43 +61.1
c T455 120.9 16.5 8.42 |11.61 41.40 62.7
e T145 289.,.2 28.4 17.19 | 12.80 408.04 2.1
e T154 302.6 18.6 17.14 { 12.36 39.90 7.6
e T125 305.3 21.0 17.22 {12.11 40.35 2.7
e T164 313.3 39.9 17.32 {11.89 48.75 2.0
a S26 247.8 29.0 4,24 111.87 41.14 g.1
a S3 2590.2 27.4 4.75 111.87 41.11 G.1
a 5294 253.2 25.4 4,99 {11.88 41.99 g.1
a S8 256,.0 32.8 4.87 | 11,94 41.29 2.0
a S4 261.0 32,7 4,89 111.95 41.29 3.0
a 5293 284.0 17.5 4,89 {12.04 41.93 7.1
c S477 88.7 14.0 3.35 111,96 41.54 18.9
c 5455 98.5 6.7 2.50 111.95 41.42 19.1
e 5125 237.8 18,2 22.06 11,12 49.81 11.4
£ S171 181.9 9.3 7,95 111.59 41.35 62.9
f S170 201.1 13.5 8,28 {11.45 41.16 48,2
f 5182 208.8 19.9 4,24 111,69 41,21 3.0
g 5496 250.7 23.7 2,62 { 11.91 41.22 3.1
g 5466 343.3 7.6 3.1 | 12,05 41.33 23.8

Event groups as in Table 6.6.2.
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belonging to the same earthquake sequence, which have
traversed essentially the same path; or between locations
for the same event (e.g. 125 in group e) recorded at
different stations.

(3) Many three-component epicentral estimates lie
closer to the recording stations than the corresponding
multi-station estimates. This 1is not a real structural
effect. Since any event having i > ioj + Ai is assumed to
have as first arrival the wave ('a‘ in Figure 6.7.1)
multiply reflected within the superficial (2.1 km s~1)
velocity layer, a grossly unrealistic hypocentral estimate
will be obtained. The assumed velocity is too low, so the
calculated epicentre is too <c¢lose; and the focal depth
cannot exceed 8.1 km. Unrealistic epicentral estimates are
also obtained for events with i such that the first arrival
is assumed to be the direct wave from the 4.4 km s~1
velocity layer, since all S-P times are sufficiently 1long
that head waves from deeper, higher velocity layers will
arrive earlier. Events located anomalously deep (e.g. S455)
are also placed too close to the recording stations, because
of the large proportion of the wave travel time assumed to
have been spent 1in near-vertical ascent from the deep
source.

(4) The epicentral distance ¢f the three—coﬁponent
events is largely controlled by the angle of incidence,
which dictates the velocity of the structural layer in which
the incoming ray has travelled for the majority ¢f its path.

For instance, for group e:




T164 2.1 km s™1 velocity layer
T125, T145, M153 4.4 km s~
T154, M145, S125 6.2 km s~1
M125 7.4 km s~

The large variation in the angle of incidence of these
events, which all occurred during the Waldia swarm of 1974
April 1 and 2, is most simply explained by perturbation of
the seismic traces caused by local scattering effects.

(5) Errors in the angle of incidence are <critical.
For the structural model used here, Table 6.6.3 shows that
only 3.3° separates the angle of incidence for waves which
have travelled as head waves in the upper crust (velocity
6.2 km s‘l) and in the lowest layer of the model

(7.4 km s~1y,

6.8 Summary and Further Comments

The techniques developed 1in this chapter are most
effective for the first two cycles of the first onset. The
remainder o¢f the seismic record Iis largely randomly
polarized (as has been graphically demonstrated by particle
motion plots).

A problem arises because of scattering from many
structural discontinuities at shallow depths below the
recording stations. The P coda can be 'cleaned' of randomly
polarized motion, but phase arrivals obscured by scattered
energy cannot be recovered.

Even for events recorded through a homogeneous, layered
V(z) structure the bulk of the P coda will consist of the
superposition of many interfering arrivals, Assuming a

plane-parallel 4-layer structural model, MAGUIRE (1974)




constructed the synthetic seismcgram of the first 10 s of an
event from a distance of 55 km, He calculated that 69
arrivals should appear having amplitudes within three orders
of magnitude of that of the first arrival., Widespread
interference between arrivals is inevitable. The
computation, as time functions, of coherence,
rectilinearity, azimuth and angle of incidence (Figure
6.5.2), which provide a means of differentiating between
unique and interfering arrivals, is shown to be of great
value.,

Analysis of the S onset, which should be rectilinearly
polarized, 1is hindered because of (1) interference from the
P coda and (2) waveform clipping on many records. However,
three-component analysis has proved valuable for verifying
the nature of certain S arrivals (Figure 6.3.2) and later
phases within the P coda (Figure 6.5.2), and in some cases
for checking their onset times. The results of Chapter 4
that rely on these later arrivals have been validated.

The method of MONTALBETTI and KANASEWICH (1978) has
been extended to enable the azimuth and angle of incidence
of events to be determined from their first arrival at a
single recording station, For well recorded events the
azimuth errors are normally less than 38°, which is adequate
for pilot studies of 1local seismicity. No previously
published stucdies have succeeded in determining azimuth to
this accuracy from a single station. The method developed
here will be more accurate in regions of ‘normal' crust,

where less scattering will occur and where the assumption of




lateral structural homogeneity is more reasonable,

It has not been possible satisfactorily to locate the
hypocentres of ESP events by three-component analysis, since
small errors in the computed angle of incidence critically
affect the ray tracing procedure. The differences between
three~component and multi-station estimates of azimuth and
angle of incidence have been studied, but cannot be related
to macro-structural inhomogeneities. However, the
consistently small angles of incidence obtained <clearly
indicate the presence of a low velocity surface layer.

Three-component methods should work better for regional
and teleseismic events than for locals. For more distant
events the complexity and distortion of the seismic records
resulting from near-surface effects is less significant, and
may be clearly separated from the arrivals of 1interest by

low—-pass frequency filtering.




CHAPTER 7

SPECTRAL ANALYSIS

7.1 Introduction

This chapter describes the further analysis of ESP
seismic records through spectral analysis. 1Its purposes are
to provide additional information on the crustal and upper
mantle structure beneath the feceiving stations and along
the wave travel path; and to obtain estimates of seismic
source parameters.

The spectrum of a seismic record 1is influenced by a
multiplicity of factors, conveniently divisible into source
response, path response, receiver response and instrumental
response (Equation 5.1.1). To derive meaningful conclusions
from observed spectra equalization techniques are used to
isolate these influences one from another.

Velocity amplitude spectra of ESP records are discussed
in Section 7.3, They illustrate a fundamental problem with
local events, that the predominant effect of the crust
beneath the receiver tends to mask all other spectral
parameters and to prevent their accurate measurement.,
Consequently the computed velocity amplitude spectra, and
crustal transfer ratios derived from them, are first
interpreted 1in terms of crustal structure (Sections 7.3 to
7.5). Then, in Section 7.6, seismic source parameters are
estimated from ESP displacement amplitude spectra using the

‘corner frequency"'method°




Spectral analysis is performed using regularly sampled
and digitized seismograms. The finite time series and
corresponding complex spectrum are related by the well-known

discrete Fourier transform pair

N-1
N=1/2> £(T)exp(~i2TH{(Vv/N)t)

F(W) =
T=g
(7.1.1)
N-1
£(T) = N-1/2S5F(W)exp(i2TT(v/N)t)
T=8

(e.g. KANASEWICH,1975, ©p.36), where N is the total number
of points sampled. The sampling intervals in the time (AT)
and frequency (AW) domains are related by

Aw = 2 / NAT (7.1.2)
Digitization at 10¢ samples s—1 gives a Nyagqvist frequency of
58 Hz (e.g. B;\TH,1974,p.146)° This is adequate for accurate

representation of the analogue signal (Section 3.8).

7.2 Fourier Transformation of ESP Records

All the computations required in this chapter have been
carried out within the single programme TRANSF, written 1in
FORTRAN for NUMAC and described and listed in Appendix 9.
Taking sampled and digitized seismograms as input, TRANSF
performs the discrete Fourier transformation using the fast
Fourier transform (FFT) algorithm adopted by COOLEY and
TUKEY (1965). Plotted spectra are output,

This section examines briefly some practical
difficulties associated with the discrete Fourier transform.

Firstly, the choice of window length is most important,
and must be a compromise. A long time series is required to

give good spectral resolution: a short series to exclude



unwanted seismic phases. Velocity amplitude spectra of a
typical event (M26), sampled with time data windows from 1.0
to 20.0 s, showed that 3.0 s was a sufficient window length
for good spectral resolution. Windows of 2.5 s or shorter
were not acceptable, as the sampling period in the frequency
domain was then too large to resolve significant variations.
Whenever possible, spectra that were to be compared were
computed from equal length windows. In other cases
differential smoothing was applied by TRANSF so as to
maintain effectively constant spectral resolution.

Secondly, window functions (discussed by KURITA,1969)
are desirable to reduce spectral distdrtion, unless the
input waveform 1is a transient and the whole signal is
included within the window. Failure to apply any special
window shape is equivalent to imposing a rectangular window
in the time domain, corresponding to the sinc function
spectral window F(w) = sin(w/2)/(w/2). All FFTs in this
study used the TRANSF programme facility of tapering both
ends of the window by applying a Hanning (cosine) window
(e.g. BATH,1974,p.159).

TRANSF also incorporates a subroutine to remove the
physically unrealistic d.c. component which arises through
the arbitrary truncation of the seismogram. If not removed,
this d.c. component would "leak" across to other components,
corrupting the spectral estimate. It is equivalent to a
rectangular window convolved with the time series.

OneA further source of loss of spectral resolution is

specific to ESP. Variations 1in analogue tape speed on




playback have given rise to fluctuations in the digitization
rate of 1% to 2% (Chapter 3), which will <cause spectral
broadening of a 10 Hz frequency by *0.1 or *@8.2 Hz.

It should be noted that differences in instrumental
response might cause errors when comparing the spectra of
records from different stations. Seismometer calibration
pulses routinely recorded at the ESP stations were so
closely similar that a common instrumental response curve,
I(w), was assumed. I(w) is independent of w (to =3 dB) .over
the frequency range of interest (Fiqure A3.1). Only in
Section 7.6 has I(w) sometimes been included to correct the
trace amplitude spectrum, F(w), to the true ground amplitude
spectrum, Fg(w), according to the relation

Fg(w) = F(w)/I(w) (7.2.1)

7.3 Velocity Amplitude Spectra

An expression for the received body wave frequency
spectrum, X(w,r,8), was given in Section 5.1 as

X(w,r,8) = S(w) B(8) Cg(w) P(w,r) G(r) Cr(w,r) I(w)

(5.1.1)

Equation 5.1.1 can be re-written as

X(w,r,8) = Xg(w,r,8) Criw,r) (7.3.1)
where X,(w,r,®8) represents the Spectrum at arbitrary depth
h in the upper crust beneath the receiver (Figure 7.3.1).
The instrumental response factor, I(w), has been omitted
from Equation 7.3.1 as explained in Section 7.2.

Equation 7.3.1 is strictly wvalid only when an

infinitely long seismogram is wused, so that the whole




FIGURE 7.3.1

DIAGRAM TO ILLUSTRATE MODIFICATION OF BODY WAVE

SIGNAL SPECTRUM QX‘RECEIVER UPPER CRUSTAL STRUCTURE
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crustal effect is included. The effect of a time window of
length T s can be expressed 1in the frequency domain by
convolution with the equivalent window function, W(w), i.e.

X(w,r,8) = [Xg(w,r,8) Cr(w,r)] * W(w) (7.3.2)
LEBLANC (1967) has shown that, under certain conditions,
this is equivalent to

X(w,r,8) = Xg5(w,r,0) [CR(w,r) * W(w)]

Xo(w,r,8) Crr(w,r) (7.3.3)

Crr(w,r) is known as the truncated crustal transfer function.

7.3.1 P Waves

P coda velocity amplitude spectra were obtained for
149 ESP records, using programme TRANSF. Time window
lengths for the Fourier transformation were chosen so as to
include the full P coda, with the 8.5 s of background noise
immediately preceding the first P onset, but exclude the
S onset. Window 1lengths ranged from 3.0 to 20.90 s,
depending on P to S time. The sampling rate was 100
samples s—1 (Section 3.8). Time windows were corrected to
mean baseline and cosine tapered, with trailing zeros added
to bring the sample size to 512, 10624 or 2048 for the
discrete Fourier transform,

As a first stage in spectral analysis the spectra were
examined qualitatively to assess their relative dependence
on the receiver upper crustal factor (Crr(w,r) in Equation
7.3.3) and on source and path effects (X,(w,r,8)). Spectra
of typical events are shown in Fiqures 7.3.2 to 7.3.4, and

their epicentres in Figure 7.3.5. Details of azimuths,
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epicentral distances and time window lengths are given in
Table 7.3.1. All the spectra reproduced here are from the
vertical component of seismic motion, although the same
conclusions can be drawn from spectra from the horizontal
components. It is seen that:

(1) Events from adjacent hypocentres, observed at the
same station, have similar velocity amplitude spectra
(e.g. records 1-8, 10-11, Figure 7.3.2). These events thus
do not have such radically different source spectra or
source space functions (e.g. as a result of different focal
mechanisms) as to dominate the observed spectra.
Furthermore, the spectra are not so sensitive to small
differences 1in the wave path as to make further analysis
meaningless.

(2) Spectra from the same events, recorded at
different stations, are substantially different, even when
the azimuths are similar (Figure 7.3.3). This emphasises
the predominant influence on the spectra of the receiver
crustal structure rather than the source function.

(3) Events from different 1locations, 1in the same
distance range, observed at the same station, have similar
spectra. The events shown in Fiqure 7.3.2, records 1 to
15, cover a distance range of 55 to 1060 km and an azimuth
range of 579, These events have different Xo(w,r,8), but
will have similar Crp(w,r) (the restriction to comparison of
events from similar distances implies similar angles of
incidence) unless the upper crust below the station is very

inhomogeneous. Figure 7.3.2 therefore reinforces the



TABLE 7.3.1

DETAILS OF EVENTS ILLUSTRATED IN CHAPTER 7

Epicentral | FFT Time| Illustrated
Event Azimuth Distance Window In Figures
(degrees) (km) (sec)
M5 31 60 7.0 7.3.2;7.5.3
M7 30 62 7.0 7.3.2
M1l 27 60 7.9 7.3.2
M26 29 62 7.8 7.3.2;7.3.3;7.5.2;
7¢5.3;7.5.2;7.5.3
T26 18 26 3.0 7¢3.3;7.5.3
526 262 36 4.0 7.3.3
D26 334 43 5.5 7.3.3
M27 29 62 7.9 7.3.2
T29 36 26 3.0 7.6.3
T42 3 31 3.0 7.5.3;7.6.3
mM4s8 30 63 7.0 7.3.2;7.5.3
M75 8 174 20.90 7.3.3
T75 2 142 20.9 7.3.3
M125 299 107 15.9 7.5.3
M164 299 108 15.¢ 7.3.3;7.3.6;7.5.3
T164 281 119 15.0 7.3.3;7.3.6
5164 268 161 20.0 7.3.3;7.3.6;7.6.3
D164 284 149 20.9 7.3.3;7.3.6
S179 166 61 7.9 7.6.3
s171 166 61 7.9 7.6.3
M270 142 31 4.0 7.3.2;7.5.3
M289 (142)** (31)** 4.0 7.3.2
M293 30 62 7.0 7.3.2;7.3.6;7.5.3
T293 19 25 3.9 7.3.6
§293 268 36 4.0 7.3.6
M300 36 55 7.0 7.3.2
D388 228 39 4,5 7.3.6
D431 88 126 15.¢ 7.3.3
M434 2 63 7.0 7.3.2;7.3.3;7.3.6;
7.5.3
T434 329 39 4.0 7.3.3;7.3.6;7.5.3;
7:6.3
D434 315 67 8.0 7.3.3;7.3.6
M437 2 64 7.0 7.3.2
M443 23¢9 99 11.9 7.3.3;7.3.6;7.6.3
T443 226 136 15.0 7.3.3;7.3.6
5443 229 188 20.8 7¢3.3;7.3.6;7.6.3
D443 237 148 20.0 7.3.3;7.3.6
M455 5% 95 11.0 7.3.2
T455 72 63 4.0 7.5.3
M481 59 96 11.0 7¢3.2;7.3.3;7.6.3
T481 72 63 4.9 7.3.3
s481 121 19 3.9 7.3.3
D481 44 47 6.0 7.3.3
M494 41 75 9.0 7.3.2
M523 46 91 11,0 *7e3.2;7.5.3
T503 53 55 6.9 7.5.3

:Not applicable to Figure 7.3.6,

Approximate figures.

This event was located at Mille only.




7.13

observation that the observed spectrum is being dominated by
the receiver crustal factor, Cgrp(w,r). The very small
dependence on azimuth of the spectral frequency peaks
provides further evidence for the small angles of incidence
deduced for ESP events in Section 6.6. Records 16 and 17 on
Figure 7.3.2 are less similar. They derive from events at
much shorter distances (about 36 km) from Mille, and having
abnormally complex P codas.

(4) It 1is possible to sum the velocity amplitude
spectra of different events recorded at the same station
without destroying the prominent peaks (Figqure 7.3.2,
records 9 and 18; Figure 7.3.4). Traces on Figure 7.3.4
each represent stacks of 5 to 8 records. "Close" on Figure
7.3.4a indicates events from epicentral distances less than
100 km, covering a wide range of azimuths and distances. It
is now clear that the dominant, oscillatory nature of the
spectra is due to receiver crustal effects. This conclusion
corroborates results in other areas (e.g. LEBLANC and
HOWELL,1967; HELMBERGER and JOHNSON,1977). For a given
station, maxima and minima are observed at the same
frequencies for the stacks of Fiqures 7.3.4a and b, although
modified by the envelope of overall spectral shape.

(5) Fourier transformation of successive 3.8 s window
lengths along the P coda of sample events yielded almost
identical frequency spectra. The spectra illustrated are
thus representative of both the first arrival and the P coda

as a whole,




7.3.2 S and Surface Waves

For the 140 events discussed above, spectra were also
obtained for time windows commencing with the S phase
arrival. No attempt was made to separate S from other body
and surface wave phases within the time windows, which
therefore contain some surface waves.

Typical velocity amplitude spectra of the horizontal
component of wave motion are shown in Figure 7.3.6, which
should be compared with Figure 7.3.3. The same events have
been wused in both figures, except 1in the <case of the
NW Tendaho graben event, 26, for which S was clipped by the
recorders, The similarity in overall shape between the two
sets of spectra is very marked. Maxima and minima are not
necessarily at the same frequencies, since differences in
the wave paths of different wave types will result in

differences in the pattern of their reverberations.

7.3.3 Noise

Samples of background noise, and of unidentified noise
bursts, yielded approximately flat velocity amplitude
spectra at all stations. Superimposed on these 'white'
spectra a prominent peak at 12%* 1 Hz was sometimes seen on
quiet records at Tendaho. A smaller peak at the same
frequency was seen on a sample of background noise from Det
Bahri, promoting the speculation that it might be related to
the Allallobeda graben geothermal area (Figure 2.3.1) <close
to these two stations. The peak has low amplitude relative

to the signal spectra of well-recorded events (it does not
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appear on any of the spectra in Figures 7.3.2 to 7.3.4)
and seems to have no structural significance.

Consecutive time windows (length 78 s) of background
noise at a recording station showed quasi-stationarity (i.e.
very similar frequency spectra). It was thus considered
permissible to correct for noise by subtracting from an
event signal spectrum the spectrum of the background noise
immediately preceding the event onset. For all events
considered in this chapter the signal to noise ratio is so
large that the influence of noise on the signal spectra is

negligible,

7.4 Seismic Wave Attenuation related to the Tendaho Graben

The expected effect of attenuation with distance 1is a
decrease 1in the relative magnitude of higher frequencies.
This 1is seen for results from the Western Ethiopian
escarpment (Figure' 7.3.4b; Figures 7.3.3 and 7.3.6,
events 164 and 443), where arrivals at Serdo (epicentral
distance < 158 km for Waldia events) and Det Bahri (146 km)
show much greater attenuation than those at Tendaho (117 km)
and Mille (107 km). This effect is unexpectedly pronounced,
and comparison of Fiqures 7.3.4a, 7.3.4b shows that close
events at Serdo station are also severely attenuated at
higher frequencies. (See Figure 7.3.5 for station and
event locations relative to the Tendaho graben).

The simplest explanation is a region of low Q (high
attenuation) in the upper crust below Serdo. Close events

at Mille, 40 km west of the Tendaho dgraben, are less
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attenuated than those at Tendaho and Det Bahri on its
western margin. This implies higher upper <crustal Q below
Mille than below either flank of the graben. During the
period of this study no seismic events were recorded from
areas within Afar (e.g. west of Mille) such that wave paths
wholly unaffected by the Tendaho graben could be studied.

Fourier transformation of events from Afar marginal
areas other than the Western Ethiopian escarpment would
provide important additional information on the distribution
of Q9 in the region below the Tendaho graben. Few such
events occurred of suitable magnitude to be well recorded at
the ESP stations. Those that did were recorded on to
half-inch digital tape for Fourier analysis, but the digital
tape was subsequently erased in Newcastle and could not be
re-recorded, since the Durham CTL MODULAR 1 and associated
half-inch tape drive had by then (1988) been dismantled.
The only events to be Fourier transformed were 431 and 433,
at Det Bahri; and 75, 78 and 79, at Mille and Tendaho
(Figure 7.3.3. Records for event 75 are unsmoothed). The
wave path giving the highly attenuated waveform for event 75
passes directly below the seismically active NW Tendaho
graben area, while that of the less attenuated D431 waveform
has traversed the graben farther south.

Direct study of the time domain records shows that
events 431 and 433 are more attenuated at Tendaho station
than at Det Bahri, and still more attenuated at Mille,
Serdo station was not functioning at the time of these

events. Events 75, 78 and 79 were recorded with similar




attenuation at Mille, Tendaho and Serdo (Det Bahri was
inoperative) .

All the records indicate an area of low Q beneath the
Tendaho graben, extending to shallow depth below Serdo.

Further data are required to quantify this result.

7.5 The Spectra and their Relation to Crustal Structure

7.5.1 Reverberations

The geological structure below the ESP station sites is
beds of hard basalts with relatively high seismic velocity,
intercalated with softer, lower velocity rocks formed of
tuffs and volcanic ash. This superficial structure presents
a series of layer boundaries with high reflectivity to
seismic waves. The crustal frequency response is therefore
likely to show strong peaks caused by resonances, and in the
time domain the signal will be prolonged. These effects
have been remarked previously.

While complicating the observed seismic signals,
reverberations caused by superficial structure themselves
theoretically provide a method of examining the structural
layers. Some semi-quantitative observations on the ESP
spectra are presented here. The data were not considered to
warrant a thorough quantitative study.

Amplitude spectra will exhibit maxima and minima
corresponding to constructive and destructivé interference
between waves reflected from the upper and lower surfaces of

each structural layer. The case of a single, plane,
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parallel, homogeneous, 1intercalated sub-surface layer is
depicted in Figure 7.5.1. It 1is straightforward to show
that the frequency separation between adjaéent maxima will

be

\% cos(in)
A = ( t (7.5.1)
2h \1 + sinZ2(ip)

with the first maximum at Af/2, The complexity of the
theoretical spectra increases rapidly when two or more
layers are considered, and has wusually been 1investigated
following the Thomson—Hgskell matrix formulation
(e.g.HASKELL,1953,1962) .

The} principal weakness of exact solutions for the
transfer function for elastic or viscoelastic layered models
(e.g. MURPHY et al,1971) is that they rigorously apply only
to layers of constant thickness and infinite extent.
Numerical methods, such as the finite element technique
(DESAI and ABEL,1972), are required to treat laterally
heterogeneous models. A further problem with the spectra of
local earthquakes is that their dominant wavelengths are of
the same order as the thicknesses of the superficial crustal
layers under investigation.

The spectral oscillations observed at Mille, with
strong maxima at approximately 2.0, 6.0 and 10.0 Hz
(Figures 7.3.2, 7.3.4), can be explained in terms of a
single resonant layer. Taking V = 2.5 km s~1 and i = 20° in
Equation 7.5.1 gives 262 m as an estimate for the layer
thickness., Assuming normal incidence, the thickness |is

312.5 m.




FIGURE 7.5.1

AN ILLUSTRATION OF REVERBERATION FROM A SUB-SURFACE LAYER
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Amplitudes of recorded seismic signals will clearly
also be affected by reverberation and resonance effects.
Fundamental to much 1literature on this subject 1is the
theoretical paper of TSAI (1978), who defined spectral
amplitude, AMP(w), as the ratio of the surface motion to
twice the motion of the bedrock (i.e. AMP(w) = 1 in the case
of no superficial layering). Tsai showed the particular
dependence of the limits of AMP(w) on the acoustic impedance
ratio at the bedrock, such that for n layers

ann4Pn-an=l < AMP(w) < PpVn/p1V) (7.5.2)
where f>= density, V = seismic velocity. Thus for a single
layer

AMP (w) = 102V2/P1V1°
No attempt has been made in this work to <calculate AMP(w).
Equation 7.5.2 is included for its relevance to the
time-domain signal amplitude measurements discussed in
Chapter 5. Magnitude estimates based on signal amplitudes
at different stations would be grossly inconsistent if
AMP (w) varied widely from station to station. This was

found not to be the case.

7.5.2 Crustal Transfer Ratios

Equation 7.3.1 may be split into vertical and
horizontal components Z(w,r,8) and H(w,r,8), as defined in
Figure 7.3.1, and re-written

Z(w,r,0)

XO(W,l’,e) CRZ(er) )
(7.5.3)
H(w,r,8) = Xo(wprre) CRH(er) )

where Cpz(w,r), Cry(w,r) represent vertical and horizontal




components of the receiver crustal structure factor,
Criw,r).

The crustal transfer ratio, the frequency-dependent
tangent of the apparent angle of emergence, is cbtained by
complex division, Z(w,r,9)/H(w,r,0); or, taking the

amplitudes,

T(w,r) = 1Z(w,r,8)|/|H(w,r,8)|
= |Crz(w,r) |/ICru(w, )| (7.5.4)
This equation 1is 1independent of the incident signal
spectrum, X, (w,r,8). T(w,r), normally calculated for a
homogeneous layered structural model using the

Thomson-Haskell matrix formulation (see HASKELL,1962),
depends solely on the receiver crustal structure.

The crustal transfer method was developed by PHINNEY
(1964) with application to long-period (0 to ©6.82 Hz) body
waves, and has been used in this form in lower crustal and
upper mantle studies. 1Its extension to shorter-period body
waves, for <crustal studies, requires replacement of T(w,r)
by the truncated crustal transfer ratio Tg(w,r), defined
from Equation 7.3.3 instead of from Equation 7.3.1.

The spectral ratio method for short-period P waves from
teleseismically recorded events has been applied by LEBLANC
and HOWELL (1967), ELLIS and BASHAM (1968), HASEGAWA (1971)
and others; and has been extended to treat dipping layers by
ROGERS and KISSLINGER (1972). It has had limited success in
resolving gross crustal features, primarily because the
shorter period waves are scattered to a greater extent by

small-scale inhomogeneities within the crust. P to §
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conversion and signal generated noise may also 1limit its
applicability. It has, however, been shown to be capable of
resolving thin, low-velocity layers (HASEGAWA,1971).

Examples of observed crustal transfer ratios computed
from ESP seismic records using programme TRANSF are shown in
Figures 7.5.2 and 7.5.3. This is the first application of
the method to local events. The broadness of the spectral
peaks does not derive from excessive smoothing, but probably
reflects the thinness of the layers which are causing them.
The simplicity of the spectra compares extremely favourably
with those obtained from teleseismically observed events
(e.g. LEBLANC and HOWELL,1967).

In the frequency range 2 to 12 Hz, within which most of
the seismic energy is concentrated (Figure 7.3.3), all the
crustal transfer ratio spectra at a station are markedly
similar. This 1is shown for Mille events from a wide range
of azimuths and distances in Figure 7.5.3, records 1 to 9;
and for Tendaho events on records 11 to 15.

The typical background noise spectrum (record 16) is
flat. Section 6.1 has asserted that this noise consists
primarily of Rayleigh waves., The absence of reverberation
and resonance effects caused by receiver crustal structure
indicates no one predominant noise source, but rather many
sources at different azimuths and depths. The illustrated
result that Z(w,r,8)/H(w,r,8) < 1.8 at all frequencies is
general for background noise from all ESP stations.

Event spectra show equal frequency separation of their

spectral peaks. There is a marked similarity between these



FIGURE 7.5.2

EXAMPLE OF A CRUSTAL TRANSFER RATIO SPECTRUM
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FIGURE 7.5.3

SAMPLE CRUSTAL TRANSFER RATIO SPECTRA FOR EVENTS

RECORDED AT MILLE AND TENDAHO STATIONS
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spectra (from which non-crustal influences have
theoretically been removed) and those of Fiqures 7.3.2 and
7.3.3. This emphatically reinforces the conclusion of

Section 7.3 that the large oscillations on the velocity
amplitude spectra derive from the receiver crustal effect.
It also indicates that the observed spectra could be
approximated by a computed truncated crustal transfer

function based on a single resonant layer.

7.6 Earthquake Source Parameters

7.6.1 The Corner Frequency Method

The vast literature pertaining to seismic source

properties and associated spectral studies has been
o

generally reviewed by BATH (1974) and by JOHNSON (1979).

This section presents one technique, the 'corner frequency'

method, by means of which seismic source parameters of some

ESP events have been estimated from their P wave
displacement amplitude spectra. The method involves the
construction of a theoretical spectrum, normally an

amplitude-frequency spectrum in a 1log-log plot, against
which the observed spectra are matched. The shape of the
theoretical spectrum depends on the details of the
mathematical source model from which it is derived. The
observed spectra are corrected so as to try to eliminate all
influences other than the source response.

Theoretical calculations of the near-field and/or

far-field radiation spectra from a seismic source have been




made by HASKELL (1964,1966); SAVAGE (1966,1972,1974); AKI
(1967); BERCKHEMER and JACOB (1968); BRUNE (1978, <corrected
in BRUNE,1971); HANKS and WYSS (1972); KNOPOFF and MOUTON
(1975); MADARIAGA (1976,1979); DAS and AKI (1977); ARCHULETA
and FRAZIER (1978); HARTZELL et al (1978); BOATWRIGHT
(1980); and others. The far-field radiation spectrum is
appropriate to the study of ESP events, whose hypocentral
distances are in all cases very large compared with their
source dimensions.

The corner frequency method provides for the
calculation of the source parameters (seismic moment, My;
fault length, L; stress drop,Acﬁ of an event from its
acceleration spectral parameters (d.c. level, W,; corner
frequency, ws; and negative logarithmic slope of the high
frequency response envelope,y ) (Figure 7.6.1). The two sets

of parameters are related by equations of the form

Mg = Pleo/K (7.6.1)

L = Pac/wc (7.6.2)
P3Mo P1P3 wc3|JWo

Ao = = , | (7.6.3)
L3 P,3 Kc3

(KNOPOFF and MOUTON,1975), where P is the rigidity of the
medium, K is a factor to take account of geometrical
spreading of seismic energy, c is the seismic wave velocity
and P;, Py, P3 are dimensionless numbers whose numerical
values depend on the postulated model of fault rupture and
healing.

Equations of the form of 7.6.1 to 7.6.3 are

approximations., The dangers of forming direct relationships




FIGURE 7.6.1

ASYMPTOTES OF THEORETICAL FREQUENCY SPECTRA (A) AND

THE CORRESPONDING OBSERVED SPECTRA FOR THE SUM OF 6 EVENTS

FROM WALDIA RECORDED AT SERDO STATION (B)

The observed spectra are smoothed and corrected for
geometrical spreading, and for attenuation with Q=600
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between source and spectral parameters, without regard for
the tectonic prestress and frictional stress environment of
the ruptured fault segment, have been emphasised by KNOPOFF
and MOUTON (1975). In particular, the implication of
Equation 7.6.2 that we~l is essentially the pulse duration
(or, equivalently, that w, is a measure of the spectrum
width, since pulse width and spectrum width are inversely
proportional), is dubious (SAVAGE,1972); while»intuitively a
relationship between fault length and pulse duration should
depend on the rupture and healing velocities.

The value of y may also vary with details of the model,
since the asymptotic behaviour of the spectrum of a pulse is
determined by the order of the discontinuities of the pulse
shape. The models of HASKELL (1964), BERCKHEMER and JACOB
(1968), BRUNE (1970) and (except for one case) KNOPOFF and
MOUTON (1975) all have y = 2 for high frequencies. The
statistical models of HASKELL (1966) and AKI (1967), where
corne} frequency is related to coherence length rather than
to fault length, also yield y = 2. SAVAGE (1972) argues for
y = 3 for coherent radiation, while MADARIAGA (1976) has
y= 2.5, HASKELL (1964) , BERCKHEMER and JACOB (1968) and
SAVAGE (1972) derive two «corner frequencies bounding an
intermediate~-frequency y =1 trend, and circular fault
models sometimes show greater complexity at intermediate
frequencies (SAVAGE,1974; MADARIAGA,1976; BOATWRIGHT,1984).
Even in theory an intermediate trend may not necessarily be
visible on the spectra of seismic events, as the two corner

frequencies may be very close together.




Most applications of the corner frequency method have
used BRUNE's (1970) model for S waves and its semi-empirical
extension to P waves (HANKS and WYSS,1972; DAHLEN,1974),
although the foundation of Brune's model has been questioned
(see Section 7.6.4). The theoretical value y = 2 has been
found to be quite well obeyed, with some irregularities, for
teleseisms (HANKS and THATCHER,1972; HANKS and WYSS,1972;
MAASHA and MOLNAR,1972; MOLNAR and WYSS,1972; WYSS and
HANKS,1972; THATCHER and ’HANKs,1973j, and for locally
recorded events (DOUGLAS and RYALL,1972; MOLNAR et al,1973);
and the values obtained for the source parameters have been
in good agreement with those found by other methods (e.qg.

WYSS and HANKS,1972).

7.6.2 Corrections to the Received Signal Spectrum

ESP P coda velocity amplitude spectra were converted to
displacement or acceleration amplitude spectra by
respectively di