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ABSTRACT 

1. Surface waves from the A t l a n t i c 
I t i s shown t h a t Rayleigh wave a r r i v a l s can "be used t o 

l o c a t e small earthquakes which are not detectahle using nor­
mal "body wave techniques. Using Rayleigh wave a r r i v a l s at 
f o u r s t a t i o n s , s i x small earthquakes have heen located on the 
Reyko'anes Ridge, Thejj appear t o he foreshocks preceding two 
l a r g e r events, w i t h mh magnitudes of ^.5 and ^ . 6 , which were 
reported i n the U.S.C.G.S. h u l l e t i n s . I t i s suggested t h a t 
the apparently l a r g e Rayleigh waves from the eight events are 
mainly due t o t h e i r shallow f o c i . Assuming zero f o c a l depths, 
the mb magnitudes of the foreshocks appear to range from k.2 

to k.k. I t i s suggested t h a t these events were not reported 
i n the " b u l l e t i n s "because of the low d e t e c t i o n p r o h a h i l i t y , 
using "body waves, f o r low-magnitude earthquakes occurring i n 
the m i d - A t l a n t i c , I f t h i s i n t e r p r e t a t i o n i s c o r r e c t , then 
the appearance of surface wave t r a i n s from unlocated sources, 
on the records o f seismic s t a t i o n s around the A t l a n t i c , can 
"be explained i n a s i m i l a r manner, 

2, The crust and upper mantle "beneath Iceland 
A d e s c r i p t i o n i s given of the data o"btained from two 

temporary array s t a t i o n s which were i n s t a l l e d i n Iceland dur­
ing the summer of 196?. P-wave delay times are measured 



using data from s t a t i o n s i n Iceland, Scotland, Sweden and 
Greenland. A delay time o f 1.5 seconds, r e l a t i v e to 
Eskdalemuir i n Scotland, appears t o "be constant over Iceland. 
R e l a t i v e t o Kiruna i n Sweden, the .Icelandic delay i s approxi­
mately 2.3 seconds. The delay times are i n t e r p r e t e d i n terms 
of the cr u s t and upper mantle beneath the recording s t a t i o n s 
and they can he explained i f the 7.U km/sec layer beneath 
Iceland extends to a depth of 200 km. 
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I n t r o d u c t i o n 

Surface wave t r a i n s from unlocated sources comprise 20 
per cent o f the a r r i v a l s which are recorded by the long-
p e r i o d instruments at the United Kingdom Atomic Energy 
A u t h o r i t y ' s seismic s t a t i o n at Eskdalemuir i n Scotland (P. 
Marshall, personal communication). A s i m i l a r p r o p o r t i o n i s 
o"bserved hy other recording s t a t i o n s around the A t l a n t i c . 
At Eskdalemuir, the unlocated events give r i s e t o Rayleigh 
waves which have s i m i l a r d i s p e r s i o n c h a r a c t e r i s t i c s to those 
received from earthquakes i n the North A t l a n t i c . 

The amplitudes of the a r r i v a l s are o f t e n large enough 
to lead one to expect associated "body waves t o "be recorded. 
However, most of the a r r i v a l s appear t o "be unassociated w i t h 
any "body waves, and i n a l l cases body waves are recorded by 
too few s t a t i o n s f o r the normal methods of e p i c e n t r a l loca­
t i o n t o be used. 

The work reported here i s a p r e l i m i n a r y i n v e s t i g a t i o n 
o f one group o f these events. A method was developed f o r 
l o c a t i n g earthquakes using Rayleigh waves. This method v/as 
app l i e d t o s i x events which were found t o have epicentres on 
the Reykjanes Ridge. The magnitudes o f a s e l e c t i o n of w e l l 
documented events were i n v e s t i g a t e d using surface and body 
wave a r r i v a l s i n an attempt to provide an explanation f o r the 
la c k o f recorded body waves from the pr e v i o u s l y unlocated 
events. 



CHAPTER 1 

(1,1) The p r o p e r t i e s o f Rayleigh waves 
Surface waves from earthquakes most commonly consist o f 

both Love and Rayleigh waves. While both types appear on 
the h o r i z o n t a l component records, only Rayleigh waves appear 
on the v e r t i c a l component.. As Rayleigh waves are therefore 
the more c l e a r l y seen o f the two,, they alone are considered 
here f o r the purpose of l o c a t i n g earthquakes. 

The p r o p e r t i e s of Rayleigh waves can be predicte d mathe­
m a t i c a l l y from the e l a s t i c wave theory by sp e c i f y i n g the 
necessary boundary conditions and by making c e r t a i n assump­
t i o n s about the nature o f the m a t e r i a l through which they 
t r a v e l . The mathematics o f these processes are given i n many 
t e x t books and only the r e s u l t s w i l l be described here. 
(Ewing e t a l 1957 give a f u l l treatment and give a comprehen­
sive l i s t of references.) 

The mathematics p r e d i c t several tjrpes of Rayleigh waves 
which are r e f e r r e d t o as d i f f e r e n t modes. However, the 
fiindamental mode i s the most conspicuous; higher modes are 
not commonly seen over mixed..- paths and are therefore not 
considered here. (Crampin 1966, Ossing 196^+.) 

The a c t u a l wave disturbance i s made up of Fourier compon­
ents o f d i f f e r e n t wavelengths which, i n t e r f e r e to form the 



v i s i b l e disturbance which contains the wave energy. Each 
component decays i n amplitude w i t h increasing depth, z, 
according t o i t s wavelength, }\ , so t h a t the longer wave­
lengths penetrate f a r t h e s t . The speed w i t h which these com­
ponents t r a v e l , c a l l e d the phase v e l o c i t y , c, depends on the 
medium through which they pass. I n the e a r t h , the v e l o c i t y 
o f e l a s t i c waves g e n e r a l l y increases w i t h depth which, com­
bined w i t h the increased p e n e t r a t i o n of long-wavelength com­
ponents, r e s u l t s i n an increase of phase v e l o c i t y w i t h p e r i o d . 

The v e l o c i t y of the a c t u a l disturbance i s c a l l e d the 
group v e l o c i t y , U. T h e . r e l a t i o n between the phase and the 
group v e l o c i t i e s i s given by the equation 

U = d ( k c ) / d ( k ) ( l ) 

where the wave number, k = 2'̂ '/;̂  . Thus f o r Rayleigh waves 
i n the e a r t h , U and c are not equal. The r e s u l t of t h i s 
r e l a t i o n s h i p i s t h a t the group v e l o c i t y i s a fxinction of the 
p e r i o d and i t g e n e r a l l y increases w i t h the wavelength. How­
ever, because of the form of equation 1, there may be maxima 
and minima i n the group v e l o c i t y curve. Although the p o s i ­
t i o n s of the maxima and minima depend on the s t r u c t u r e of 
the medium through which the waves pass, the presence of a 
minimum does not n e c e s s a r i l y imply the existence of a lov/-
v e l o c i t y l a y e r . For a c o n t i n e n t a l s t r u c t u r e , the minim\im 



occurs at about nine seconds period and the maximum at about 

s i x t y seconds w i t h a f u r t h e r minimum at about 230 seconds. 
Waves w i t h periods as short as t h a t at which the f i r s t 

minimm occurs are h e a v i l y attenuated over oceanic paths and 
they are only seen i f the path i s predominantly c o n t i n e n t a l . 
I n the l a t t e r case they cause a build-up i n amplitude towards 
the end of. the wave t r a i n where v/aves of d i f f e r e n t periods 
a r r i v e at the same time - t h i s i s r e f e r r e d t o as the A i r y 
Phase. 

The Rayleigh wave p a r t i c l e motion i s o f the form of a 
retrograde e l l i p s e , where the e l l i p s e l i e s i n the v e r t i c a l 
plane c o n t a i n i n g the d i r e c t i o n o f wave propogation. Thus the 
motion may be recorded on a l l three components and the r a t i o 
o f the amplitudes on the h o r i z o n t a l components depends on the 
d i r e c t i o n o f approach o f the wave. 

(1.2) The- generation o f Rayleigh waves 
The problem o f the generation of Rayleigh waves from a 

source at a f i n i t e depth was studied by Lamb (iSOk). I t i s 
necessary t h a t they should be generated i n order t o provide 
zero s t r e s s over the f r e e surface; t h i s c o n d i t i o n cannot be 
f u l f i l l e d i n any other way when the i n c i d e n t wavefront i s 
curved. Rayleigh waves may be considered to be generated by 
the i n t e r a c t i o n o f P or S waves w i t h the fr e e surface at,some 



d i s t a n c e , X, from the epic e n t r e . The distance, X, i s governed 
by the depth of the source, H, according t o the equation 

X = Cr H /v/^"- - C^ (2) 

(Ewlng et a l 1957) 

where Cr i s the Rayleigh wave v e l o c i t y and 2 i s e i t h e r the 
P-wave or the S-wave v e l o c i t y . However, the. t r a v e l times of 
the Rayleigh waves are the same whether they are considered 
t o be generated at the epicentre or at X. 

The amplitudes o f the generated waves depend on the depth 
of the source and on the wavelengths of the wave components. 
The expression f o r the amplitudes contains a f a c t o r of the 
form exp(-sH /A ) , where A i s the wavelength and s i s a constant 
which depends on the nature o f the source i . e . whether i t i s 
shear or compressional ( J e f f r e y s 1962). This i s anialagous to 
the way i n which the components of the Rayleigh wave pene­
t r a t e according t o t h e i r wavelengths. Thus the generated 
waves c o n t a i n p r o p o r t i o n a l l y l e ss high-frequency energy as 
the f o c a l depth increases. 

(1.3) Measurement o f the group v e l o c i t y 
Measurements o f the group and phase v e l o c i t i e s can be 

made by f o l l o w i n g the progress o f a wave t r a i n from i t s 
source. The group v e l o c i t y i s given simply by the t r a v e l 
time o f the envelope d i v i d e d by distance; the phase v e l o c i t y 



can be determined by f o l l o w i n g the progress of some recognis­
able f e a t u r e of the wave t r a i n , such as a peak or a trough, 
over a short distance. The group v e l o c i t y i s the more e a s i l y 
determined of the two and i t can be measured as.ing one 
s t a t i o n i f the source parameters are known; t h i s i s d i f f i c u l t 
t o do f o r the phase v e l o c i t y because there i s an ambiguity 
about the phase of the Fourier components at the source 
(Briine e t a l I960). 

The method used here f o r the measurement of group v e l o c i ­
t i e s i s described by Brune et a l (196O). The method consists 
of assigning numbers t o consecutive peaks, troughs and cross­
over p o i n t s so t h a t peaks are assigned integer numbers, cross­
overs q u a r t e r - i n t e g e r s and troughs h a l f - i n t e g e r s . I f a p l o t 
i s then made o f the peak numbers versus a r r i v a l times, then 
the slope of the curve w i l l give the per i o d as a f u n c t i o n of 
a r r i v a l time. Thus, knowing the o r i g i n time and the distance 
from the source, the group v e l o c i t y of each period can be 
c a l c u l a t e d . 

I n order t o o b t a i n the t r u e group v e l o c i t y , the e f f e c t 
o f the instruments on the recorded wave t r a i n must be taken 
i n t o account. I t i s w e l l known t h a t a l l instruments, whether 
they are mechanical or e l e c t r i c a l , cause a change o f phase 
between the input and the output. I n the case of seismic 
r e c o r d i n g equipment, t h i s i s expressed i n terms o f a phase 



7 

response curve which gives the phase change i n radians as a 
f u n c t i o n o f p e r i o d . This phase change, (9 , e f f e c t s the 
Fou r i e r components of. the recorded wave; the e f f e c t on the 
ac t u a l wave t r a i n , which i s delayed, i s expressed i n terms of 
the group delay. The r e l a t i o n s h i p between the group delay 
and the phase change i s analogous to t h a t "between the group 
and the phase v e l o c i t i e s and i t may be expressed as 

Group delay = d & / dco sees. (3) 

Where is the angular frequency = 2 TT / T 

T being the period o f the wave. (Brune et a l 196O) 
Therefore, i n the c a l c u l a t i o n of the group v e l o c i t i e s , 

the group delay corresponding to the p a r t i c u l a r period i s 
substracted from the measured t r a v e l time. 

(^.k) Possible methods o f e p i c e n t r a l l o c a t i o n using Rayleigh 
waves 

Considering the p r o p e r t i e s of Rayleigh waves, i t may be 
seen t h a t there are three possible methods of l o c a t i o n . 
F i r s t l y , because the wave t r a i n s are dispersed, the separa­
t i o n o f the periods i s p r o p o r t i o n a l t o the distance which the 
waves have t r a v e l l e d . I f t h i s separation i s measured at at 
l e a s t two s t a t i o n s , so t h a t the e p i c e n t r a l distance to each 
s t a t i o n can be found, then the p o s i t i o n of the epicentre can 
be c a l c u l a t e d . 



8 

Secondly, because of the o r l D i t a l motion of p a r t i c l e s 
d u r i n g the passage o f a Rayleigh wave, the d i r e c t i o n from 
which a wave has approached a s t a t i o n can he found hy com­
paring, the amplitudes of the motion recorded on the two 
horizontal-component instruments. The 180 degree ambiguity 
can he resolved "by considering the motion on the v e r t i c a l 
component; when the v e r t i c a l motion i s approaching i t s maxi­
mum, then the h o r i z o n t a l motion i s away from the source. I f 
they are used together, the f i r s t two methods may enable one 
to make an estimate o f the e p i c e n t r a l p o s i t i o n from the 
records of one s t a t i o n . 

A t h i r d method i s possible using the absolute a r r i v a l 
times o f any p e r i o d , or group of periods, at at l e a s t three 
s t a t i o n s . This method i s analagous t o the usual method of 
earthquake l o c a t i o n using p-waves. 

The f i r s t and the t h i r d methods depend on a p r i o r know­
ledge o f the d i s p e r s i o n c h a r a c t e r i s t i c s o f a r r i v a l s from the 
e p i c e n t r a l r e g i o n ; t h i s would have t o be obtained from obser­
va t i o n s on well-documented events i n the area of i n t e r e s t . 
Each of the methods req^uires t h a t the s t a t i o n s should be w e l l 
d i s t r i b u t e d about the e p i c e n t r a l area and f o r maximum accuracy, 
they should be equally-spaced i n azimuth from the epicentre. 

I n order t o t e s t these l o c a t i o n methods, and to o b t a i n 
the necessary i n f o r m a t i o n on group v e l o c i t i e s , a s e l e c t i o n of 



w e l l documented events, located i n the North A t l a n t i c Ocean 

were chosen f o r study at f o u r s t a t i o n s . 

(1.5) The data used i n t h i s study 
A group of s i x a r r i v a l s were recorded by the long period 

system of the U.K.A.E.A. s t a t i o n at Eskdalemuir on August 
22nd None of the a r r i v a l s corresponded t o any events 

reported by the United States Coast and Geodetic Survey 
(U.S.C.G.S.) although from t h e i r d i spersion c h a r a c t e r i s t i c s , 
i t seemed l i k e l y t h a t some of them had o r i g i n a t e d i n the 
North A t l a n t i c Ocean. I n order to t e s t the f e a s i b i l i t y of 
the l o c a t i o n methods, w i t h the object o f eventually l o c a t i n g 
these s i x events i n p a r t i c u l a r , a group of twenty events 
which had already been located by the U.S.C.G.S., were selected 
f o r t e s t purposes. As the I n t e r n a t i o n a l Seismology Centre 
(l.S.C.) at Edinburgh had k i n d l y made av a i l a b l e f i l m of 
records from the U.S.C.G.S. s t a t i o n s f o r ^^Sk, the events were 
selected from those which occurred during t h a t year. 

The records from tovir s t a t i o n s were chosen according t o 
the f o l l o w i n g c r i t e r i a : f i r s t l y , each s t a t i o n should have 
recorded as many of the events of August 22nd as possible , 
and, secondly, the s t a t i o n s should be w e l l d i s t r i b u t e d about 
the A t l a n t i c i n accordance w i t h the requirements of the pro­
posed l o c a t i o n methods. The s t a t i o n s selected were 
Eskdalemuir i n Scotland, Godhavn i n Greenland, Blacksburg i n 
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V i r g i n i a U.S.A. and Malaga, i n Spain. I n order th a t the 
instruments should be the same at each s t a t i o n , the U.S.C.G.S. 
s t a t i o n at Eskdalemuir was used ra t h e r than the U.K.A.E.A. 
s t a t i o n i n the same region. 

I t would have been convenient t o use s t a t i o n s at Akureyri 
i n I c e l a n d , Ponta Delga^'da i n the Azores and at Bermuda be­
cause f o r North A t l a n t i c events, these s t a t i o n s would receive 
waves which had t r a v e l l e d over almost t o t a l l y oceanic paths 
and thus p a r t l y avoiding the d i s t u r b i n g e f f e c t s of the c o n t i n ­
e n t a l boundary. However, these were not selected as no 
records were a v a i l a b l e f o r Akureyri and Bermuda f o r August 
22nd and the Ponta Delgai-da records were too noisy. 

The events which were chosen were located on the North 
A t l a n t i c Ridge between 30 and 60 degrees North. D e t a i l s of 
the s t a t i o n s and the t e s t data are given i n Tables 1 and 2. 

The p o s i t i o n s of the s t a t i o n s and of the events are marked on 
the map i n F i g . 1. 

(1 , 6 ) The appearance o f the data 

A l l the wave t r a i n s appeared t o consist almost e n t i r e l y 
o f Rayleigh v/aves. Very l i t t l e Love wave motion was seen, at 
the most, a h a l f or one cycle v/as seen on the h o r i z o n t a l -
component records merging i n t o the beginning of the Rayleigh 
wave. Higher mode Rayleigh waves were not recognised on any 



TABLE 1 

1 1 

STATION CODE LATITUDE LONGITUDE 

deg min sec deg min sec 

Eskdalemuir ESK 55 19 OON 03 12 18W 

Godhavn GDH 69 19 OON 53 32 OOW 

Blacksburg BLA 37 12 UON 80 25 li+W 

Malaga'..- MAL 36 k3 39N Ok 2k Uow 

Toledo'*' TOL 39 52 53N Oh 02 55W 

"This s t a t i o n i s used i n the magnitude measurements discussed 
i n Chapter 2. 



TABLE 2 

EVENT DATE ORIGIN TIME EPICENTRE DEPTH IIAG NO. STATIONS 
No. (1964) h r . min. sec. deg N deg W km. 

H t h 
(mb) USED P( 

2 Aug 17 09 07 06.5 5i.s 30.1 64 „ 18 4.8 13 
3 Aug 17 22 47 31.4 52.0 30.1 25 22 5.0 13 
k Aug 22 17 04 29.7 51.9 30.2 19 20 5.0 14 
5 Aug 26 03 18 43.7 52,. 1 30.1 28 22 5.2 20 

. 9 Sept 16 22 23 38.5 22 .9 45.1 50 14 5.5 25 
10 Sept 17 15 02 01.5 44.6 31.3 24 5.5 31 
20 Dec 2 08 20 45.6 30.5 42.0 33 5.2 14 
2h May 17 19 26 21.6 35.4 36.1 33 5.6 30 
27 June 5 04 44 53.4 47.6 27.3 82 14 4.7 13 
33 J u l y 1 20 09 31.0 30.8 41 .5 33 5.0 17 
36 J u l y 11 22 34 42.6 41.3 29.1 62 21 4.8 8 
37 J u l y 13 16 22 27.5 53.9 35.1 39 27 4.2 6 
39 Aug 23 02 56 13.3 59.4 30.3 30 41 4.5 12 
ij-0 Aug 23 04 47 46.8 59.5 30.2 33 4.6 11 
41 Sept 6 18 55 49.1 38.4 26.7 44 30 4.8 6 
U2 Sept 13 23 01 23.1 58.7 30.9. 190 24 4.1 '5 
43 Sept ^? 23 23 34.9 

49.2 
59.0 31.6 25 

47 
4.1 4 

kk Sept 14 06 19 
34.9 
49.2 58.9 31.1 47 47 4.3 5 

45 Sept 14 06 34 44.0 59.2 31.1 56 19 4.4 3 
49 Oct 29 13 40 36.3 41.4 29.5 33 4.5 6 
U2 Aug 22 17 24 30.9 59.8 30.3 69 25 4.5 3 
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of the records. 
As seen on the v e r t i c a l component records, the Rayleigh 

wave a r r i v a l s sometimes appeared t o be i n two or more p a r t s . 
Such m u l t i p l e a r r i v a l s were p a r t i c u l a r l y conspicuous at 
Eskdalemuir from the more n o r t h e r l y events when the a r r i v a l s 
appeared t o be i n three p a r t s ( P i g . 2 a ) . The f i r s t a r r i v a l s 
ranged i n p e r i o d from approximately 35 t o 12 seconds, while 
the l a t e r a r r i v a l s which were o f smaller amplitude, contained 
a more r e s t r i c t e d range of periods down t o about 12 seconds. 
Some of the Blacksburg a r r i v a l s were also complex. For ex­
ample, a r r i v a l s . f r o m events 2 and 3 ( P i g . 2 c) appeared t o be 
i n two p a r t s , the f i r s t p a r t having a long period and con s i s t ­
i n g o f one cycle and the second p a r t of shorter period and 
w i t h a complex amplitude envelope. 

The m u l t i p l i c i t y of the a r r i v a l s appeared to be a charac­
t e r i s t i c o f the path r a t h e r than the event and i t seems un­
l i k e l y t h a t i t i s due t o a m u l t i p l e source f u n c t i o n . The 
e f f e c t i s a t t r i b u t e d t o l a t e r a l r e f r a c t i o n at the c o n t i n e n t a l 
boundary which r e s u l t s i n the simultaneous a r r i v a l of waves 
which have t r a v e l l e d v i a paths o f d i f f e r e n t lengths. These 
a r r i v a l s i n t e r f e r e causing beating and modulation of the 
amplitude envelope. (Evenden 195^, P i l a n t and Knopoff I96U, 

Knopoff et a l 1966, Savarensky et a l 1968) 

Where several events were c l e a r l y recorded by one s t a t i o n . 
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i t was possible t o i d e n t i f y those which came from the same 
e p i c e n t r a l region by comparing the recorded motion on the 
v e r t i c a l records. Most of the unlocated events were not r e ­
corded w e l l enough f o r t h i s t o be a u s e f u l diagnostic i n 
t h e i r l o c a t i o n , except t o i n d i c a t e t h a t they o r i g i n a t e d at 
the same order o f distance from the s t a t i o n as the t e s t data 
and t h a t the s t r u c t u r e s o f the paths over which they had 
t r a v e l l e d were s i m i l a r . The unlocated event U2 provides an 
exception t o t h i s . I t was c l e a r l y recorded at a l l s t a t i o n s , 
p a r t i c u l a r l y at Eskdalemuir where the wave t r a i n was almost 
i d e n t i c a l w i t h t h a t from event kO (Pig. 2 a and 2 b ) . This 
event was located by the method described l a t e r i n t h i s t h e s i s 
and, afterwards, by the I.S.G. When i t was found t o have an 
epicentre w i t h i n 60 kms of event kO, 

( 1 . 7 ) The group v e l o c i t y curves from the t e s t data 
Group v e l o c i t y curves f o r the t e s t data were cal c u l a t e d 

u sing the method described e a r l i e r . Most of the records were 
on two-inch f i l m s t r i p s which were analysed at Durham on a 
s p e c i a l viewer. The image was enlarged so t h a t one minute of 
recording time corresponded t o approximately 1.65 cm on the 
viewing screen. The c l a r i t y of the image permitted measure­
ments o f distance t o w i t h i n a minimum of 0,25 mm which 
corresponded t o a time r e s o l u t i o n of approximately one second. 



1 7 

Other records, which were i n photocopy form, permitted a 
s i m i l a r r e s o l u t i o n . 

Inaccuracies i n the measurements are introduced by the 
broadness o f the peaks and troughs, the sharpness of the 
tr a c e and p e r t u r b a t i o n s due t o background noise. Where the 
records were s u f f i c i e n t l y c l e a r , crossover points were 
measured i n a d d i t i o n t o peaks and troughs. 

For c e r t a i n a r r i v a l s the e f f e c t s of beating were c l e a r l y 
shown i n the curve o f peak number versus a r r i v a l time. These 
r e s u l t e d i n d i s c o n t i n u i t i e s i n the curve though, where pos­
s i b l e , a smooth curve was drawn through the p o i n t s , otherwise 
only the f i r s t p o r t i o n of the curve was used. D i f f e r e n t i a ­
t i o n o f the curve t o determine the periods was done graphi­
c a l l y by drawing tangents and measuring t h e i r slopes. The 
distances from each s t a t i o n were c a l c u l a t e d using a computer 
program based on the equations given by Bullen (1963, p .154) . 

The measured t r a v e l times were corrected f o r the e f f e c t s 
o f i n s t r i i m e n t a l group delay. The cor r e c t i o n s ranged from 2 

seconds at 15 seconds period t o approximately 14 seconds at 
40 seconds p e r i o d . These cor r e c t i o n s were calculated from 
the instrumental phase response curves (Ben-Menahem et a l 
1965) according t o the theory described e a r l i e r . The correc­
t i o n s were applied f o r the sake of completeness and so t h a t 
the group v e l o c i t y cxxrves could be compared w i t h those 
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obtained by others; i t i s not necessary f o r the a p p l i c a t i o n 
of the l o c a t i o n methods as the unlocated events and the t e s t 
data were recorded on the same instruments. 

Not a l l of the t e s t data were used to compute group 
v e l o c i t y curves. Some of the l a r g e r events were unusable 
because the large recorded motion produced a very f a i n t t r a c e , 
v/hile the smaller events were sometimes obscured by noise. 
The curves which were obtained f o r Eskdalemuir, Godhavn, 
Blacksburg and Malaga are reproduced i n Figures 3f k, 5 and 
6. 

I t should be noted t h a t the curves represent the observed 
d i s p e r s i o n which i s needed f o r the l o c a t i o n methods; no 
co r r e c t i o n s were made f o r the e f f e c t s o f co n t i n e n t a l path 
l e n g t h . The curves f o r Eskdalemuir and Malaga, are very 
s i m i l a r and show oceanic d i s p e r s i o n . However, the Blacksburg 
and Godhavn curves vary considerably from event t o event. 
This i s due t o the e f f e c t o f the varying p r o p o r t i o n o f c o n t i n ­
e n t a l path (which f o r some o f the n o r t h e r l y events received 
at Blacksburg i s up t o 65$̂ ) and t o the e f f e c t s o f l a t e r a l 
r e f r a c t i o n due t o the small angle of incidence o f the wave-
f r o n t t o the c o n t i n e n t a l boundary. I t may be seen t h a t the 
di s p e r s i o n measured at these s t a t i o n s f o r the more southerly 
events (e.g. 33, 20) i s very smilar t o tha t obtained at 
Ma:iaga.; and Eskdalemuir. 
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( 1 , 8 ) Assessment o f the l o c a t i o n methods 

The three methods o f l o c a t i o n virere assessed using the 
t e s t data. The f i r s t method, t h a t of c a l c u l a t i n g the d i s ­
tance from the epicentre to each s t a t i o n from the separation 
of the periods, can give the distance t o w i t h i n kOO kms from 
any s t a t i o n at which the a r r i v a l s are c l e a r l y received and 
are not complex. The method i s very l i m i t e d hy the q u a l i t y 
o f the records and "by the range o f periods received "by each 
s t a t i o n . For the l o c a t i o n o f small events, which are o f t e n 
g r e a t l y d i s t u r b e d "by noise, the method i s not usahle. 

The second method, t h a t o f f i n d i n g the azimuth of the 
source from each s t a t i o n "by using the h o r i z o n t a l component 
records, works only w i t h very c l e a r records, w i t h large h o r i ­
z o n t a l motions which are r e l a t i v e l y undisturbed hy noise. 
Even under these c o n d i t i o n s , the azimuth i s only accurate to 
w i t h i n ± 10 degrees. I t was foiind t h a t the h o r i z o n t a l com­
ponent records were generally more noisy than the v e r t i c a l 
records. They are p a r t i c u l a r l y susceptible to wind noise 
whichvoften renders them useless. With noise-free records 
the method i s s t i l l f r u s t r a t e d by the e f f e c t of Love wave 
motion, which r e s u l t s i n a d i f f e r e n t amplitude r a t i o between 
the h o r i z o n t a l component records f o r the f i r s t a r r i v a l s -
which are otherwise the most c l e a r l y recorded. The method 
i s l i m i t e d f u r t h e r by the e f f e c t s of l a t e r a l r e f r a c t i o n so 
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t h a t the plane of p o l a r i s a t i o n of the wave does not neces­

s a r i l y correspond t o the d i r e c t i o n from the source t o the 

s t a t i o n (Evenden 195^ , Savarensky et a l 1 9 6 8 ) , 

Thus although the f i r s t two methods may be used to 

o b t a i n a rough e p i c e n t r a l p o s i t i o n when c l e a r records are 

obtained, t h e i r accuracy i s very poor, and f o r l o c a t i n g small 

events, which are r a r e l y recorded c l e a r l y , both methods are 

i m p r a c t i c a l . However the t h i r d method, which makes use of 

the absolute a r r i v a l times of the periods at each s t a t i o n , 

was t e s t e d w i t h more success. I t i s capable of l o c a t i n g 

events t o w i t h i n a.100 km square and i s therefore considered 

t o give u s e f u l i n f o r m a t i o n on events whose e p i c e n t r a l p o s i ­

t i o n s would otherwise be unknown. I t has the advantage t h a t 

the a r r i v a l times o f several periods are used from each 

s t a t i o n , t h e r e f o r e inaccuracies i n the determination of i n d i ­

v i d u a l periods may average out over each v/ave t r a i n . 

( 1 . 9 ) Theory of the t h i r d l o c a t i o n method 

Let the a r r i v a l time at a s t a t i o n i of a p e r i o d j be 
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t ( i , j ) . I f the group v e l o c i t y over the path from the source 
t o the s t a t i o n i s V ( i , j ) and the e p i c e n t r a l distance i s A i 
then we can w r i t e : 

To = t ( i , j ) - A i / V ( i , o) ih) 

where To i s the o r i g i n time of the event. 

I f surface waves are recorded at several s t a t i o n s at 
which the group v e l o c i t i e s of s i m i l a r a r r i v a l s are known, 
then a series o f equations can be obtained each g i v i n g values 
of the apparent o r i g i n time T ( i , j ) according to t r i a l values 
o f the e p i c e n t r a l p o s i t i o n . As the corr e c t p o s i t i o n i s 
approached, so the terms T ( i , g) v / i l l converge towards the 
t r u e o r i g i n time. To. 

A computer program was w r i t t e n i n Fortran IV i n order to 
t e s t t h i s method of l o c a t i o n using an IBM 36O computer. The 
program computes the values of the terms T ( i , 3) f o r each of 
a s e r i e s of t r i a l epicentres which are placed i n a \miform 
r e t i c u l a t e manner over a s p e c i f i e d area i n which the t r u e 
epicentre i s expected to l i e . For each t r i a l p o s i t i o n , the 
onset times at each s t a t i o n are used t o f i n d the average 
estimate of the o r i g i n time, TBAR(i), f o r each s t a t i o n i , 
where 

V. LCV, 

TBAE(i) = : i 4 / L ( i ) [ t ( i , d) - 1 / V ( i , D ) ] ( 5 ) 



and where L ( i ) - the number o f observations at each s t a t i o n . 

Next, the average value o f the terms TBAR(i) i s calculated 
to give an estimate of the o r i g i n time (ETO), A measure of 
the goodness of f i t of each t r i a l p o s i t i o n i s then obtained 
by c a l c u l a t i n g a term r e f e r r e d t o as TSSQ which i s a f u n c t i o n 
o f the variance of the terms TBAR(i), i . e . 

n. 
TSSQ = ^ [ETO - T B f t R(i) ] ^ ( 6 ) 

Where ETO = ̂  [ l / n TBAR(i)], n being the number of s t a t i o n s . 

Thus each t r i a l e p i c e n t r a l p o s i t i o n has associated w i t h 
i t a value of TSSQ. As the d i f f e r e n t p o s i t i o n s are t r i e d , 
the one w i t h the c u r r e n t l y lowest value of TSSQ i s stored as 
the best p o s i t i o n . When a l l the p o s i t i o n s have been t r i e d , 
the process i s repeated w i t h more closely-spaced p o s i t i o n s 
about the previously-chosen best p o s i t i o n . The new search 
area i s chosen t o overlap w i t h the eight p o s i t i o n s surround­
i n g i t i n the previous search. The program i t e r a t e s i n t h i s 
manner \ i n t i l the distance between t r i a l p o s i t i o n s i s less 
than 0 .1 degrees, which i s w e l l w i t h i n the accuracy o f the 
data. 

When the process i s completed, the f i n a l estimate of the 
e p i c e n t r a l p o s i t i o n and the o r i g i n time are p r i n t e d out w i t h 
the corresponding value of TSSQ. I n a d d i t i o n , the c a l c u l a t e d 
group v e l o c i t i e s are given so they may be compared w i t h those 
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which were assumed f o r the l o c a t i o n i n order t o give a measure 
of the accuracy of the s o l u t i o n . 

A p r i n t o u t of the program and examples of the output, 
together w i t h a d e s c r i p t i o n o f the necessary input d e t a i l s , 
aregiven i n Appendix I . 

(1.10) Results o f l o c a t i o n program 
The program was used to compute the epicentres and the 

o r i g i n times of the unlocated events which are d'esignated 
U1-U6. A p r e l i m i n a r y l o c a t i o n using the average group velo­
c i t y curves at each s t a t i o n showed t h a t they a l l occurred i n 
the Reykjanes Ridge i n the v i c i n i t y of the t e s t events 39 and 
ho. The l o c a t i o n s were then repeated using the mean values 
of the group v e l o c i t y curves from events 39 and hO f o r each 
s t a t i o n . D e t a i l s of the e p i c e n t r a l p o s i t i o n s and o r i g i n 
times are given i n Table 3. 

The accuracies of these l o c a t i o n s may be estimated by 
comparing the c a l c u l a t e d group v e l o c i t i e s obtained from the 
program w i t h those which were assumed i n the l o c a t i o n . These 
are compared i n Figures 7, 8, 9 and 10 f o r events received 
at Eskdalemuir, Malagai-, Blacksburg and Godhavn, v/here the 
s o l i d curves show the group v e l o c i t i e s which were used i n the 
l o c a t i o n . I t may be seen t h a t the average d i f f e r e n c e between 
the c a l c u l a t e d and the assximed group v e l o c i t i e s at each 
s t a t i o n i s approximately 0.05 km/sec. I f the e r r o r i n the 
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EVENT TSSQ ORIGIN TIME LATITUDE LONGITUDE 
No. hr min sec deg min deg min 

(Aug. 22nd) 

U1 0 17 19 39 59 lit.3N 30 16.9W. 
U2 9 17 2U 2k 59 20.8N 30 23.1W 

U3 0 18 30 27 59 22.5N 30 30.5W 
16 19 12 16 59 01.8N 30 45.2W 

U5 113 21 18 23 59 12.8N 30 11.6W 

U6 2k 21 25 22 59 25.8N 30 38.8W 

N.B. The o r i g i n times given by the I.S . 0 . f o r events U2, 39 

and UO are: 
U2 Aug 22 17hr 24m i n 30.9 sec 

39 Aug 23 02hr 5 6m i n 13.3 sec 

UO Aug 23 Okhr 47niin U6.8 sec 
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group v e l o c i t y i s dV sec. and the t r a v e l time i s T s e c , 
then the c a l c u l a t e d distance t o a s t a t i o n may be i n e r r o r 
by an amount dA given by 

dA = T dV (7) 

Assuming t h a t dV = 0.05 km sec at each s t a t i o n and 
remembering t h a t t h i s i s negative at Blacksburg, then we 
have dA = 25, 23, -65 and U5 km f o r Eskdalemuir, Godhavn 
Blacksburg and Malaga)' r e s p e c t i v e l y . 

However, these represent the maximum errors i n distance 
which the i n c o r r e c t v e l o c i t i e s at each s t a t i o n are l i k e l y 
t o cause. Some of these e r r o r s w i l l be absorbed i n the 
c a l c u l a t e d o r i g i n time which, i n t h i s instance, w i l l be 
depressed, and the e r r o r s i n the e p i c e n t r a l p o s i t i o n s may 
be l e s s than i n d i c a t e d . 

I n order t o check the e r r o r s which may a r i s e i n t h i s 
way, the l o c a t i o n s were repeated, f o r those events which 
were received at fo \ i r s t a t i o n s , using a l l selections of 
three s t a t i o n s f o r each event. The r e s u l t s of these loca­
t i o n s are shown i n Table 4 where the values E show the 
change i n l a t i t u d e and longitude ( i n minutes) and T shows 
the change i n o r i g i n time ( i n seconds) r e l a t i v e to the 
l o c a t i o n s using four s t a t i o n s . I t may be seen t h a t w i t h 
the exception of event U5, the v a r i a t i o n i n l a t i t u d e and 
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EVENT 
No. 

STATION 
OMITTED 

E 
min N 

E 
min W 

T 
sec 

U2 ESK 
GDH 
BLA 
MAL 

2 
-12 
- 8 
U 

- 8 
-1 
16 

2 

-1 
2 

- 2 
1 

U3 ESK 
GDH 
BLA 
MAL 

0 
0 
0 
0 

0 
0 
0 
0 

0 
0 
0 
0 

ESK 
GDH 
BLA 
MAL 

- 3 
16 
11 
- 6 

10 
1 

-11 
- 3 

2 
-3 
3 

-1 

U5 ESK 
GDH 
BLA 
MAL 

8 
-k3 
-28 

1U 

- 2 6 
- 3 
53 

7 

5 
2 
8 

U6 ESK 
GDH 
BLA 
MAL 

- 3 
21 
11 
- 6 

11 
1 

•26 
-k 

-2 

3 
2 
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longitude i s gen e r a l l y less than 26 minutes which i s equiva­
l e n t t o approximately U8 km. The v a r i a t i o n i n o r i g i n time 
i s w i t h i n ± k seconds. 

However, these l o c a t i o n s are made using the means of 
the group v e l o c i t y curves f o r events 39 and kO at each 
s t a t i o n and these curves are s l i g h t l y d i f f e r e n t from both 
the event 39 and the event kO curves. I n order to check the 
e f f e c t of t h i s d i f f e r e n c e , the events 39 and kO were r e l o ­
cated using the average curves. The r e s u l t i n g epicentres 
were each w i t h i n a radius of 15 km from the I.S.C. epicentres 
and the o r i g i n times were c o r r e c t to w i t h i n k seconds. 
Therefore the other events (U1 - U6) are probably located 
r e l a t i v e to events 39 and kO to w i t h i n 65 km of t h e i r t r u e 
( r e l a t i v e ) epicentres. 

The p o s i t i o n s o f the events U1 - U6, the cal c u l a t e d 
epicentres of the reference events 39 and ^0 and the I.S.C. 
epicentres of events 39, ^0 and U2 are shown i n Figure 11. 
I t i s no t i c e a b l e t h a t the c a l c u l a t e d p o s i t i o n of event U2 
i s c l o s e r to events 39 and hO than i s the epicentre given 
by the I.S.C. This change i n e p i c e n t r a l p o s i t i o n i s u n l i k e l y 
t o be due to the use i n the l o c a t i o n program of the disper­
sion curves from events 39 and ^0, as the dispersion charac­
t e r i s t i c s are u n l i k e l y t o be d i f f e r e n t whether the wave path 
t o any of the s t a t i o n s used here i s from the I.S.C. epicentre 
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of event U2 or from the epicentres of events 39 and kO, The 
ei g h t events appear t o l i e w i t h i n an area approximately 80 km 
(E-W) by 55 km (N-S) on the Reykjanes Ridge. Considering 
t h e i r s i m i l a r p o s i t i o n s and t h e i r temporal sequence (Table 3 ) , 

i t seems l i k e l y t h a t they are a l l p a r t o f the same foreshock 
sequence ending w i t h event kO. 

(1,11) General discussion 

The e f f i c a c y of t h i s l o c a t i o n method depends on the 
a v a i l a b i l i t y of appropriate group v e l o c i t y curves. For 
s t a t i o n s such as Eskdalemuir and Malaga." t h i s requirement i s 
e a s i l y s a t i s f i e d f o r events occuring i n the North A t l a n t i c . 
However, f o r s t a t i o n s such as Godhavn and Blacksburg, the 
Varying c o n t i n e n t a l path proportions and the e f f e c t s of 
l a t e r a l r e f r a c t i o n , f o r events i n the northern h a l f of the 
North A t l a n t i c , r e s u l t i n apparent group v e l o c i t y curves 
which vary g r e a t l y according t o the p o s i t i o n of the event f o r 
which they are determined. I t i s f o r t u i t o u s t h a t the events 
39 and kO provide s u i t a b l e curves f o r the l o c a t i o n of the 
events considered here. 

These d i f f i c u l t i e s can be overcome by using such s t a t i o n s 
as A k u r e y r i and Bermuda f o r which one may expect the apparent 
group v e l o c i t y curves t o be almost independent of e p i c e n t r a l 
p o s i t i o n over a larg e area of the North A t l a n t i c . I n the 
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r o u t i n e l o c a t i o n of a large number of events from d i f f e r e n t 
areas, the program could be a l t e r e d t o work w i t h a set of 
stored curves f o r each s t a t i o n - each curve being appropriate 
f o r use w i t h events occuring v / i t h i n a p a r t i c u l a r region. I f 
s u f f i c i e n t s t a t i o n s are a v a i l a b l e , then those which were 
f u r t h e s t from the event or f o r which the curves were not 
r e l i a b l e , could e i t h e r be omitted from the program or they 
could be v/eighted against i n the c a l c u l a t i o n of the term TSSQ. 

The program could be f u r t h e r r e f i n e d to accept i n d i g i ­
t a l form the peak and trough p o s i t i o n s of the a r r i v a l s t o be 
l o c a t e d . These could be converted i n t o period and a r r i v a l 
time data by the use of a polynomial f i t t i n g r o u t i n e followed 
by d i f f e r e n t i a t i o n . 

I f s u f f i c i e n t s t a t i o n s are a v a i l a b l e , then the events 
may be located using data on the a r r i v a l times of s i n g l e 
periods at each s t a t i o n . I n t h i s case the a r r i v a l times of 
a s p e c i f i e d p e r i o d at each s t a t i o n could be reported on a 
r o u t i n e basis and may be used to support a study of small 
and otherwise unlocated events from areas such as the Mid-
A t l a n t i c Ridge. 
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CHAPTER 2 

(2.1) The problem of amplitudes 
While the t e s t data were being analysed p r i o r t o the 

l o c a t i o n o f the Reykjanes Ridge events, i t v/as noticed th a t 
the amplitudes of the recorded surface waves were not always 
p r o p o r t i o n a l t o the magnitudes of the events (which are 
determined from P-waves) reported i n the b u l l e t i n s ; some of 
the events of magnitude k,k produced surface waves w i t h 
amplitudes approaching those of events w i t h magnitudes of 5 .0 . 

F u r t h e r , having located the group of events on the Reykjanes 
Ridge using surface wave observations, a question arises 
regarding the lack o f P-v/ave observations f o r these events. 
With the exception of one of these events (U2), which was 
missed by the U.S.C.G.S. and reported l a t e r by the I.S.C., no 
corresponding body waves were reported i n the b u l l e t i n s and 
none was seen at any of the s t a t i o n s used here. 

I n order t o i n v e s t i g a t e the surface wave amplitude 
v a r i a t i o n s i n the t e s t data, t o p r e d i c t the expected P-v/ave 
amplitudes from the events which were located i n the Reykjanes 
Ridge, and to see whether the lack o f P-wave observations was 
anomalous,.the r e l a t i o n s h i p between P and Rayleigh wave 
amplitudes was i n v e s t i g a t e d . This was done using the t e s t 
data by comparing the event magnitudes as determined from the 
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surface wave amplitudes at the s t a t i o n s used i n the l o c a t i o n 
r o u t i n e w i t h magnitudes determined from P-waves and reported 
i n the I.S.C. " b u l l e t i n s . For most of the t e s t data, a l i n e a r 
r e l a t i o n s h i p hetween the two magnitude determinations i s 
apparent. However, f o r events i n the Reykjanes Ridge, such 
a r e l a t i o n s h i p does not appear i f the f o c a l parameters deter­
mined hy the I.S.C. are used i n the c a l c u l a t i o n s . Neverthe­
l e s s , a l i n e a r r e l a t i o n s h i p i s found i f the Reykjanes Ridge 
events are assumed t o occur at the surface. This r e l a t i o n ­
ship i s used t o p r e d i c t the P-v/ave amplitudes of the prev-
i o u s l y i i n l o c a t e d events. 

( 2 . 2 ) The measurement of magnitude 
The magnitude of an event r e f e r s to the energy released 

at the focus. This i s determined "by measuring the amplitudes 
o f the seismic waves generated by the event and allowing f o r 
the way i n which they decay w i t h increasing distance from 
the source, f o r the e f f e c t of f o c a l depth and f o r the e f f e c t 
of the instruments on the recorded motion. Magnitudes can 
he determined e i t h e r from body ?/aves (mb) or from surface 
waves (Ms). Magnitudes of the t e s t data were taken from the 
b u l l e t i n s of the I.S.C. which report mb. 
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(2 .3 ) The m"b magnitude scale 

The mb scale uses the r a t i o of the ground amplitude of 
the recorded motion t o the period i n seconds (A/T). This i s 
u s u a l l y measured on the short-pe r i o d v e r t i c a l instrument. 
The r e l a t i o n s h i p "between A/T and the magnitude i s 

mh = l o g A/T - I - Q (8) 

Where Q i s a depth-distance f a c t o r and A i s the ̂  peak t o 

peak amplitude i n microns. (Gutenherg and Richter 1956). 

(2.U) The Ms magnitude scale 
The surface wave magnitude determinations i n t h i s work 

use Bath's (1952) method. The amplitude i n microns of the 
20 second p e r i o d v e r t i c a l Rayleigh wave motion i s comhined 
w i t h f a c t o r s t o co r r e c t f o r the e f f e c t s o f distance and f o c a l 
depth t o give the Ms Magnitude according t o the formula 

Ms r l o g A + l o g B -t- E (9) 

Where A i s the •§• peak t o peak amplitude i n microns, l o g B i s 
Gutenhurg's distance c o r r e c t i o n f a c t o r (Richter 1958) and E 
i s a c o r r e c t i o n f o r the f o c a l depth. 
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The values of E used i n t h i s study are given i n Table 5. 

These are taken from a formula o f the form exp(-z/;^ ) where 
z i s the depth and A i s the wavelength, which applies to a 
homogeneous e a r t h w i t h Poisson's r a t i o 0.25 (Marshall 1965) 

Table 5 
Depth cor r e c t i o n s to Ms. 

Ti^^+i. vrv, Correction, E Depth km. ( p ^ ^ 20 sec.) 

25 0.22 
33 0.28 
ko 0.35 
50 O.i+7 
60 0.52 
75 0.65 
90 0.78 

100 0.8^ 

Gutenberg's l o g B curve only covers distances from 20 

to 180 degrees whereas most o f the earthquakes used here are 
less than 20 degrees from the observing s t a t i o n s . I t v/as 
t h e r e f o r e necessary t o extend the l o g B curve to 10 degrees. 

Log B expresses the reduction i n amplitude according t o 
absorption of the wave and the e f f e c t s of geometrical spread­
i n g ; i t can be w r i t t e n as (Carpenter and Thirlaway 1966 ) 

l o g B = l o g (1/X ( e " ^ / ^ " ^ ) ) - l o g 0.5 (10) 

Where X i s the distance i n kilo m e t e r s , Q i s the absorption 
c o e f f i c i e n t , U i s the group v e l o c i t y i n Kms/sec and T i s the 



41 

p e r i o d i n seconds. The f a c t o r of l o g ( . 5 ) i s added to l o g B 
because the ^ peak t o peak amplitude i s measured. 

I t has been shown t h a t Gutenberg's curve can be repro­
duced using the above equation i f a Q of kOO i s assumed 
(Carpenter and Thirlaway 1966). For t h i s work the curve was 
extended using a Q of kOO and a value of 3.6 f o r the group 
v e l o c i t y , ( l o g B i s i n s e n s i t i v e to changes i n the group 
v e l o c i t y . Using 3.3 f o r U, which i s the observed v e l o c i t y 
at Blacksburg f o r the most n o r t h e r l y events used here (39 and 
^ 0 ) , only changes l o g B by 0 . 0 1). The extended curve together 
w i t h Gufl;^enberg*s values, i s shown i n Figure 12, I n order to 
make the two curves compatible, a f a c t o r of 0.28, correspond­
i n g t o a depth of 33 km, has been added to the extended 
cTirve. 

I n a d d i t i o n t o the e f f e c t s of absorption, geometrical 
spreading and f o c a l depth, the dispersion c h a r a c t e r i s t i c s of 
the ray path, the souree f u n c t i o n and the instrumental res­
ponse also e f f e c t the amplitudes of the recorded v/ave. I n 
general, one can w r i t e the amplitude of the wave, A ( T ) , as a 
f u n c t i o n o f p e r i o d , T, as 

A(T) = I ( T ) B(T) E(T) S ( t ) T ( T ) ( I I ) 

Where B and E are the distance and depth terms accounted f o r 

i n the c a l c u l a t i o n o f Ms, I ( T ) i s an Instriiment term, S ( t ) i s 
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a term due t o the source f u n c t i o n and T ( T ) i s a term due t o 
the e f f e c t s of d i s p e r s i o n . 

The term T ( T ) may be expressed as (Carpenter and 
Thirlaway I 9 6 6 ) 

T(T) = U T (dU/dT) (12) 

This term describes the reduction i n the wave amplitude 
as the wave i s s p a t i a l l y spread out by dispersion. Thus 
T ( T ) , which i s a f u n c t i o n of the slope of the group v e l o c i t y 
curve, w i l l depend on the path over which the wave has 
t r a v e l l e d , and i t w i l l , f o r example, be d i f f e r e n t f o r c o n t i n ­
e n t a l and oceanic paths. 

(2 .5 ) The relationshiiD between mb and Ms 
The v a r i a t i o n s i n surface wave and body wave amplitudes 

due t o varyi n g c r u s t and mantle s t r u c t u r e s which are not 
taken i n t o account i n the c a l c u l a t i o n of mb and Ms, make i t 
impossible to f i n d a r e l a t i o n s h i p between the two which has 
world-wide a p p l i c a b i l i t y . Hov/ever, f o r the purpose of com­
par i n g earthquakes o c c u r r i n g i n the same region, using 
measurements made at the same s t a t i o n s , any l i n e a r r e l a t i o n ­
ship between mb and Ms may be assumed v/ith equal v a l i d i t y . 
For t h i s work, the f o l l o w i n g equation was used (Davies,' i969) 
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mb - 2.55 + 0.52 Ms (13) 

I t i s u n l i k e l y t h a t any such l i n e a r r e l a t i o n s h i p w i l l 
h o l d f o r a wide range of magnitudes. Aki ( I967) has shown 
t h a t the frequency spectrum o f the source i s dependent on the 
size of the event, so t h a t the longer periods are increased 
i n amplitude r e l a t i v e t o the short periods as the magnitude 
of the event increases. Thus, i f an mb-Ms r e l a t i o n s h i p , 
which holds f o r l a r g e magnitudes, i s used w i t h small events 
t o p r e d i c t mb from Ms measurements, then mb may be under­
estimated, 

( 2 , 6 ) The r e s u l t s of the magnitude measurements 
The data used i n the magnitude determinations consisted 

of most o f the events l i s t e d i n Table 2 and also the event 
U2 f o r which mb values were published i n the I.S.C. b u l l e t i n . 
The events numbered 27, 37 and k9 were not used as only 
photocopies o f the a r r i v a l s were a v a i l a b l e and these d i d not 
include the p a r t o f the record which gives the instrument 
m a g n i f i c a t i o n . 

Measurements of the surface wave magnitude (Ms) f o r 
a r r i v a l s w i t h a pe r i o d of 20 seconds, were made according t o 
the theory described i n the previous section. The amplitudes 
were measured from the f i l m s of the records. The instrument 
m a g n i f i c a t i o n quoted i n the records was used d i r e c t l y without 
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making c o r r e c t i o n s according t o the p e r i o d . (The response 
curves show t h a t the m a g n i f i c a t i o n quoted on the records i s 
almost the same as t h a t at 20 seconds). 

The measured values of Ms were then converted i n t o body-
wave magnitudes using the formula 13 (mb = 2.55 + 0,52 Ms) 
these are r e f e r r e d t o as mb/s. The magnitudes were corrected 
f o r the e f f e c t s o f d i s p e r s i o n described by the term T ( T ) i n 
equation 11. The c o r r e c t i o n s were applied so t h a t magnitudes 
Ms are normalised t o correspond to a r r i v a l s which have 
t r a v e l l e d along a path w i t h the same dispersion c h a r a c t e r i s ­
t i c s as those measured at Malagar. Where the group v e l o c i t y 
curve f o r a p a r t i c u l a r s t a t i o n v/as not avail a b l e f o r some 
event, then the c o r r e c t i o n was estimated from the curve f o r 
a s i m i l a r event. 

Where the Malagar records were not a v a i l a b l e , those from 
the U.S.C.G.S. s t a t i o n at Toledo were used instead. I t was 
assumed t h a t the d i s p e r s i o n would be the same as at Malagar. 
I t was found t h a t no c o r r e c t i o n s were necessary f o r measure­
ments at Eskdalemuir, or f o r measurements at Blacksburg and 
Godhavn f o r the more southerly events. 

The mb/s values are shown i n Table 6 where they compared 
w i t h the mb magnitudes determii>ed by the I.S.C. Focal depths 
and e p i c e n t r a l p o s i t i o n s v/ere also taken from I.S.C. B u l l e t i n s 
(Table 2 ) . Where mb/s values are missing f o r c e r t a i n s t a t i o n s 
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and events, t h i s i s e i t h e r because there was no 20 second 
p e r i o d on the record or because the s t a t i o n record was not 
a v a i l a b l e . I t may be seen t h a t the events f a l l i n t o two 
groups according t o whether mb/s i s greater or less than mb; 
these groups are r e f e r r e d to as group A and group B respec­
t i v e l y . This i s shown more c l e a r l y i n Figure 13 where the 
diagonal l i n e corresponds t o mb = mb/s. 

I t may be seen t h a t a l i n e a r r e l a t i o n s h i p between mb 
and mb/s i s apparent f o r the group B events, i . e . i n general 
mb increases w i t h .mb/s. However, f o r the group A events, 
which w i t h the exception of event 2k all occur i n the 
Reykjanes Ridge i n the v i c i n i t y o f 59 deg N, 30 deg W, there 
i s no obvious r e l a t i o n s h i p between the two magnitudes and 
they appear t o form a separate group. Let us consider the 
e r r o r s i n these measurements so t h a t we may decide v/hether 
t h i s apparent d i s t i n c t i o n betv/een the two groups of events 
i s r e a l . 

I n order t o minimise the e f f e c t s of path d i f f e r e n c e s , 
l e t us consider the magnitude e r r o r s i n the group A events 
i n the Reykjanes Ridge and the nearest group B events (group 
B') which occur South of the Reykjanes Ridge at approximately 
52 deg N 30 deg W ( i . e . events 2 , 3, k and 5 (Pig. O). 
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(2.7) Errors i n the magnitude measurements 
The e r r o r s i n these measurements, both of mb and Ms, 

may be d i v i d e d i n t o two types: I n t e r n a l consistency errors 
which r e s u l t from a s c a t t e r i n the data used i n the c a l c u l a ­
t i o n s , and e r r o r s which r e s u l t from the use o f f a l s e premises. 

The i n t e r n a l consistency e r r o r s f o r the mb values may 
be estimated from the v a r i a t i o n i n the i n d i v i d u a l s t a t i o n mb 
values f o r each event. For most of the events t h i s i s o f 
the order o f 0.1 u n i t s (standard d e v i a t i o n ) though t h i s may 
be higher f o r events k2 t o k3 and U2 where only 3 t o 5 i n d i ­
v i d u a l s t a t i o n magnitudes have been used t o determine the 
event s i z e . For the mb/s values the consistency e r r o r s are 
more d i f f i c u l t t o estimate as a maximum of f o u r s t a t i o n s are 
used f o r any event. Hov/ever, w i t h the exception of events 
k2 t o U5, f o r which records were only a v a i l a b l e at Eskdalemuir, 
an i n d i c a t i o n o f the e r r o r s may be gained from the range of 
mb/s values f o r each event. Apart from event 2, t h i s i s less 
than 0.15 u n i t s f o r the group B' events and less than 0.05 
u n i t s f o r the group A events. For event 2 the range i s 0.3 
\ i n i t s . I t i s c l e a r t h a t these e r r o r s alone are u n l i k e l y t o 
have caused the apparent d i f f e r e n c e between the two groups of 
events. 

Let us consider the e r r o r s of the second type. Both i n 
the c a l c u l a t i o n of mb and of mb/s we have corrected f o r d i s -
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tance according t o f u n c t i o n s ( i . e . Q and l o g B) which may not 
apply t o the regions of i n t e r e s t here. Hov/ever, i n both 
c a l c u l a t i o n s , the mean distance from the source to the s t a t i o n s 
i s n e a r l y the same f o r events i n each group. Therefore the 
use of i n c o r r e c t distance c o r r e c t i o n terms i s u n l i k e l y t o 
introduce any apparent d i s t i n c t i o n between the mb:mb/s 
r e l a t i o n s h i p f o r the two groups. 

Focal depth i s perhaps one of the most d i f f i c u l t para­
meters t o assign t o an earthquake and f o c a l depth estimates 
may be very inaccurate. Some o f the events used here (e.g. 
2k, 33, kO and 20) are assigned depths of 33 kms which i s an 
assumed r a t h e r than a c a l c u l a t e d depth. I f the mb and the 
mb/s c a l c u l a t i o n s are repeated f o r the group A events assiom-
i n g t h a t they are at the surface while the depths of the 
group B' events are taken as given i n the b u l l e t i n s , then the 
d i s t i n c t i o n between the two groups disappears; the s c a t t e r 
i n the group A data i s reduced and an almost l i n e a r r e l a t i o n ­
ship appears f o r a l l the data. This i s shown i n Figure ̂ k. 

Errors i n the mb and mb/s determinations may also be 
introduced by an azimuthal dependency of the r a d i a t i o n pat­
t e r n . Such a dependency has been demonstrated f o r both P-
waves and Rayleigh waves f o r d i f f e r e n t types of source 
mechanism (Ben-Menahem 1 9 6 I , Haskell 1963, Wu and Ben-Menahem 
1965, Gupta 1966 and I 9 6 7 , Wu I 9 6 8 ) . 
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Both groups of events are s i t u a t e d on r i f t zones; group 
A events are on the Reykjanes Ridge on which there are no 
signs o f f r a c t u r e zones i n the region of i n t e r e s t ( H e i r t z l e r 
et a l 1 9 6 6 , Godhy et a l 1 9 6 8 ) and the group B' events are 
c l e a r o f the 5 3 degree f r a c t u r e zone defined "by Johnson 
( 1 9 6 7 ) . From the work of Sykes ( 1 9 6 7 ) i t i s c l e a r that r i f t 
zone earthquakes are a l l l i k e l y t o have s i m i l a r f a u l t plane 
s o l u t i o n s - i . e . normal f a u l t i n g . Thus the P-wave r a d i a t i o n 
p a t t e r n s should he s i m i l a r from events i n both groups, w i t h 
maximum energy r a d i a t e d perpendicular to the Ridge a x i s . 
However, the Reykjanes Ridge i s r o t a t e d clockwise r e l a t i v e t o 
the Ridge f u r t h e r South so i t i s possible t h a t the r a d i a t i o n 
p a t t e r n s from the two groups i n t e r a c t d i f f e r e n t l y w i t h the 
s t a t i o n s used i n the magnitude determinations reported i n the 
b u l l e t i n s . Most of these s t a t i o n s are i n America and Canada 
so the d i r e c t i o n of maximum P-wave amplitude f o r the group A 
events could pass t o the North o f these s t a t i o n s r e s u l t i n g i n 
an underestimate of mb. An examination o f the v a r i a t i o n s 
w i t h azimuth and distance of the i n d i v i d u a l s t a t i o n mb deter­
minations showed no d i f f e r e n c e between the two groups, though 
the data are sparse and do not preclude the p o s s i b i l i t y of 
such an e f f e c t . (The s t a t i o n s at Malagai- and Godhavn were of 
l i t t l e use here as they received emergent a r r i v a l s from 
events i n both groups). 
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Haskell ( 1 9 6 3 ) has shov/n.that, f o r normal f a u l t i n g , 
Rayleigh waves are r a d i a t e d i n a two-lobed p a t t e r n . This 
should "be o r i e n t a t e d azimuthally i n the same v/ay as the P-
wave lohes, though the simple p a t t e r n may he made more com­
plex hy the e f f e c t of the moving source and hy v a r i a t i o n s i n 
f o c a l depth (Ben-Menaham 1 9 6 1 , ^^6k). Thus i t i s possihle 
t h a t the surface wave amplitudes may also vary according t o 
the p o s i t i o n o f the recording s t a t i o n s . A d d i t i o n a l v a r i a t i o n s 
may also he produced hy l a t e r a l r e f r a c t i o n at the c o n t i n e n t a l 
boundary (Savarensky et a l I 9 6 8 ) . However the mh/s deter­
minations at each s t a t i o n show no i n d i c a t i o n t h a t these 
e f f e c t s are the cause o f the d i s t i n c t i o n "between the two 
groups. 

I n a d d i t i o n t o the e f f e c t s of the r a d i a t i o n p a t t e r n , the 
source f \ i n c t i o n may d i f f e r f o r events i n the tv/o groups. I t 
was mentioned p r e v i o u s l y ( s e c t i o n 2 . 5 ) t h a t Aki ( 1 9 6 7 ) has 
i n v e s t i g a t e d the e f f e c t of earthquake size on the generated 
amplitude s p e c t r m . The e f f e c t described by Aki should lead 
t o a l a r g e r mb:mb/s r a t i o f o r the group A events than f o r the 
group B' events - as the former have l a r g e r mb magnitudes -
thus r a t h e r than cause the d i f f e r e n c e betv/een the two groups 
t h i s would tend t o reduce i t . However the assumptions made 
i n Aki's i n v e s t i g a t i o n ( i . e . a constant stress drop and rup-
twe v e l o c i t y f o r a l l earthquakes) may not be v a l i d , so the 
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source f u n c t i o n may depend on the geological enviroment, the 
f o c a l depth and the o r i e n t a t i o n of the f a u l t plane. 

Further d i f f e r e n c e s i n the mb:mb/s r a t i o f o r the two 
groups may be caused by varyi n g a t t e n u a t i o n beneath the 
Ridge, This would most l i k e l y r e s u l t from a varying propor­
t i o n or* extent o f p a r t i a l l y melted m a t e r i a l i n the mantle 
beneath the Ridge, Although an increase i n attenuation w i l l 
reduce both mb and Ms, the e f f e c t on the mb:mb/s r a t i o i s not 
c l e a r ; w h i l e P-waves may t r a v e l through a l a r g e r section o f 
hi g h - a t t e n u a t i o n m a t e r i a l , Rayleigh waves may be more a f f e c ­
t e d because they involve shear motion. However, the group 
v e l o c i t i e s o f 20 second p e r i o d Rayleigh waves appear t o be 
independent of the percentage of Ridge path t r a v e l l e d by the 
wave (Ossing 196U). I t t h e r e f o r e seems u n l i k e l y t h a t the 
surface wave amplitudes w i l l bechanged by varying attenuation 
beneath the Ridge. I t i s also d i f f i c u l t t o reconcile the 
idea of, excessive P-wave absorption beneath the Reykjanes 
Ridge w i t h the zero s t a t i o n c o r r e c t i o n f o r mb magnitude 
obtained f o r Akureyi by Carpenter and Marshall (1967). I t i s 
the r e f o r e u n l i k e l y t h a t a t t e n u a t i o n alone i s responsible f o r 
the d i f f e r e n c e s between the two groups. 

Thus apart from i n c o r r e c t f o c a l depths, there are several 
mechanisms which may combine t o produce a bias i n the mb:mb/s 
determinations f o r events i n e i t h e r group. However i t i s 
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reasonable t o assume t h a t the main source of e r r o r i s i n the 
f o c a l depth though a b i a s i n the curve may s t i l l e x i s t i f the 
depth c o r r e c t i o n s , E and Q, are i n c o r r e c t . The s c a t t e r i n 
the data p o i n t s may be due t o any of the causes o u t l i n e d above 
i n c l u d i n g e r r o r s i n the depths of the group B events. 

I t may be possible t o detect differences i n f o c a l depth 
by F o u r i e r analysing the surface wave a r r i v a l s . This v/as 
attempted using a r r i v a l s from the two groups (A and B') 
recorded at Eskdalemuir. ll/hile the Reykjanes Ridge events 
d i d c o n t a i n p r o p o r t i o n a l l y more high-frequency energy at 
approximately 12 seconds p e r i o d , which i s consistent w i t h a 
shallow focus, the amplitude spectra were f a r from smooth and 
they were d i f f i c u l t t o i n t e r p r e t . P a r t i c u l a r l y f o r the high-
frequency a r r i v a l s , the e f f e c t s of l a t e r a l r e f r a c t i o n may 
mask the d i f f e r e n c e s i n amplitude spectra o f a r r i v a l s from 
each group due t o varying f o c a l depth. To be successful, 
such an analysis must be c a r r i e d out at some s t a t i o n t o which 
the a r r i v a l s from each group t r a v e l over s u b s t a n t i a l l y iden­
t i c a l paths, f o r example at Akureyri i n Iceland. 

I t i s noticeable t h a t event 2k does not f i t i n w i t h the 
general t r e n d of the data shown i n Pigxire ^k. The f o c a l 
mechanism of t h i s p a r t i c u l a r event was i n v e s t i g a t e d by Sykes 
(1967) who foxind t h a t i t corresponded t o s t r i k e - s l i p f a u l t i n g 
and was t h e r e f o r e consistent w i t h the transform f a u l t hypo-
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t h e s i s . Thus t h i s event, u n l i k e any of the others, d e f i n i t e l y 
l i e s on a f r a c t u r e zone. This implies t h a t the r a d i a t i o n 
p a t t e r n s of both the P-waves and the surface waves f o r t h i s 
event may be d i f f e r e n t f r o m those o f the other events examined 
here. 

Surface wave magnitudes f o r t h i s event were cal c u l a t e d 
only at Godhavn and Malaga) as the traces at the other s t a t i o n s 
were too f a i n t t o be read. There i s a large discrepancy 
between the mb/s determinations at these two s t a t i o n s ; mb/s 
i s l a r g e r at Godhavn by 0 , 2 9 i m i t s (Table 6 ) though the a r r i ­
v a l at Malagar i s very complex and the amplitude envelope i s 
f a r from smooth. Comparison w i t h the Rayleigh wave r a d i a t i o n 
p a t t e r n s derived by Haskell ( 1 9 6 3 ) f o r a s t r i k e - s l i p f a u l t 
w i t h a d i p of 8 5 degrees (as determined by Sykes) shows t h a t 
both the Malagar and the Godhavn s t a t i o n s l i e between the 
lobes of maximtun energy r a d i a t i o n . The r a d i a t i o n p a t t e r n 
w i l l be modified by the e f f e c t s of a moving source as des­
c r i b e d by Ben-Menahem ( 1 9 6 I ) , I f the f a u l t i s propagated i n 
an Sast-to-West d i r e c t i o n then t h i s may cause the reduction 
i n amplitude at Malagas r e l a t i v e t o t h a t at Godhavn which i s 
observed. However t h i s does not explain the apparently high 
value o f mb/s magnitude f o r t h i s event which would be more 
f i t t i n g i f the two s t a t i o n s were on the maxima of the r a d i a ­
t i o n lobes. 



7 

The reported depth of t h i s event i s 33 kms. I f i t i s 
taken at the surface (as was done by Sykes) and the mb and 
mb/s values are r e c a l c u l a t e d , then i t s p o s i t i o n on Figure 14 
i s changed t o t h a t i n d i c a t e d by the a s t e r i s k . This reduces, 
but does not remove., the apparent discrepancy between the 
magnitudes of t h i s event and the extrapolated trend of the 
f i g u r e . The high mb/s value may be due t o the e f f e c t des­
c r i b e d by Aki (1967) where the e f f i c i e n c y of the generation 
of long-period waves i s d i s p r o p o r t i o n a t e l y increased w i t h an 
increase i n magnitude. However, there are no other events 
on the mb:mb/s curve w i t h which t h i s event may be compared. 
I t i s not known whether t h i s event i s anomalous, perhaps 
because i t occurs on a f r a c t u r e zone, or whether i t defines 
a t r e n d i n the curve which other events of high magnitude may 
confirm. 

( 2 . 8 ) mb values f o r the pr e v i o u s l y \jnlocated events 
Assuming t h a t the i n t e r p r e t a t i o n of shallow depth f o r 

the Reykjanes Ridge events i s c o r r e c t , we may use the 
r e l a t i o n s h i p i m p l i e d i n Figure 1̂1- t o c a l c u l a t e the approxi­
mate mb magnitudes f o r the other events i n the Reykjanes 
Ridge (events U1 and U3-U6) from which P-waves were not 
recorded. 

The measurements of Ms and mb/s f o r these events are 
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l i s t e d i n Table 7. I t i s assiiraed t h a t they a l l occur at the 
surface. By comparing t h e i r mb/s values w i t h the data shown 
i n F.'igure Ik, i t may be seen t h a t t h e i r mb values vary be­
tween k.2 and h,U- approximately. We may also put an approxi­
mate upper l i m i t on the mb magnitude by assuming t h a t the 
minimum P-wave amplitude v i s i b l e at the s t a t i o n s used here 
i s equal t o the noise l e v e l . This leads t o mb (max) = k,3 

i f the events occur at the surface. 
The p r o b a b i l i t y t h a t an event w i l l be detected by P-

wave observations depends on the area i n which i t occurs and 
on the r e l a t i v e p o s i t i o n s of the recording s t a t i o n s . .For 
events i n the M i d - A t l a n t i c Ridge, the det e c t i o n p r o b a b i l i t y 
i s less than 1 f o r events w i t h mb magnitudes less than k.3 
and i t f a l l s o f f r a p i d l y as the magnitude lowers. This i s 
c l e a r l y seen i n the cumulative frequency versus magnitude 
p l o t s obtained f o r the Ridge by Francis (I968) where the 
po i n t s r o l l o f f a s t r a i g h t l i n e f o r magnitudes less than U ,6. 

I t appears t h a t the d e t e c t i o n p r o b a b i l i t y changes from 0,6 

f o r events w i t h mb = k,k to 0,k f o r events w i t h mb = U ,2, 

Thus the f a c t t h a t these events were not reported i n the 
b u l l e t i n s i s not s i g n i f i c a n t , though i t does seem t h a t the 
d e t e c t i o n t h r e s h o l d i s lowered f o r shallow events i n the area 
i f surface wave observations are used. 
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Conclusions 
I t has been shov/n t h a t Rayleigh wave a r r i v a l s can be used 

to l o c a t e small events which are not detectable using normal 
P-wave l o c a t i o n r o u t i n e s . Using Rayleigh wave observations, 
s i x small events have been located on the Reykjanes Ridge, 
They are associated w i t h two l a r g e r events which were reported 
i n the U.S.C.G.S. b u l l e t i n s . The l o c a t i o n s , v/hich were made 
r e l a t i v e to the two l a r g e r events using observations at a max-
raum of f o u r s t a t i o n s , are accurate to w i t h i n 65 km. This 
accuracy could be improved by using more s t a t i o n s . 

The larg e Rayleigh wave amplitudes from the Reykjanes 
Ridge events appear to be mainly due t o t h e i r shallow f o c i . 
On the assumption t h a t they occur at the surface, the mb 
magnitudes of the p r e v i o u s l y unlocated events have been c a l ­
c u l a t e d and they appear to range from k,2 to h.k. I t i s sug­
gested t h a t they were not reported i n the b u l l e t i n s because 
of the low de t e c t i o n p r o b a b i l i t y , using P-wave techniques, 
f o r small earthquakes occurring i n the m i d - A t l a n t i c . The f a c t 
t h a t the d e t e c t i o n p r o b a b i l i t y i s increased f o r shallov/ events 
i f surface wave observations are used, provides an explanation 
f o r the appearance of surface v/ave t r a i n s from unlocated 
sources on the records of seismic s t a t i o n s around the A t l a n t i c . 
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APPENDIX 1 

Program f o r epicentre l o c a t i o n using Rayleigh waves 
The data cards f o r t h i s program are read i n t o the com­

puter as f o l l o w s : 
Block 1 1 card, PORMT ( I I O ) , v a r i a b l e i s NGOES. 

This r e f e r s to the number of events t o be located. 
Block 2 1 card, FORMAT (72H). 

This i s f o r h o l l e r i t h i n f o r m a t i o n which i s p r i n t e d out 
above the l o c a t i o n r e s u l t s f o r the relevant event. 

Block 3 1 card, PORMT (6P10.2), v a r i a b l e s are ILATS, 
ILONGS, RLATS, RLONGS, ISTEP, PNIT. 
ILATS and ILONGS are the l a t i t u d e and longitude ( i n 
degrees) of the southeast comer of the search area, 
RLATS and RLONGS are the l a t i t u d e and longitude ( i n 
degrees) o f the northwest corner of the search area. 
(The sign convention used i n t h i s program i s that n o r t h 
and west are p o s i t i v e , and south and east are negative). 
ISTEP ( i n degrees) i s the spacing between t r i a l e p i ­
centres i n the f i r s t i t e r a t i o n . On the n t h i t e r a t i o n , 
the spacing i s ISTEP/i|n degrees. FNIT i s the number of 
i t e r a t i o n s . 

Block k 1 card, FORMAT ( I I O ) , v a r i a b l e N. 
N i s the number of s t a t i o n s used i n the l o c a t i o n . 
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Block 5 N cards, FORMAT {k'P^0,2), v a r i a b l e s THETAD(s), 
THETAM(S), P H I D ( S ) , P H I M ( S ) . 

These are the co-ordinates of l a t i t u d e and longitude, 
i n degrees and minutes, of the l o c a t i n g s t a t i o n S, where 
S = 1 t o N. 

Block 6a 1 card, FORMAT ( I I O ) , v a r i a b l e J.fP(S). 
MP(S) i s the number o f observations at the Sth s t a t i o n . 

Block 6b MP(S) cards, FORMT (3P10 . 3 ) , variables T(S,P), 
V(S,P), ^(S^P). 
T ( S , P ) i s the a r r i v a l time i n seconds r e l a t i v e to some 
reference time (which i s common f o r a l l observations on 
the same event) o f the Pth observation at the Sth s t a t i o n , 
V(S,P) and Q ( S , P ) are the assumed group v e l o c i t y , i n 
Ion/sec, and the measured., p e r i o d i n seconds, of the Pth 
observation at the Sth s t a t i o n , where P = 1 to MP(S) 
and S = 1 t o N. 

Q(S,P) i s not used i n the l o c a t i o n but i t i s p r i n t e d out 
together w i t h the c a l c u l a t e d group v e l o c i t y as a conveni­
ence; i t may be omitted without a l t e r a t i o n to the program. 

Blocks 6a and 6b are repeated f o r each of the st a t i o n s used 
i n the l o c a t i o n . Up t o NGOES events may be located by repeat­
ing blocks 2 to 6 i n c l u s i v e . 

A l i s t i n g of the program and examples of the output are 
given on the pages f o l l o w i n g . 



c 
c 
C 6 7 
C M.MITCHELL L P I C t N l R t LOCATION USl:NiG RAYLEIGH ^.AVES 
C 
r 

I N T E G E R LATD,LONGD,S,P 
REAL I L A T S , I L O N G S , I STEP , LATM , LONGiM, LAT , LONG 
D I M E N S I O N THETAL){ 1 0 ) ,THETAM{ 1 0 ) , P H I D ( 1 0 ) , P H I M { 1 0 ) , 7 ( 1 0 , ^ 0 ) ,V( 1 0 , 1 

1 0 ) , M P ( 1 0 ) , S T E P ( 1 0 ) , T B A R ( 1 0 0 ) , V C ( 1 0 , 1 0 ) , Q ( 1 0 , 1 0 ) 
C READS I N THE DATA FOR THE L O C A T I O N . 

R E A D ( ; j , 6 0 0 ) N G 0 E S 
6 0 0 F O R M A T ( I I O ) 

GOES^O 
700 C O N T I N U E 

G 0 £ S = G 0 E S + 1 
R E A D { 5 , 9 9 9 ) 

9 9 9 F O R M A T ( 6 9 M 
1 ) 
W R I T t ( 6 , 1 1 1 ) 

1 1 1 F 0 R M A T ( / / / 1 H ) 
W R I T E ( 6 , 9 9 9 ) 
R E A D ( 5 , 1 0 0 ) I L A T S , I L O N G S , R L A T S , R L O N G S , I S T E P , F N I T 
R E A O ( 5 , 1 0 1 ) N 
DO 1 S = 1 , N 

1 R E A O ( 5 , 1 0 2 ) T H E T A D ( S ) , T H E T A M ( S ) , P H I D ( S ) , P H 1 / ^ I S ) 
DO 2 S = 1 , N 
READ{'3,101)MP(S) 
L = M P ( S ) 
DO 3 P = 1 , L 
R E A D { 5 , 1 0 4 ) T ( S , P ) , V { S , P ) , 0 { S , P ) 

3 C O N T I N U E 
2 C O N T I N U E 
1 0 0 F 0 R M A T ( 6 F 1 0 . 2 ) 
1 0 1 F O R M A T ( I I O ) 
1 0 2 F O R M A T { 4 F 1 0 . 2 ) 
1 0 4 F O R M A T ! 3 F 1 0 . 3 ) 

W R I T E { 6 , D J l ) 
F 0 R M A T ( 4 H H LATO L A T M LONGO LONGM TSSQB E T O ) 

C CALCULATES THE C O O R D I N A T E S OF THE T R I A L E P I C E N T R E S . 
N I T = 0 
T S S 0 B = 1 0 * * 8 

3 0 0 N I T = N I T + 1 
I F C N I T . G T . F N I T ) GO TO 550 
I F ( N I T . G T . l ) GO TO 2 0 1 
1 L A T = I L A T S * 6 0 
I L 0 N G = I L 0 N G S * 6 0 
R L A T = R L A 1 S » 6 0 
R L0NG=RLONGS«60 
S T E P ( 1 ) = 1 S T E P * 6 U 
GO TO 2 0 0 

2 0 1 I L A T = B L A T - S T E P ( N I T - l ) 
I L O N G = B L 0 N G - S T E P { N I T - 1 ) 



c ' 

RLAT = BLAT+STtP(NIT-l ) 
RLONG= BLONG+STEP(NIT-l) - : : 
STEP{NIT)=ST£P(NIT-l)/4 

200 LAT = ILAT-STE}MNIT) -̂^̂^ . ̂  ̂  - . > 
LaNG=ILONG-STEP(NIT) _ 

204 LONG=LONG •••STEPiNITJ . -
IF (LONG.GT.RLONG) GO TO 300 

203 LAT=LAT+STEP(NIT) I :-^--
I F ( L AT . LE . RLAT ) GO TO 202 
LAT=ILAT-STEP{NIT) : -
GO TO 204 

202 CONTINUE 
C CALCULATES THE TERM TSSG FOR THE TRIAL EPICENTRE. 

DO 4 S=I,N •.: -r-r^ ^ 
THETA=THETA0(S )»60+THETAM{ S) 
PHI=PHID{S)*60+PHIH{S) 
CALL DELT(DIST,TH£TA,PHI,LAT,LONG) 
L=MP{S> 
0T = 0 
DO 5 P=1,L 
OT=OT+T(S,P)-DIST/V(S,P) 
TBAR(S)=OT/L • ^ 

5 CONTINUE 
4 CONTINUE 

TOT-G 
" DO 6 S=1,N M - ? " ; - ^ V : 

TOT=TOT+TBAR(S) 
6 TSSQ=0 - ^ , : 

00 7 S=1,N 
ET0 = T0T/N - V V . 

TSSQ=TSSQ+{£TO-TBAR{S))»»2 
7 CONTINUE 

IF(TSSQ.LT.TSSQB) GO TO 10 
GO TO 203 ^ ^ ̂  
STORES THE COORDINATES OF THE TRIAL EPICENTRE IF TT GIVES A LOWER 
VALUE OF TSSQ THAN THE PREVIOUS POSITIONS. 
TSSQB=TSSQ 
8LAT=LAT 
BLONG=LONG 
LATD=BLAT/60 
LATM=HLAT-LATD«60 
L0NGD=BL0NG/6Q _ ^ ^ I ^ ^ - ^ 
L0NGM=BL0NG-L0NGD*60 
GO TO 203 :-:^:-:.:-r- i-^ " ilM.MM--^=k -
PRINTS OUT THE FINAL EPICENTRAL OETERMINATI ONj THÊ  EST I MATED 
ORIGIN TIME AND THE ASSOCIATED VALUE OF t S S a ^ ; ^ r t £ . 
CONTINUE 
WR I TE { 6, 552 )LAT0aATM, LONGD, LONGM, TSSQatEtff j ^ ' 

5 52 FORMAT(6X,I6,IX,F5.1,I6,2X,F5.1,1X,F6.I,IX,F6.1) 
WRITE{6,444) 



FORMAT(/46H STAT.NO. A.TIME V.USED V.CALC J,SEC) . 
CALCULATES THE GRO#; VELSSfTIES OF THE ASRfyAtS^?li^=iim^^^ 
STATION USING THE FINAL EPICENTRAL POSITION AND ORLGIR TIME. 
DO 222 S=1,_N. : . . -^k": .---
THETA=THETAD{S)«60+PHIM(S) 
PHI=PHID(S)«60+PHIM{S) J 
CALL DELT(DIST,THET_A,PHI,LAT,LONG) _ 
L=MP( S) 1.;:-^-. . 

: PRINTS GUT FOR EACH STAT ION,THE ARRIVAL TIME OF EACH PART OF THE 
: WAVETRAIN.THE GROUl^ VeLOCITI ES WHICH WEfti^.ASSyig^li-iME^LffiCATlON 

THE CALCULATED GROUP VELOCITIES AND THE PERlOD i3f._£ACH ARRIVAL. 
DO 33 3 P = 1,L :̂ - : ̂  
VC(S,P)=DIST/(T(S,P)-ETO) 
WRITE(6,445)S,T{S,P),V(S,P),VC{S,P),Q(S,P) \ 

445 F0RMAT{10X,I2,4X,F6.1,5X,F4.2,iX,F4.2,3X,F4.l) 
333 CONTINUE •• 
222 CONTINUE 

IF(GOES.LT.NGOES) GO TO 700 
END 



^ 7 0 ^ 

SUBROUTINE DELT{DIS'T,SMINA,SMINB,EMINA,EMTNB) ' 
THIS SUBROUTiS£ CALGSLAffcS TH€ D I S T A N G F JJt m &E5SSSS^TilSJOINTS / 
WITH COORDINATES SDEGA( DEGREES), SMINA( MINUTES) AND Si£C_A {SECONDS) 

REFERRING TQ LAT1T:S0€.!^ 
SSECB{SECONDS) REFERRING TO LONGITUDE WEST.THE SECOND POINT I S 

OESCRIBED in A SIMiLAR-^A«fi€R WITH EDESArEMIfttA r r e > T S r 
NORTH AND WEST ARE P O S I T I V E . 
FOR THE LOCATXQS PR0SR4M,Ti4E COORDIMTiS;-i)F^ T m - T ^ 
GIVEN IN MINUTES SO THE OTHER VARIABLES ARE. PUT .= OJJiJ"HE F I R S T 
E I G H T CARDS OF THE PROGRAM.THESE MAY 8& ftP^OTO^cf^-giiEi^ 
SD£GA = 0 . _ 
SDEGB=0 : . 
EDEGA=0 
£D£GB=o - : - : - v _ 
SSECA=0 
SSECB=0 :? 
ESECA=0 
ESECB=o . 
P I = 4 . « A T A N ( I . ) 
R T 0 D = 1 8 0 . / P I 
R A D I U S = 6 3 7 1 . 0 2 4 
S L A T = ( AB S I S O E G A ) + A B S I S H I N A ) / 6 0 . + A B S { S S € C A ) / 3 i g } f e j i ^ ^ 
I F ( S D £ G A ) 4 , 5 , 5 _ _ 

5 I F ( S M I N A ) 4 , 6 , 6 : : 
6 I F ( S S E C A ) 4 , 5 1 , 5 l 
4 SLAT=-SLAT : 

5 1 S L A T A = A T A N ( 0 . 9 9 3 2 / 7 » T A N ( S L A T ) ) 

CONVERTS TO GEOCENTRIC L A T I T U D E 

SLONG= ( ABS( SDEGB) +ABS( SMINB) /60.+ABS( SSE£.B)/360i).J/RTOD 
1F(S0EGB)7,8,8 . . 

8 IF(SMINB)7,9,9 
9 lF(SSECB)7 , i o , i o ;̂  : i . 
7 SL0NGA=2.»PI-A8S(SL0NG) 

GO TO 41 - ̂  r 
10 SLONGA=SLONG 
41 SC = SIN{ SLATA) " ^ ^ 

SK=COS(SLATA) 
SD=SIN(SLONGA) L 1 
S£=COS(SLONGA) 
SA=SK»SE ,v..v-. -
SB=SK»SD . _ _. . 
SG=SC*SE . : :^r::s^J z 
SH = SC»SD _ 
SE=-SE r-L.:b:^'^::: -
SK=-SK 
SLAT=SLAT*RTUD . 
SLONG=SLONG»RTOD 



c . " " , 77" " ' " "" . . . " " .̂ \ 

ELAT= ( A8S ( EDEGA ) +ABS ( EM INA ) /60. +ABS { ESECA ) /360oVr/RTJDD 
IF(ED£GA)I2,15,15 ./ 

15 IF(EMINA)12,17,17 
17 iF(ESECA)i2,43,43 . _ -;:v̂ -̂-.;:̂ :̂ m̂î mm:̂ .:Li:::: • 
12 ELAT=-ELAT 
43 ELATA-ATAN{0.9g3277iKrAN(ELAT) ) : --̂̂̂^̂̂̂^ 

C 
C CONVERTS TO SEOCENmic LATITUDE 1 1 ^ — 7 ^ ' ^ 

ELONG= ( ABS ( EDEGB) •••ASSi^MINB) /60.+ABS (ESEC&)736QOi}:MM9 
IF{EDEGB)18,19, 19 

19 IF(EMINB)18,20,20 J ^ D::^:^--::. 

20 IF(ESECB)18,24,24 . ^ 
18 EL0NGA=2.*PI~ABS{ELOPJSi: - r ' ^ y ^ - / 

GO TO 42 . 
24 ELONGA=ELUNG . 
42 EC = SIN( ELATA) . 

EK = COS(ELATA)^^ ^ .Ĵ ^ . . : - - . 
ED=SIN(ELONGA) 
EE=C0S(EL0N6AJ ...r..^^^--rJ'lJii^^.:.:-.-
EA=EK»EE 
EB=EK*ED -- . - 1 . _ ^̂ -JU::: v.. . 
EG=EC»EE -
£H=EC»ED - l i . : 
EE = -EE . 

COSD=SA •EA+SB •EB + SC »EC _ _ , 
SIND=SQRT{ l.-COSD»COSD) 
IF(SIND) 60,30,60 _ 

30 AZ=180. , : - 4 i^; 
IF (COSD) 50,99,40 ^ _ _ .... , 

40 DIST = 0. • - -y. 
GO TO 26 

50 DIST=180. : ^ : - -̂ ^̂  -
GO TO 26 _ . 

60 C0SECD=1./SIND rr'' ̂ /.-'y:^:--' 
DIST=ATAN2(SIND,C0S0) 
GO TO 26 .. . - . 

99 DIST=1./RADIUS -
26 DIST=DIST»RADIUS . Z ^ 

RETURN 
END : • • V,,.-..::--



EVENT U2 . REFERENCE TIME 1731 HRS. 
LATD LATM LONGD LONGM TSSQB ETO 

59 20.8 30 23.1 9.2 -396.2 
St At. NO. A. TIME V .US€D V.CALC T.SEC 

1 46.0 3.94 3.83 32.0 
1 59.0 3.74 3.72 26.1 
1 72.0 3.55 3.62 21.0 
1 83.0 3.47 3.53 19.0 
1 124.0 3.27 -3.25 15.4 
2 43.5 3.57 3.59 25.6 
2 56.5 3.41 3.49 19.1 „ 
2 68.0 3.34 3.40 16.4 
2 78.0 3.27 3.33 14.5 
3 758.5 3.73 3.71 35.3 
3 780.0 3.68 3.65 32.2 
3 801.0 3.64 3.58 30.6 
3 832.0 3.55 3.49 28.0 
3 864.5 3.37 3.40 23.4 
3 896.0 3.31 3.32 20.4 
4 414.8 3.89 3*90 31.2 
4 431.8 3.80 3.82 27.0 
4 446.8 3.74 3.75 24.2 
4 462.2 3.67 3.69 22. 5 
4 477.2 3.55 3.62 20.5 
4 492.1 3.4 5 3 . 56 19.1 

EVENT U3. REFERENCE TIME 1837 HRS. 
LATD LATM LONGO LONGM rssuB ETQ 

59 22 .5 30 3.5 0.0 -392.6 

STAT,NO. A.TIME V.USED V.CALC T . i i c 
1 40.5 3.88 3.87 39.0 
1 65.0 3.62 3.66 22.8 
1 86.5 3.47 3.50 19.2 
2 36.4 3.61 3.69 27.2 
2 50.4 3.51 3.58 22.9 
2 62.5 3 . 44 3.48 20.0 
2 74.6 3.37 3.39 17.6 
2 80.6 3.34 3.35 16 . 5 
3 842.6 3.58 3.49 28.8 
3 854.8 3.52 3.45 27.1 
3 867.0 3.43 3.42 25.1 
3 879.2 3.36 3.39 23.0 
3 891.3 3.33 3.36 21.6 
3 909.0 3.29 3.31 19.2 
4 40 7.7 3.88 3.94 30.7 
4 423.4 3.81 3.86 27.7 
4 439.7 3.75 3.79 24.5 
4 454.5 3. 7^ 3. 72 23.2 
4 469.2 3.64 3.66 22.0 

7 2 
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I n t r o d u c t i o n 

This p a r t of the t h e s i s i s mainly concerned w i t h the 
i n v e s t i g a t i o n o f the crust and upper mantle of Iceland using 
earthquake;- seismology. Two temporary array s t a t i o n s were 
i n s t a l l e d i n Iceland during the summer o f 1967 "by the Geology 
Department of Durham U n i v e r s i t y , The aims of the experiment 
were t w o f o l d j f i r s t l y , t o record teleseismic a r r i v a l s v/hich 
could he used t o measure accurate P-wave delay times, and 
secondly, t o oh t a i n data on l o c a l earthquakes which v/ould he 
used i n an i n v e s t i g a t i o n of the l o c a l earthquakes themselves 
and i n an i n v e s t i g a t i o n of the deeper c r u s t a l s t r u c t u r e of 
I c e l a j i d , 

A b r i e f d e s c r i p t i o n of the geology and geophysics of 
Iceland i s given i n Chapter 1, Chapter 2 deals v/ith the 
Iceland experiment, A d e s c r i p t i o n i s given of the apparatus 
which was used and o f the way i n which i t was e x p l o i t e d i n 
the experiment, A des c r i j ) t i 6 n r . i s also given of the data which 
were recorded on l o c a l events though they have not heen 
analysed i n d e t a i l . 

Chapter 3 deals w i t h the measurement and i n t e r p r e t a t i o n 
o f P-wave delay times. Delay times at Reykjavik v/ere measured 
hy Tryggvason i n ̂ ^6k hut the recent r e v i s i o n of the J e f f r e y s -
Bullen t r a v e l time tables by other authors points t o the need 



f o r a r e - e v a l u a t i o n of the Iceland delay times. Further, i t 
has "been suggested "by Stefansson t h a t the delay times measured 
hy Tryggvason might "be du.e t o the onsets at Reykjavik "being 
o"bscured "by the high l e v e l of microseism'ic noise. 

The delay times reported here were made using the three 
permanent Icelandic s t a t i o n s at Reykjavik, Akureyri and Sida 
and at one of the temporary array s t a t i o n s i n Central Iceland, 
The delays are measured r e l a t i v e to those at s t a t i o n s i n 
Scotland, Sweden and Greenland and they are i n t e r p r e t e d i n 
terms o f the crust and upper mantle s t r u c t u r e s "beneath the 
recording s t a t i o n s . 



CHAPTER 1 

( 1 . 1 ) Iceland 

Iceland i s . a l a r g e volcanic i s l a n d s i t u a t e d at the junc­
t i o n o f the M i d - A t l a n t i c Ridge and the Faeroes-Greenland 
Ridge, I t provides a convenient place f o r the study of the 
geophysical processes and conditions o f the Mid-Atlantic 
Ridge though how t y p i c a l ' i t i s of a r i d g e area i s open to 
c o n j e c t u r e , V/hile "both the M i d - A t l a n t i c Ridge and Iceland 
are s e i s m i c a l l y a c t i v e , the Faeroes-Greenland Ridge i s ase'is-
mic. I t s o r i g i n i s not c l e a r l y understood "but i t may "be the 
t r a i l o f volcanic m a t e r i a l which was erupted from a 'hot spot' 
on the Ridge duri n g the separation of Greenland and the con­
t i n e n t o f Europe (Wilson I 9 6 5 ) ; t h a t 'hot spot' i s now repre­
sented "by Iceland, 

( 1 . 2 ) The c r u s t a l s t r u c t u r e o f Iceland 
Iceland i s completely covered "by T e r t i a r y "basalts which 

have "been dated at 12,5 my (Moorbath et a l I 9 6 8 ) . I n the 
c e n t r a l p a r t o f Iceland which i s r e f e r r e d t o as the neovol-
canic zone, the T e r t i a r y "basalts are covered "by a t h i n l a y e r 
of Quaternary and recent volcanic products (Fig 1 ) , 

Pev/ r e f r a c t i o n experiments have so f a r "been c a r r i e d out 
t o determine the deep c r u s t a l s t r u c t u r e of Iceland, Figure 2 
shows a model f o r the c r u s t a l s t r u c t u r e o"btained "by Bath (1960) 
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from a 250 km long r e f r a c t i o n p r o f i l e i n western Iceland. 
The two deeper layers w i t h v e l o c i t i e s of 6 .71 and 7.38 km/sec 
are i n t e r p r e t e d as basalts.. The p o s i t i o n of the Moho at 
2 7 . 8 km depth was deduced on the basis of r e f l e c t e d v/aves and 
must be regarded as r a t h e r u n c e r t a i n . 

Nvimerous short r e f r a c t i o n p r o f i l e s have r e s u l t e d i n a 
f a i r l y d e t a i l e d mapping o f the upper p a r t of the crust v/hich 
appears t o have a more complex s t r u c t u r e than Bath's model 
i n d i c a t e s (Tryggvason and Bath 1 9 6 I , Palmason 1963, Palmason 
1 9 6 7 a ) . The upper l a y e r , l a y e r 0 , i s found at the surface 
i n the neovolcanic zone and has a v e l o c i t y which ranges from 
2 , 1 t o 3'k km/sec; i t consists of Quaternary volcanic rocks. 
The second l a y e r , l a y e r 1 , w i t h an average v e l o c i t y of U.15 

km/sec i s found at the surface i n v/estern, northern and 
eastern Iceland and i t i s generally found beneath layer 0 i n 
the Neovolcanic Zone; i t i s i n t e r p r e t e d as the upper p a r t of 
the T e r t i a r y Flood Basalts. The lower p a r t of the T e r t i a r y 
Flood Basalts ( l a y e r 2 ) has an average v e l o c i t y of 5.0^^ km/sec 
and u s u a l l y u n d e r l i e s l a y e r 1 except i n the Reykjanes 
Peninsular where i t i s absent (Palmason 1967a) . These three 
l a y e r s correspond t o the uppermost l a y e r i n Bath's model. 

Between 2 and k km below the s i i r f a c e , l ayer 3 occurs 
w i t h a v e l o c i t y ranging from 5 .9 to 6 .8 km/sec. Prom the 
short r e f r a c t i o n p r o f i l e s there are i n d i c a t i o n s t h a t the 
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v e l o c i t y determinations f o r t h i s layer f a l l i n t o two groups 
w i t h average values of 6,19 and 6.U8 km/sec. Layer 3 does 
not appear at the surface so i t s nature i s l a r g e l y unknown, 
though, from i t s v e l o c i t i e s , i t appears to lie analogous to 
the main c o n t i n e n t a l and oceanic c r u s t a l l a y e r s . 

At a depth of ahout 15 km "beneath Iceland, the P-wave 
v e l o c i t y increases t o 7.U km/sec. This f o u r t h l a y e r , the 
7.U l a y e r , has been detected "beneath Iceland many times. 
Tryggvason (1959) fo\md layers w i t h such v e l o c i t i e s from an 
i n v e s t i g a t i o n of the apparent v e l o c i t i e s of P-waves from 
earthquakes i n Iceland and from siorface wave studies 
(Tryggvason I962). I t has also "been detected "beneath the 
Mi d - A t l a n t i c Ridge (Ewing and Ewing 1959), the East P a c i f i c 
Rise ( R a i t t 1956), and the Red Sea ( G i r d l e r I963). The ver­
t i c a l extent o f t h i s l a y e r has "been a matter of some specula­
t i o n . Bath t e n t a t i v e l y placed i t s lower l i m i t at 28 km 
though other workers have estimated t h a t i t i s much deeper. 
Prom a study of earthquakes occurring between Norway and 
Greenland, Tryggvason ( l 9 6 l a ) concluded t h a t the depth t o the 
lower boundary was between 100 and. 1^0 km. I n a l a t e r study, 
using the delay times o f P-waves recorded at Reykjavic and 
Kiruna from teleseismic events, Tryggvason (196^) foxmd t h a t 
a depth o f 2k0 kms t o the base of the 7.^ layer could explain 
the observed delay times. A s i m i l a r r e s u l t was obtained by 
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Francis (1969) from measurements of dT/dA using earthquakes 
from the N o r t h - A t l a n t i c Ridge which were recorded at the 
l o c a l I c e l a n d i c s t a t i o n s and i n eastern Greenland. 

(1.3) G-ravity i n Iceland 
G r a v i t y measurements i n Iceland reveal a saucer-shaped 

Bouger anomaly w i t h a minimum of -30 mgal near the centre of 
the i s l a n d and maxima of UO-6O mgal near the coast (Einarsson 
195U). Bodvarsson and Walker (1964) suggested t h a t the anom­
a l y v/as caused hy a t h i c k e n i n g of the T e r t i a r y Basalts t o ­
wards the centre of Iceland. However, f o l l o w i n g the seismole-
g i c a l evidence f o r a t h i n c r u s t and f o r a great thickness o f 
the l a y e r , Bott (1965a and 1965^) i n t e r p r e t e d the g r a v i t y 
anomaly as being the r e s u l t of a low-density upper mantle. 
I f the 7.4 l a y e r extends t o 2kO km as suggested "by Tryggvason, 
then the g r a v i t y can he explained i f the 7.4 v e l o c i t y i s the 
r e s u l t of a p a r t i a l l y fused upper mantle w i t h a consequent 
r e d u c t i o n i n d e n s i t y . This requires a magma f r a c t i o n o f 
approximately 10 per cent which i s possible i f there i s an 
u p r i s i n g convection c e l l beneath Iceland, 

This i n t e r p r e t a t i o n i s i n keeping w i t h the high heat flow 
measurements i n Iceland , Extreme values of up t o 7,k^cal/cm 
sec have been recorded though Palmason (1967b) has suggested 

2 
t h a t 2 , ^ c a l cm sec may be the best a v a i l a b l e value on 



r e g i o n a l heat f l o w i n Iceland. Further evidence f o r high 
subsurface temperatures i n Iceland comes from work on magne-
t o t e l l u r i c soundings by Hermance and Garland (1968) which 
i n d i c a t e s the presence of a h i g h l y conductive layer at a 
depth o f some 25 kms. They i n t e r p r e t t h i s as the e f f e c t o f 
a temperature enhancement of 300 t o 400 deg.K. 

(1,4) The t r a c e o f the M i d - A t l a n t i c Ridge through Iceland 
The magnetic anomalies mapped by H e i r t z l e r et a l (1966) 

c l e a r l y show t h a t the M i d - A t l a n t i c Ridge extends up the 
Reykjanes Ridge t o southwestern Iceland, Magnetic data over 
Iceland obtained by Serson (Sigurgeirsson I967) show t h a t 
zones of high i n t e n s i t y can be traced along both sections of 
the Neovolcanic Zone to approximately 65 deg North. However, 
the c e n t r a l anomaly of the ReykJanes Ridge cannot r e a d i l y be 
traced n o r t h of the western t i p o f the Reykjanes Peninsula. 

Earthquake epicentres c l e a r l y show the northward exten­
sion o f the Ridge from an area some 40 km North of Iceland 
at about 19 degrees West. ( F i g I ) . W i thin Iceland the path 
of the Ridge i s not so w e l l defined. The large earthquakes 
are confined t o east-v/est running zones i n south and n o r t h 
I c e l a n d , while a zone i n which mainly small earthquakes occur 
l i e s f u r t h e r east w i t h a nearly north-south d i r e c t i o n 
(Stefansson I967). With the a i d of one s t r i k e - s l i p focal-
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mechanism s o l u t i o n (which was i n v e s t i g a t e d independently by 
Stefansson, I 9 6 6 ) , Sykes ( I 9 6 7 ) i n t e r p r e t e d the n o r t h zone 
as a transform f a u l t . Ward et a l ( 1 9 6 9 ) , i n t e r p r e t i n g the 
r e s u l t s o f a micro earthquake study, have suggested t h a t the 
southern zone i s also a transform f a \ i l t . Further evidence 
f o r these proposed transform f a u l t s come from magnetic anoma­
l i e s i n the Norwegian Sea, east and n o r t h of Iceland (Avery 
et a l 1 9 6 8 ) , where there are disturbances i n the magnetic 
l i n e a t i o n s c h a r a c t e r i s t i c of o l d f r a c t u r e zones n o r t h of 66 
deg N and j u s t south o f 6k deg N. These zones s t r i k e at 
approximately N 80 deg VV and appear t o l i n e up w i t h the sug­
gested transf<3rm f a u l t s . 

(1.5) C r u s t a l d r i f t i n Iceland 

Grustal d r i f t i n Iceland i s believed by some authors t o 
r e s u l t mainly from c r u s t a l extension by dyke i n j e c t i o n 
(Bodvarsson and Walker 196^+). Crustal spreading rates f o r 
Iceland have been estimated by Moorbath et a l ( 1 9 6 8 ) . By 
comparing the K-Ar age determinations f o r rocks i n the east 
of I c e l a n d w i t h the distance from the a c t i v e zone, they com­
puted a spreading r a t e of 1.2 cm/yr. S i m i l a r l y , by comparing 
the age o f the Paa?oe Islands, 55-60 m.y. ( T a r l i n g and Gale, 
i n press) v/ith t h e i r distance from the Reykjanes Ridge, the 
apparent spreading r a t e i s approximately 1 cm/yr. These 
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estimates are i n e x c e l l e n t agreement w i t h the ra t e of 1.0 cm/ 
y r obtained from the magnetic patterns across the Reykjanes 
Ridge j u s t south of Iceland (Pitman and H e i r t z l e r , 1966, Vine, 

1966) . 

(1.6) Acid rocks i n Iceland 

Acid rocks make up an estimated 10-12?S of the T e r t i a r y 
p l ateau i n eastern Iceland (Walker, 1959) and on the 
Snaefellsnes peninsula northwest of Reykjavik (Sigiirdsson, 

1967) . I f t h i s f i g u r e i s representative of the volume o f 
T e r t i a r y rocks, then such a high p r o p o r t i o n i s d i f f i c u l t to 
e x p l a i n by d i f f e r e n t i a t i o n from a basic magma as such a pro­
cess i s l i k e l y to y i e l d only 2-3% of acid residuum, although 
a t h e o r e t i c a l maximiim i s o f the order of 7 - 1 ( C a r m i c h a e l , 
1964). 

Walker (1965) has suggested t h a t there may be s i a l under 
Iceland which, by rem e l t i n g , has c o n t r i b u t e d to the acid 

87 86 
rocks at the surface. However, the constant Sr /Sr r a t i o 
f o r both a c i d and basic igneous rocks suggests a common o r i ­
g i n f o r both f r a c t i o n s (Sigurdsson, I967). Sigurdsson (1967) 
suggests t h a t p e t r o l o g i c a l and i s o t o p i c evidence i n d i c a t e s 
f r a c t i o n a t i o n from a b a s a l t i c parent rock as the most l i k e l y 
source of the acid rocks i n Iceland. McBirney (1967) noted 
the r e l a t i o n between the N i g g l i quartz number of oceanic v o l -
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canic rocks and t h e i r distance from the crest of ocean ridges. 
A close r e l a t i o n t o the heat f l o w data suggests that the more 
s i l i c e o u s rocks near the crest s are produced by melting at 
shallow depths. 
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CHAPTER 2 

(2.1) The Iceland experiment 

Two temporary array s t a t i o n s v/ere i n s t a l l e d i n Iceland 
d u r i n g the summer o f 1967 by the Geology Department of 
Durham U n i v e r s i t y . The aims of the experiment v/ere to gather 
seismic data f o r the .study o f the crust and upper mantle of • 
Icela n d . The array s t a t i o n s were placed i n the n o r t h of 
Iceland at Myvatn and i n the c e n t r a l region at H v e r a v e l l i r 
( P i g . 1 ) . Together w i t h the three permanent Icelandic s t a t i o n s 
at Reykjavik, Akureyri and Sida (Pig. I ) , they provide a good 
coverage of the i s l a n d f o r the i n v e s t i g a t i o n of l o c a l e a r t h ­
quakes. I t v/as hoped t h a t the l o c a l earthquake data might 
be used f o r an i n v e s t i g a t i o n of the e p i c e n t r a l p o s i t i o n s and 
f o c a l depths of the earthquakes, and, using array processing 
techniques, f o r an i n v e s t i g a t i o n of the deeper c r u s t a l s t r u c ­
t u r e of Iceland. Further, the measurement of P-v/ave delay 
times at these s t a t i o n s would enable a study to be made of 
the v a r i a t i o n s i n the v e l o c i t y s t r u c t u r e of the upper mantle 
beneath the i s l a n d . 

The experiment l a s t e d from May 1st t o September kth 1967. 
The author was i n Iceland f o r the whole period a s s i s t i n g i n 
the s e t t i n g up of both the array s t a t i o n s and then rxinning 
the H v e r a v e l l i r s t a t i o n . Because of extremely harsh weather 
c o n d i t i o n s , both s i t e s were inaccessible during the e a r l y 
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months o f the "summer". Myvatn was not reached u n t i l May I 8 t h 
and H v e r a v e l l i r was reached on July 5th. Because of d i f f i c u l ­
t i e s w i t h the equipment, the Myvatn s t a t i o n was only opera­
t i o n a l i n t e r m i t t a n t l y and the records obtained were of poor 
q u a l i t y . The H v e r a v e l l i r s t a t i o n operated more or less con­
t i n u o u s l y from J u l y 20th and both s t a t i o n s were dismantled on 
September 3rd. 

(2,2) Seismometer arrays 

A f u l l d e s c r i p t i o n of the theory of seismometer arrays 
i s given by B i r t i l l and V/hiteway (1965). Seismometer arrays 
are normally s i t u a t e d i n a h o r i z o n t a l plane and are arranged 
i n some ii n i f o r m geometrical p a t t e r n . Most arrays, i n c l u d i n g 
those which were set up i n Iceland, consist of short-period 
vertical-component seismometers whose outputs are recorded on 
magnetic tape. 

Each s i g n a l component t r a v e l s across the array w i t h an 
apparent ground v e l o c i t y which i s dependent on the path and 
the mode of propagation. The apparent groimd v e l o c i t y of the 
f i r s t P-wave a r r i v a l increases from approximately 8 km/sec at 
2 degrees distance to about 24 km/sec at 90 degrees distance. 
For l o c a l events, the apparent v e l o c i t y of r e f r a c t e d a r r i v a l s 
i s equal t o the v e l o c i t y of the r e f r a c t o r p r o v i d i n g t h a t the 
s t r u c t u r e s through which the rays pass are h o r i z o n t a l l y 



1 5 

homogeneoiis and p r o v i d i n g t h a t the dimensions of the array 

are small compared w i t h the distance to the source. 
Because of the f i n i t e v e l o c i t y of propagation across 

the a r r a y , a seismic s i g n a l w i l l , i n general, a r r i v a l at d i f ­
f e r e n t seismometers at d i f f e r e n t times. Thus f o r a given 
array l a y o u t , the r e l a t i v e onset times at each seismometer 
w i l l be a f u n c t i o n of the apparent v e l o c i t y of the a r r i v a l 
and i t s d i r e c t i o n o f approach. The advantages of an array 
of seismometers are t h a t the apparent v e l o c i t y vector of the 
s i g n a l can be determined from the r e l a t i v e onset times across 
the a r r a y , and t h a t the outputs of the i n d i v i d u a l seismometers 
can be combined t o increase the s i g n a l n o i s e r a t i o -and thus 
t o enhance the onset o f a s i g n a l component. E i t h e r f u n c t i o n 
may be c a r r i e d out by e l e c t r o n i c means. 

The determination of the azimuth and the apparent velo­
c i t y of the s i g n a l (azimuth and v e l o c i t y f i l t e r i n g ) can be 
e f f e c t e d by combining the outputs of the i n d i v i d u a l seismo­
meters a f t e r i n s e r t i n g delays corresponding to a p a r t i c u l a r 
v e l o c i t y and azimuth c o n d i t i o n . The amplitude o f the r e s u l t ­
i n g s i g n a l w i l l be greatest when the i n s e r t e d delays exactly 
cancel those i n c u r r e d at the seismometers during the record­
ing of the s i g n a l , because only then w i l l the i n d i v i d u a l s i g ­
n a l s be i n phase on summation. The seismometer outputs may 
also be combined i n other ways.after the delays are i n s e r t e d ; 
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f o r example, two halves o f the array may be summed and then 
m u l t i p l i e d together, of they may be summed and then cross-
c o r r e l a t e d . 

I n a s i m i l a r manner the signalrnoise r a t i o may be i n ­
creased. Consider an array which i s perturbed by random noise. 
A coherent s i g n a l t r a v e l l i n g across the array w i l l incur delays 
between seismometers which may be cancelled on playback w i t h ­
out a f f e c t i n g the noise which i s unrelated between seismometers, 

I f the outputs are then added so the si g n a l components are i n 
2 

phase, then the mean sig n a l power i s p r o p o r t i o n a l to n , 
where n i s the number of seismometers. However, as the mean 
noise power i s only p r o p o r t i o n a l to n, the signalVnoise power 
r a t i o i s increased by n. For small arrays, such as those 
used i n Iceland, a s i g n a l t n o i s e r a t i o improvement may be 
gained f o r teleseismic a r r i v a l s by s\imming the outputs d i r e c t l y 
without i n s e r t i n g delays, because the wavelengths of the s i g ­
n a l are much greater than those of the noise. 

The apparent v e l o c i t y and azimuth of a sig n a l can also 
be determined by onset time a n a l y s i s . This technique i s nor­
mally used only w i t h f i r s t a r r i v a l s since they are the c l e a r ­
est . The onset times are read from playouts of the i n d i v i d u a l 
seismometer channels. They may be determined from the f i r s t 
break i f i t i s s u f f i c i e n t l y c l e a r , or by t r a c i n g one of the 
t y p i c a l waveforms and then f i t t i n g i t to the other a r r i v a l s . 
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The apparent v e l o c i t y vector o f the s i g n a l may then be deter­
mined using a computer t o solve a set of equations r e l a t i n g 
the onset times t o the apparent v e l o c i t y and azimuth o f the 
s i g n a l . This method may be used w i t h l o c a l or teleseismic 
a r r i v a l s and i t may provide more accurate information on f i r s t 
a r r i v a l s than any other processing technique. 

(2.3) The equipment used i n the Iceland experiment 

Apart from the tape deck and the seismometers, the equip­
ment was designed and b u i l t i n Durham. A complete d e s c r i p t i o n 
of the apparatus and d e t a i l s of the e l e c t r o n i c s are given i n 
a paper by Long (1968). 

The array i s f u l l y p ortable and independent of mains 
power suppl i e s . For the Iceland experiment, Willmore mark 1 
seismometers were used as detectors. These comprised ten 
v e r t i c a l instriiments and two h o r i z o n t a l s . Recording was done 
on one-inch magnetic tape using a Geotech Portable Recorder, 
At the recording speed used, I5/I6O i , p . s , , each tape l a s t e d 
approximately ten days. The recorder has p r o v i s i o n f o r f o u r ­
teen t r a c k s plus two edge t r a c k s , t h e r e f o r e w i t h twelve 
seismometers, two f u l l tracks are l e f t f o r recording the 
r a d i o time checks and signals from the e l e c t r o n i c clock. The 
two edge tracks were used t o record a reference s i g n a l f o r 
f l u t t e r c o r r e c t i o n during replay. 
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The equipment can be d i v i d e d i n t o two basic p a r t s , 
f i r s t l y , the seismometers and f i e l d a m p l i f i e r s , and secondly, 
the c e n t r a l recording equipment which includes the tape deck 
and associated e l e c t r o n i c s , the clock, the radio and the 
power s u p p l i e s . These two p a r t s are connected by t w i n -
conductor, f i e l d - t e l e p h o n e cable. 

The f i e l d a m p l i f i e r s amplify the s i g n a l from the seismo­
meters and send i t down the land l i n e i n P.M. form to the 
c e n t r a l recording apparatus. The land l i n e s also carry pov/er 
from the c e n t r a l recording apparatus t o the f i e l d a m p l i f i e r s . 
The system has a f a c i l i t y f o r remote c a l i b r a t i o n of the 
seismometers and the a m p l i f i e r s , and f o r remote c o n t r o l of the 
a m p l i f i e r gains. This c o n t r o l i s exercised from the c e n t r a l 
recording apparatus where a single-channel pen recorder i s 
used t o monitor the signals from each seismometer. The maxi-
m\m. gain i n the a m p l i f i e r s before modulation i s about l6,000; 
t h i s can be reduced i n 8 stages of -f 2. 

The time i s recorded from a c r y s t a l clock which emits 
pulses every second. The pulses are of d i f f e r i n g lengths so 
t h a t second, ten-second and minute marks can be d i s t i n g u i s h e d , 
and a f t e r each minute mark, they are long or short according 
t o a b i n a r y code which enables the minute, hour and the day 
t o be read, A v i s u a l binary-coded time display i s also pro­
vided so th a t clock can be sjmchronized w i t h the radio time 
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s i g n a l s . 
The t o t a l power consumption of the system i s less than 

50 watts which were obtained from f o u r s i x - v o l t car b a t t e r i e s 
connected i n s e r i e s . These were charged, while they were 
running the equipment, from p o r t a b l e , p e t r o l - d r i v e n Honda 
generators. 

The seismometers were adjusted to be c r i t i c a l l y damped. 
Where necessary, damping was provided by pl a c i n g high-
s t a b i l i t y r e s i s t o r s (approx.. 1 Kohm) across the seismometer 
c o i l s . The instruments were adjusted t o have a period of 
0.8 seconds. 

(2.^) The layout o f the Arrays 
The arrays were intended f o r use w i t h teleseismic a r r i ­

v a l s t o increase the signal:noise r a t i o and nth l o c a l e a rth­
quakes f o r v e l o c i t y and azimuth f i l t e r i n g . For s i g n a l t o 
noise improvement, the array design i s not c r i t i c a l . I n order 
to achieve good v e l o c i t y and azimuth d i s c r i m i n a t i o n , an L-
shaped layout was used. 

The seismometer spacing was chosen so t h a t , f o r l o c a l 
earthquakes, the array dimensions would be comparable w i t h 
the s i g n a l wavelengths; t h i s c o n d i t i o n i s necessary f o r the 
array to have a sharp response. I n order t o prevent a l i a s i n g , 
the seismometers were spaced so tha t at l e a s t three samples 
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per wavelength were recorded. Therefore, assuming t h a t the 
apparent v e l o c i t y o f l o c a l a r r i v a l s i s 7.4 km/sec and th a t 
t h e i r frequencies range from 3 to 5 cps., each arm must be 
2.5 km long and the seismometers must by 0,5 km apart. The 
equipment f o r the array was s u f f i c i e n t f o r twelve seismometers 
of which two were used as h o r i z o n t a l s to help i n the i d e n t i ­
f i c a t i o n of S-waves from l o c a l earthquakes. I n order t o 
s a t i s f y the spacing requirements, the f o l l o w i n g layout v/as 
chosen: The arrangement of v e r t i c a l seismometers should be 
i d e n t i c a l on each arm of the array w i t h the f i r s t seismometer 
placed 0.25 km from the crossover p o i n t and the others at 
i n t e r v a l s of 0.5, 0.5, 0,5 and 1,0 km. The h o r i z o n t a l i n s t r u ­
ments were i n s t a l l e d i n the f i r s t p i t on one arm of each 
arra y . These were arranged so t h a t they recorded motion 
p a r a l l e l t o each arm. 

The o r i e n t a t i o n of each array was chosen according t o 
convenient l o c a l landmarks which, w i t h the a i d of s i g h t i n g 
poles and tape measures, were used t o survey tbe arrays a f t e r 
s u i t a b l e seismometer l o c a t i o n s had been found. D e t a i l s of 
the a c t u a l array layouts at H v e r a v e l l i r and Myvatn are given 
i n Appendix 1. 

Both arrays were s i t u a t e d on recent lava f i e l d s which, 
i n common v;ith most of Iceland, were devoid of t r e e s . The 
lava was considerably broken up and interspersed v/ith sandy 
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m a t e r i a l some of which was covered by coarse grass and herb­
age. Wherever p o s s i b l e , the seismometers were completely 
b u r i e d and located on large blocks of lava to obtain good 
seismic coupling. Where they could not be b u r i e d , the seismo­
meters were covered by mo\inds of sand t o s h e l t e r them from 
the wind. 

The c e n t r a l recording equipment was located at the cross­
over p o i n t s of the arrays. The e l e c t r o n i c s were housed i n a 
small t e n t while the b a t t e r i e s and the generators were kept 
outside beneath improvised stone s h e l t e r s , 

(2.5) Routine r\mning of the arrays and problems encountered 
The r o u t i n e running o f the arrays was s t r a i g h t f o r w a r d . 

The generators ran on average f o r eighteen hours per day 
which was s u f f i c i e n t t o keep the b a t t e r i e s charged. Time 
checks were taken whenever possible from the hotirly time s i g ­
nals broadcast by the B.B.C. Overseas Service. At the Hvera­
v e l l i r s t a t i o n , the radio was l e f t on continuously so t h a t a l l 
a v a i l a b l e time checks were recorded on tape. The gain set­
t i n g s o f the a m p l i f i e r s were checked twice d a i l y and a l t e r e d 
according t o the p r e v a i l i n g noise l e v e l s . The a m p l i f i e r s 
u s u a l l y operated at maximum gain except during very high v/inds 
when they operated at near the minimum gain. The seismometers 
were c a l i b r a t e d d a i l y . A l l these operations were noted i n 
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the s t a t i o n l o g book against the corresponding clock time. 

P a r t i c u l a r note was made of the times at which the generators 

were s t a r t e d as the i n i t i a l voltage surge sometimes caused 

the clock to jump. The tapes were changed every ten days and 

then sent back to Durham f o r i n s p e c t i o n . 

Recording was delayed f o r some time at both s t a t i o n s 

w h i l e the equipment was r e p a i r e d a f t e r s u f f e r i n g damage i n 

t r a n s i t t o the s i t e s . Having successfully i n s t a l l e d the 

arrays, the biggest problem iJ/as to keep pace w i t h the break­

downs i n the equipment. These occurred f o r a v a r i e t y of 

reasons but mostly because of moisture i n the e l e c t r o n i c s , 

f a u l t s w i t h the generators caused by sand and dust, and sheep 

damage to the cables. 

N a t u r a l l y , the problem of moisture was foreseen and the 
seismometers and a m p l i f i e r s , whichwere out i n the open, were 
sealed w i t h grease and rubber gaskets and included bags of 
s i l i c a g e l to absorb moisture. However, the P.V.C. tubes which 
encased the a m p l i f i e r s s t i l l leaked and, once they v/ere damp, 
d r y i n g them out i n f i e l d conditions proved very d i f f i c u l t . 
The main problem w i t h the seismometers was to prevent water 
from reaching the output plug: when t h i s happens the damping 
c h a r a c t e r i s t i c s of the instrument i s a l t e r e d and the s i g n a l 
i s attenuated. These problems were p a r t i a l l y solved by seal­
i n g a l l the j o i n t s v/ith l i b e r a l a p p l i c a t i o n s of grease and 
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covering the apparatus with polythene sheeting. 
Sheep damage to the cables could not be prevented as i t 

v/as impractical to bury the cables. The P.M. form of the 
signal sent dov/n the land lines proved very r e s i l i e n t to cable 
damage. However, complete breaks or shorts did occur frequently 
and a l o t of time was spent on cable repairs. 

The generators continually broke dov/n because of sand 
and dust i n the carburettors. They v/ere very d i f f i c u l t to 
service and were often more vulnerable to damage after repair 
than before. Because of the generator f a i l u r e s , i t was d i f f i ­
c u l t to keep the batteries f u l l y charged. The vrorst conse-
gunce of t h i s was that the clocks ran e r r a t i c a l l y . This was 
a p a r t i c u l a r l y bad problem at Myvatn v/here the conditions 
were more dusty than at Hveravellir. As a result the Myvatn 
records are unusable v/hen absolute onset times are needed. 
Further d i f f i c u l t i e s at Myvatn were caused by fa i l u r e s i n the 
dri v i n g belts i n the tape deck. This resulted i n the closing 
down of the Myvatn sta t i o n for some weeks while spare belts 
were sent out from America. 

(2.6) Data obtained from the Iceland experiment 
A large nujnber of l o c a l earthquakes and several t e l e -

seisms were recorded by the array stations at Hveravellir and 
Myvatn, Because of d i f f i c u l t i e s with the equipment, the data 
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recorded at the Myvatn station are of comparatively l i m i t e d 
use. The data recorded at the Hveravellir station have "been 
examined and some of the teleseisms which were recorded have 
"been used i n the P-wave delay work reported i n the next 
chapter. Because of a lack of time, no results have heen 
obtained from the data on local earthq[uakes though the data 
have been examined with a view to t h e i r use i n an investiga­
t i o n of the lo c a l earthquakes and of the deeper crustal struc­
ture of Iceland. 

During the operation of the Hveravellir array, 95 local 
earthquakes were recorded of which 69 were also recorded hy 
at least one of the tliree permanent stations at Reykjavik, 
Akureyri and Sida. Two of the local events were reported by 
the U.S.C.G.S. who calculated t h e i r magnitudes as 4.1 and 
5.0. Both events overloaded most of the recording channels 
at Hveravellir. 

Approximate locations of 18 lo c a l events v/ere calculated 
using the S-P times reported i n the b u l l e t i n s from the three 
local stations. The locations were made assuming that an 
S-P time of 1 second is equivalent to an epicentral distance 
of 7.4 km. This relationship was used because i t appeared to 
give the smallest error as indicated by the overlap of the 
distance arcs from each locating station. The epicentres of 
these events are marked on the map i n Figure 3 together with 
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the two U.S.C.G.S. epicentres, one of which (number 5) has 
also been located using. S-P times. The o r i g i n times, to the 
nearest minute, f o r the events corresponding to the various 
epicentral positions i n Figure 3, are given i n Table 1. From 
the overlap of the distance arcs from each station, i t appears 

• that most of the locations are accurate to within a radius~ of 
15 km. I t i s clear that these events occur i n the main earth­
quake zones i n Iceland ( c f . Figure 1 ) . 

Examples of single-channel records from seven of these 
events are fehown i n Figure k. The epicentral distances f o r 
each event are taken from Figure 3. Most of the records show 
several phases with a clear f i r s t P-wave a r r i v a l which i s 
probably Pn (corresponding to the 6,7/7»k interface on Bath's 
model. Figure 2 ) . The second P-wave a r r i v a l appears to be 
Pg though the i d e n t i f i c a t i o n i s uncertain. The f i r s t S-wave 
a r r i v a l , which i s referred to as Sg, could be i d e n t i f i e d with 
certainty on comparatively few records. Where the two phases 
are clear, the Sg-Pg time corresponds to the epicentral dis­
tance to wit h i n approximately 15 km assuming that an Sg-Pg 
time of 1 second i s equivalent to a distance of 7.U km. On 
certain records, for example 6a i n Figure k, clearly defined 
pulses are present between Pg and Sg. I t notable that these 
pulses are either absent or considerably reduced i n amplitude 
i n the record 6c though the two records are otherwise i d e n t i -
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EVENT 
NUMBER 

DATE (1967) ORIGIN TIME 
hr min 

1a July 20 15 36 
1b 21 16 52 
2 25 11 20 
3 25 11 31 
1c 25 12 Ik 
k 26 19 k3 

26 22 00 
6a** 27 00 06 
6b 27 00 kl 
6c 27 00 50 
6d 27 05 32 
6e 27 06 58 
7 Aug k 10 32 
8a k 13 22 
8b 17 01 52 
9 28 08 13 

10 28 10 31 

* The U.S.C.G.S. data on th i s event are: Depth normal, 
o r i g i n time - 21 hr 59 min 50,2 sec, mg.(mb) = 4 . 1 , 
epicentre = 66,5°N, 17.1°W. 

** These events are foreshocks and aftershocks of a 
larger event f o r which the U.S.C.G.S. reported the 
following data: Depth normal, o r i g i n time = 05 hr 
17 min 54.0 sec, mag,(mb) = 5.0, epicentre = 
64,0°N, 20,7 W, 
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c a l . Both records are from events which are clearly part of 
a foreshock-aftershock sequence about a larger event which 
was reported by the U.S.C.G.S. (Table l ) . The differences 
between the records obtained from events i n the sequence may 
provide a valuable clue to the variation i n t h e i r focal depths. 

With the exception of six small events, which appear to 
originate w i t h i n 7 km of Hveravellir, a l l the events which 
were recorded and for which Sg-Pg times are known, originate 
at distances between 65 km and 230 km from Hveravellir. A l l 
of these events presumably occur within the main earthquake 
zones. The majority of lo c a l events recorded by the array 
occurred during the early stages of the experiment when the 
array was incomplete. Consequently, comparatively few records 
are suitable f o r array processing techniques. 

An unsuccessful attempt was made to v e l o c i t y - f i l t e r the 
records from eight l o c a l events which were recorded at 
Hveravellir, This was done lasing the analogue equipment at 
the U.K.A.E.A. Laboratory at Blacknest. The equipment i s not 
e n t i r e l y suitable f o r use with the Iceland data. As the 
equipment i s intended for use with data from larger arrays, 
the delay increments v/ere too large to permit accurate phasing 
on the Iceland data. Although the correlator outputs did 
vary according to the phasing conditions, the correlator res­
ponse was very poor and i n some instances apparent velocities 
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of 1̂4- km/sec were indicated f o r f i r s t a r r i v a l s , 
A preliminary onset-time analysis was made using f i r s t -

a r r i v a l data from the eight events which were velocity-
f i l t e r e d . The analysis was made using a computer program 
which was rxm at Blacknest by Mr. D. Corbish]^. Corrections 
fo r the variations i n p i t heights were madeusing 2 km/sec f o r 
the v e l o c i t y of the uppermost layer. A l l the events occurred 
at epicentral distances of at least 100 Ion from Hveravellir 
so a f i r s t a r r i v a l with an apparent vel6city of 6.7~7.k km/sec 
would be expected. The epicentres of three of the events 
which were analysed are shown i n Figure 3; these are events 
8b, 9 and 10 and they gave apparent ve l o c i t i e s of 9.0, 9.6 

and 7.8 km/sec respectively. There are discrepancies between 
the event azimuths as measured from the map i n Figure 3 and 
those determined from onset-time analysis of + 2 ° , +15° and 
+12° f o r events 8b, 9 and 10 respectively. These errors may 
be explained i f the epicentres are located too f a r east by up 
to 25 km. The apparent ve l o c i t i e s are bbviously^too large and 
cannot be reasonably explained e n t i r e l y on the basis of a 
dipping r e f r a c t o r . They are probably due to non-uniform 
strata i n the neovolcanic zone and beneath the array. The 
other events which were analysed gave apparent velocities 
between 6.3 and 7.5 km/sec. One of these originated near 
epicentre 6 on Figure 3 and the others originated i n the North 
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of Iceland near epicentres h and 5. There appears to be no 
correlation between the azimuth, and the epicentral distance 
of the event, and the apparent velocity of the a r r i v a l s . A l ­
though the apparent v e l o c i t i e s determined f o r the second group 
of events are reasonable, they are probably affected by the 
structure beneath the array and therefore they do not neces­
s a r i l y represent the velocity of the refractor. A m u l t i ­
channel playout of one of the northern events which was onset-
time analysed i s contained i n the w a l l e t at the back of t h i s 
thesis. The horizontal channels show the S-wave phases with 
unusual c l a r i t y . 

I t i s clear that the veloci t i e s and azimuths obtained 
from the processed data are unreliable f o r the determination 
of ref r a c t o r v e l o c i t i e s or event azimuths. Nevertheless, the 
use of a computer v e l o c i t y - f i l t e r i n g program, operating on 
d i g i t i s e d data from the array, may enable di f f e r e n t phases to 
be recognised on the records. In con;)iinction v/ith accxirate 
epicentral locations, found by using the absolute a r r i v a l 
times of phases recorded at the various stations i n Iceland, 
the a r r i v a l times of d i f f e r e n t phases on the array records 
may be used to v e r i f y models f o r the crustal structure. 
A l t e r n a t i v e l y , a crustal structure could be assumed (e.g. 
Bath's structure. Fig. 2) and then the focal depths of the 
earthquakes could be investigated using array data on the 
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basis of the a r r i v a l times of Pn, Pg and Sg, using, f o r 
example, the method described by Thirlaway (1961) or 
Greensfelder (1965). This could be supplimented by using 
other phases such as the pulses on the record 6a which prob­
ably correspond to re f l e c t i o n s within the crustal layers. 

Sixteen teleseismic events were recorded by the 
Hveravellir array; seven of these were also recorded by the 
Myvatn array. The majority of these events provided clear 
records at both stations. A multi-channel playout of records 
obtained at Hveravellir from a magnitude 6,0 event at Honshu 
is i n the wallet at the back of t h i s thesis. Because of un­
known clock errors, only four of the events recorded at 
Hveravellir could be used f o r P-wave delay measurements and 
none of the Myvatn records could be used. No S-waves were 
detected at either station from any of the teleseismic events 
recorded. 

To summarise, we may say that many useful data were 
obtained from the Iceland experiment. The teleseismic data 
have been used to measure P-wave onset times which show 
cle a r l y that delays do occur beneath Iceland and that they are 
not due to late reading of the onsets. The data on local 
events are probably unique since the records obtained show 
more d e t a i l , i n terms of subsidiary phases, than i s revealed 
by the records from the local stations which are produced v/ith 
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a scale of 1 mm per second. Further, the appearance of v a r i ­
ous phases on the array records can be enhanced by means of 
array processing techniques. 



CHAPTER 3 

(3.1) P-wave delays; Introduction 
The t r a v e l time residuals r e l a t i v e to the Jeffreys-

Bullen t r a v e l time tables (Jeffreys and Bullen, ^^kO), were 
measured f o r teleseismic P-waves recorded at Reykjavik i n 
Iceland by Tryggvason (196U). By comparing the residual at 
Reykjavik with the residual which he measured for Kiruna i n 
Sweden, Tryggvason deducted that the difference i n residuals 
was consistent with an extension of the 7.4 km/sec layer to 
a depth of 240 km beneath Iceland. I t has been shov/n that 
the J-B t r a v e l time tables have the wrong shape, i n the region 
of i n t e r e s t , which could lead to residual differences of the 
order of one second (Carder 196U, Carder et a l I966, Cleary 
and Hales 1966, Herrin et a l 1968, L i l f w a l l ajid Douglas 1969). 

Thus part of the residual difference measujred by Tryggvason 
may be due to incorrect t r a v e l time tables. Further, i t has 
been suggested that the large residual measured by Tryggvason 
f o r Reykjavik may be due to the onsets being obscured by the 
high l e v e l of microseismic background noise (Stefahsson, I967). 

The work, presented here i s a re-evaluation of the measure­
ments made by Tryggvason, using a more refined analysis of the 
data from a wider range of stations and incorporating correc­
tions to the J-B tables. Further, the use of processed data 
from an array s t a t i o n i n central Iceland, and data from the 
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U.S.C.G.S. station at Almreyri, which operates at more than 
eight times the gain of Reykjavik, may permit a more accurate 
detection of onsets than at Reykjavik. Relative residuals 
are measured at pairs of stations by comparing the onset times 
of events recorded at each sta t i o n . The events used are i n 
the distance range kO to 90 degrees from Iceland. 

The method employed here attempts to separate from the 
gross t r a v e l time residuals the r e l a t i v e delays between 
stat i o n pairs caused by the d i f f e r e n t crust and upper mantle 
structure beneath each st a t i o n . Delays are measured at 
Akureyri (AKU) i n Iceland, Eskdalemuir Array station (EKA) i n 
Scotland, Kiruna (KIR) i n Sweden and at Kaptobin (KTG) i n 
Greenland. To estimate the variation i n delay over Iceland, 
delays at Reykjavik and Sida are compared with those at 
Akureyri, A further comparison i s made betv/een delays obtained 
using processed data from the array stations at Hveravellir 
i n central Iceland and at Eskdalemuir. (The Icelandic stations 
are marked on the map i n Figure 1 and the others are shown i n 
Figure 6 ) , The r e l a t i v e delays presented here are interpreted 
i n terms of the structure beneath Iceland. 

(3,2) The reduction of P-wave travel time residuals to 
obtain r e l a t i v e s t a t i o n delays 

The delay time, Ts, ari s i n g from the ajiomalous structure 
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FIG. 6 AZIMUTHAL GREAT CIRCLE PROJECTION CENTRED 
ON AKUREYRI RADIAL DISTANCE =90- DISTANCE AND 
AZIMUTH ARE CORRECT FROM AKUREYRI 

= MAJOR EARTHQUAKE ZONE 
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beneath the recording s t a t i o n , i s incorporated i n the tra v e l 
time residual, R. We define the tr a v e l time residual as the 
difference betv/een the observed and the expected tr a v e l times, 
i . e . , 

R = observed t r a v e l time - expected tr a v e l time (1) 

We may express the residual, R, i n more d e t a i l as the 
sum of f i v e terms: 

R r Ts + To + Te + Tt + E (2) 

Where, To arises from errors i n the assumed focal data. 
Incorrect focal data, p a r t i c u l a r l y incorrect epicentres, 
arise from a non-sjrmmetrical d i s t r i b u t i o n of the stations 
used i n the event location, combined with errors i n the 
tr a v e l time tables used i n the location. Further errors 
may arise from station delay times. These may both lead 
to systematic errors i n R since most earthquakes i n a 
given distance range from any station tend to come from 
a single seismic region. The term To may d i f f e r f o r t?/o 
earthquakes from the same epicentre i f they originate at 
d i f f e r e n t depths or i f they are of dif f e r e n t magnitudes, 
since they may then be recorded by a di f f e r e n t selection 
of stations. 

Te i s the effect of anomalies i n the crust and upper mantle 
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i n the region of the earthquake. 
Tt i s the error i n the calculated t r a v e l times resulting from 

errors i n the t r a v e l time tables. 

and 
E represents errors which may arise from poor timing and mis­

reading of the seismogram. 
The effects of To and Te can be greatly reduced by direct 

measurement of the r e l a t i v e residual as the difference betv/een 
the residuals measured at two stations observing the same 
event. The residual difference i s then the result of the 
subtraction of two equations of the above type (eqn.2) so that 
the r e l a t i v e s tation delay (Ts - Ts') i s contaminated vdth 
difference terms i n To, Te, Tt, and E. 

In the case of errors due to uncertainties i n the source 
parameters (To - To'), i t i s clear that the effect of an error 
i n the o r i g i n time cancels from the difference equation, but 
t h i s i s not true of errors due to incorrect epicentres and 
incorrect focal depths. The delays measured here are calcu­
lated r e l a t i v e to those at Akureyri, The distance from 
Almreyri i s largest f o r Eskdalemuir (approx, 13.5 deg) and 
Kiruna (approx, 17 deg), whereas the minimum epicentral d i s ­
tance (measured from Akureyri) is kO degrees. \7e can calcu­
l a t e the approximate effect of errors i n epicentral positions 
and f o c a l depths assuming that the station at which delays 
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are measured r e l a t i v e t o Akureyri i s 15 degrees from A k u r e y r i . 
The e r r o r i n the r e l a t i v e delay caused "by err o r s i n the 

f o c a l depth depends on the e p i c e n t r a l distance to the r e f e r ­
ence s t a t i o n and on the f o c a l depth; f o r a given depth e r r o r , 
the e f f e c t on the r e l a t i y e delay will be. greatest f o r deep 
and near events (though the v a r i a t i o n s are small f o r the 
events used here). For an e r r o r o f 50 km i n a quoted depth 
of 50 km, f o r an event at 50 and 65 degrees from the observing 
s t a t i o n s , the e r r o r i n the r e l a t i v e delay v / i l l he approximately 
0.3 seconds. The e r r o r w i l l he zero i f the e p i c e n t r a l d i s ­
tances t o the two s t a t i o n s are the same. 

Consider the e f f e c t on the r e l a t i v e delay i f the e r r o r 
i n e p i c e n t r a l p o s i t i o n i s 25 km. I f ( a ) , the tr u e epicentre 
l i e s on the great c i r c l e b i s e c t i n g , and perpendicular t o , the 
l i n e j o i n i n g the two s t a t i o n s , then the maximum e r r o r i n r e l a ­
t i v e delay w i l l he caused when the epicentre i s displaced 
perpendicular t o the great c i r c l e . The e r r o r ? / i l l then vary 
from approximately 0.8 to 0.3 seconds as the e p i c e n t r a l d i s ­
tance v a r i e s from kO to 90 degrees. I f ( h ) , the tr u e epicentre 
l i e s on the great c i r c l e passing through the two s t a t i o n s , 
then the maximum e r r o r i n the r e l a t i v e delay w i l l he caused 
when the epicentre i s displaced along the great c i r c l e . This 
r e s u l t s from the d i f f e r e n c e i n the slope of the t r a v e l time 
curve at A deg and at A -̂  15 deg; t h i s w i l l cause an erro r 



40 

of approximately 0,3 seconds f o r observations "between 25 and 
95 degrees. Thus the maximum e r r o r i n the r e l a t i v e delay, 
which w i l l he caused hy an er r o r of 25 km i n the e p i c e n t r a l 
p o s i t i o n o f an event recorded at two s t a t i o n s 15 deg apart, 
w i l l range from 0,3 to 0.8 seconds. 

The r e s u l t s o f the Longshot explosion show t h a t the 
U.S.G.G.S. epicentres i n t h a t region are generally located 
approximately 25 km North of t h e i r t r u e p o s i t i o n s (Marshall 
et a l 1966). I n t h i s work, most of the earthquakes used 
o r i g i n a t e i n the North P a c i f i c and U.S.G.G.S, epicentres have 
heen assumed. I f the magnitude and d i r e c t i o n of the epicent­
r a l e r r o r s f o r the North P a c i f i c data are the same as those 
f o r the Longshot region, then the displacements are close t o 
the s t a t i o n h i s e c t o r s and the e r r o r s w i l l l a r g e l y cancel w i t h 
a r e s i d u a l e f f e c t on the r e l a t i v e delay prohahly not exceeding 
O.k seconds. 

Since the angles hetv/een rays to the s t a t i o n p a i r s used 
here are small, t h e i r paths are l i k e l y t o he sensihly egual 
at the source so t h a t the term (Te - Te') w i l l tend to zero 
i n the d i f f e r e n c e equation unless there i s a strong distance 
or azimuth dependency. 

The e p i c e n t r a l distances to each s t a t i o n i n a p a i r are 
r a r e l y egual and so e r r o r s i n the t r a v e l time tables (Tt - Tt') 
w i l l not n e c e s s a r i l y cancel. For t h i s work, the c a l c u l a t e d 
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t r a v e l times were taken from the Je f f r e y s - B u l l e n tables. 
Departures from these tables have been noted by several authors 
and apart from a base l i n e s h i f t , which cancels i n the d i f f e r ­
ence equation, t h e i r curves are cl o s e l y s i m i l a r (see references 
i n the i n t r o d u c t i o n to P-wave delays). Thus i n order t o m i n i ­
mise the er r o r due to the term (Tt - T t ' ) , the observed r e s i ­
dual d i f f e r e n c e s were corrected according t o the curve derived 
by H e r r i n et a l (1968) showing departures i n t r a v e l times from 
the J e f f r e y s - B u l l e n curve f o r a surface focus (Pig 7 ) . 
Herrin's curve was used here because i t appeared t o be the 
best-documented curve a v a i l a b l e at the time. The surface-
focus c o r r e c t i o n curve was used throughout. The c o r r e c t i o n s , 
which v/ere applied t o i n d i v i d u a l delay d i f f e r e n c e s , were taken 
to the nearest 0,1 second and they ranged between plus and 
minus 0,8 seconds. 

The reading e r r o r , E, can be large depending on the noise 
c o n d i t i o n s and on the nature of the a r r i v a l . I n order to 
remove the e f f e c t s of very l a r g e values of E, which may other­
wise contaminate the average r e s i d u a l d i f f e r e n c e between any 
s t a t i o n p a i r , the following procedure was adopted: F i r s t l y , 
r e s i d u a l d i f f e r e n c e s greater than ten seconds (of which there 
were two) were r e j e c t e d , secondly, f o r each s t a t i o n p a i r , 
values of r e s i d u a l d i f f e r e n c e greater than tv/o (Bessel-
corrected) standard deviations from t h e mean were r e j e c t e d . 
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I n t h i s way, approximately f i v e per cent of the data f o r each 
s t a t i o n p a i r were discarded; the remainderis r e f e r r e d to as 
c u l l e d data. 

Having thus reduced the data, we may use the average of 

many i n d i v i d u a l measurements of r e s i d u a l d i f f e r e n c e to obtain 

an estimate of the r e l a t i v e delay, (TS -T§'), due to the 

di f f e r e n c e s i n the crust and upper mantle beneath the two 

s t a t i o n s . I t may hov/ever s t i l l be perturbed by the various 

f a c t o r s i n the d i f f e r e n c e equation of which To (due to err o r s 

i n p o s i t i o n ) and Te ( due to anomalies at the source) w i l l 

probably be the gre a t e s t . 

The average delay d i f f e r e n c e s between s t a t i o n p a i r s were 

c o r r e c t e d , where necessary, f o r the e f f e c t s of s t a t i o n eleva­

t i o n according t o the equation: 

dt = dh[l/Vc Gos(ic) - Tan(ic)/Va] (3) 

Where: dt i s the e x t r a t r a v e l time due t o the s t a t i o n 

e l e v a t i o n h, 

i c i s the angle made by the ray at the base of the 

c r u s t . 

Va i s the apparent surface v e l o c i t y of the ray 

and Vc i s the c r u s t a l v e l o c i t y . 

This c o r r e c t i o n was made f o r delays at H v e r a v e l l i r (620m), 

Eskdalemuir (229m) and Kiruna (390m). The value used f o r Vc 

a* H v e r a v e l l i r was 3.0 km/sec (Tryggvason and Bath, I961). 
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For Eskdalemuir, Vc i s not known exactly though Agger and 
Carpenter i^^6k) assumed a v e l o c i t y of k,7 km/sec f o r the 
topmost l a y e r . This i s s i m i l a r to the values f o m d elsewhere 
o f f the coast around the B r i t i s h I s l e s ( B l u n d e l l and Parks, 
1967) and k,7 km/sec was assumed f o r Vc i n the height correc­
t i o n s f o r the delay times at Eskdalemuir, I n the absence of 
d e t a i l e d r e f r a c t i o n data, a value of U,7 Ion/sec was assumed 
f o r Vc at Klvvna, The c o r r e c t i o n i s only s i g n i f i c a n t f o r 
H v e r a v e l l i r , As the v a r i a t i o n i n dt w i t h e p i c e n t r a l distance 
i s s m all, the co r r e c t i o n s were c a l c u l a t e d to the nearest 0.05 

sec and then held constant f o r a l l distance ranges. The 
ac t u a l c o r r e c t i o n s used v/ere O.O5 sec, 0,07 sec and 0,2 sec 
f o r Eskdalemuirc;, Kiruna and H v e r a v e l l i r r e s p e c t i v e l y . 

(3.3) The data used i n t h i s study 
Delays r e l a t i v e to Akureyri (AKU) were measured f o r 

s t a t i o n s at Kiruna ( K I R ) i n Sweden, Kaptobin (ICTG) i n Greenland 
and f o r Eskdalemuir : Array S t a t i o n i n Scotland (Figure 6 ) . 

A d d i t i o n a l measurements were made at the I c e l a j i d i c s t a t i o n s 
at Sida (SID) and Reykjavik (REY) r e l a t i v e to delays at 
Akur e y r i (Figure 1). The data f o r these measurements were 
taken from the monthly s t a t i o n p i c k i n g l i s t s f o r I96U, 1966, 

1967 and 1968 up t o and i n c l u d i n g A p r i l , Calculated onset 
times were taken from a Gedess p r i n t o u t (Yoimg and Gibbs 
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1968) which was k i n d l y prepared by Mr. J. B. Young. These 
v/ere c a l c u l a t e d using U.S.C.G.S. f o c a l data, e l l i p t i c i t y 
c o r r e c t i o n s and J e f f r e y s - B u l l e n t r a v e l time t a b l e s . Only 
onsets which were reported as iP were used i n t h i s analysis; 
t h i s considerably reduces the amoimt of usable data from the 
Ic e l a n d i c s t a t i o n s and from Eskdalemuir,- A complete l i s t of 
the data f o r A k u r e y r i , Eskdalemuir, Kiruna and Kaptobin i s 
given i n Appendix 2, 

Delay measurements between-the array s t a t i o n s at 
H v e r a v e l l i r and Eskdalemuir were made using four teleseismic 
events which were recorded by both s t a t i o n s . D i r e c t comparison 
between H v e r a v e l l i r and Akureyri was impossible because of 
u n c e r t a i n t i e s i n the clock c o r r e c t i o n s at Akureyri while the 
H v e r a v e l l i r s t a t i o n was operating. 

The measurements between H v e r a v e l l i r and Eskdalerauir were 
made using the events l i s t e d i n Table 2, Onset times at 
Eskdalemuir were taken from phased and summed channels, using 
the analogue equipment at U.K.A.S.A. Blacknest, The 
Eskdalemuir onset times determined i n t h i s ?/ay were accurate 
t o w i t h i n 0.05 sec. Onset times at H v e r a v e l l i r were taken 
from summed channels w i t h no i n s e r t e d delays. H v e r a v e l l i r 
onsets taken from phased and summed channels (using the ana­
logue equipment at U.K.A.E.A. Blacknest) gave s i m i l a r r e s u l t s 
w i t h the onset apparently s l i g h t l y l a t e r by approximately 
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0. 1 seconds. 
The records of the a r r i v a l s used at H v e r a v e l l i r are 

shown i n Figure 8 where the top trace i n each p a i r i s the out­
put from an u n f i l t e r e d , s i n g l e , v e r t i c a l channel and the bot­
tom tr a c e i s the output from the unphased and u n f i l t e r e d sxm 
of N channels. The gains are s i m i l a r f o r each event, v/ith 
the single-channel record of event C, f o r example, represent­
ing a g a i n of approximately 30,000. The summed channels pro­
duced onsets which were c l e a r though not d i f f e r e n t from those 
which might be picked from single-channel records. However, 
the onsets on the summed channel records are unambiguous. 
The channels used f o r the summation 7/ere those which were 
closest t o the crossover p o i n t of the array; poor channels, 

1. e. those v/hich were very noisey or v/hich showed r i n g i n g , 
v/ere excluded from the sum. The onsets at H v e r a v e l l i r , v/hich 
v/ere taken from the summed channel records, are marked w i t h a 
dash i n Figure 8, These could be read to v/ithin 0.1 sec. 

A comparison between the waveforms recorded at each 
s t a t i o n showed t h a t , while the a r r i v a l s from common events 
were s i m i l a r , they were not s u f f i c i e n t l y a l i k e f o r a common 
pa r t of the waveform to be used f o r the measurement of r e l a ­
t i v e delays. This i s p a r t l y due to the dif f e r e n c e i n i n s t r u ­
ment response at the two s t a t i o n s and p a r t l y due t o the 
d i f f e r e n t crust and upper mantle s t r u c t u r e beneath the two 
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s t a t i o n s , 

(3 .^) Results o f the delay measurements 

Delays r e l a t i v e to Alcureyri at Eskdalemuir, Kiruna and 
Kaptobin are presented i n Tables 3, ^ and 5 as averages over 
10 degree i n t e r v a l s i n e p i c e n t r a l distance measured from 
A k u r e y r i , ( I n Tables 3, h, 5 and 6 the f o l l o w i n g n o t a t i o n i s 
used: n = number of observations, X = mean delay d i f f e r e n c e , 
0' = standard d e v i a t i o n , and cL = standard e r r o r on the mean). 
Most o f the data comes from the North P a c i f i c between Alaska 
and Japan and are not s u f f i c i e n t t o permit a separate consider­
a t i o n o f azimuthal v a r i a t i o n s i n delay. With the exception 
of measurements between H v e r a v e l l i r ajnd Eskdalemuir, a l l the 
data are c u l l e d according to the method described e a r l i e r . 
A l l estimates of e r r o r s are based on the c u l l e d data alone and 
are made according t o Bessel-corrected standard deviations 
(Moroney 1951). 

Figure 9 demonstrates c l e a r l y the s i m i l a r i t y i n delays 
at Akureyipi r e l a t i v e t o Eskdalemuir and Kaptobin i n the 50 t o 
80 degree distance range, and the apparent absence of distance/ 
azimuth v a r i a t i o n s over t h i s range. Relative t o Kiruna on 
the other hand, the delay i s somewhat l a r g e r between 50 and 
70 degrees but drops t o be sensibly equal i n the 70 t o 90 

degree range; t h i s drop appears to be. s i g n i f i c a n t at the 95% 
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TABLE 3 

Delay ( AKU - EKA ) 

A" n X <r A" sec 

80's k 1.83 0,93 0.U7 
70's 12 1,36 1,10 0.32 
60's 2k 1 M 0,69 0.11]. 
50's Ik 1 .U1 • 0,88 0.23 
kO's 12 1.76 0,71 0.21 
all 66 1.50 0.83 0.10 

TABLE h 

Delay ( AÎ U - KIR ) 

n X <r 
sec 

80's 7 1.48 0,73 0.28 
70's 2k 1,50 O.kQ 0.10 
60's 35 2,33 0.97 0.17 
50's 27 2,23 0.56 0,11 
UO's lil - 2,26 0.52 O.li^ 
a l l 107 2,05 0.72 0,07 



TABLE 5 
Delay ( AKU - KTG ) 

5 1 

n X 
sec 

<r 0̂  

80's k 0,80 0,39 0.20 
70's 15 1,38 0,61 0.16 
60's 20 1.53 0,82 0.18 
50's ^k 1.36 0,96 0.26 
kO's 5 0,66 0,59 0.26 
all 58 1,32 0.79 0.10 

TABLE 6 
Delay ( AKU - REY ) & Delay ( AKU - SID ) 

DELAY n X 
sec 

(A-R) 16 - .19 0.50 0,13 
(A-S) 2k 0.09 0,k3 0,09 

TABLE 7 
Delay ( HVR - EKA ) 

EVENT A'HVR D min D max 
sec sec 

A 63.3 ^.k 1.6 
B 69.8 i.k 1.U 
C 78.2 1.9 2.1 
D 71.5 1 .0 1.2 

a l l — 1.U 1.6 
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confidence l e v e l . I t i s c l e a r from the confidence l e v e l s 
shov/n on the f i g u r e t h a t most o f the observations belov/ 50 
degrees and above 80 degrees i n distance are not very s i g n i f i ­
cant by themselves; t h i s i s due t o the lack of data i n these 
distance ranges. 

The importance o f the accuracy of the t r a v e l time tables 
can be seen by comparing the above delays w i t h those deduced 
from the same data without applying Herrin's co r r e c t i o n s 
(Pig. 10). Marked d i f f e r e n c e s are seen between the r e l a t i v e 
delays at Eskdalemuir and at Kaptobin which vanish v-zhen the 
t a b l e c o r r e c t i o n s are applied. Furthermore, the s c a t t e r on 
the corrected data i s reduced. 

Delays at Reykjavic and Sida r e l a t i v e t o those at 
Aku r e y r i are shov/n i n Table 6, These are averaged over a l l 
distance and azimuth ranges because of the small amount of 
data a v a i l a b l e . I t may be seen tha t the delays are not 
s i g n i f i c a n t l y d i f f e r e n t from zero. 

Measurements of the r e l a t i v e delays between H v e r a v e l l i r 
and Eskdalemuir are shown i n Table 7 f o r the four teleseismic 
events which are l i s t e d i n Table 2. Errors here are due to 
possible t i m i n g e r r o r s at H v e r a v e l l i r and the delays are given 
accordingly as maximum and minimiim values. I f the maximum 
allowance i s made f o r pos s i b l e t i m i n g e r r o r s at H v e r a v e l l i r , 
then there i s a range i n the r e l a t i v e delay measurements of 
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at l e a s t 0 ,7 seconds f o r these four events. This i s outside 
the range of reading e r r o r s and i s u n l i k e l y t o t e accounted 
f o r hy e r r o r s i n the c a l c u l a t e d (and corrected) t r a v e l times. 
Therefore t h i s range o f values r e f l e c t s the inherent iincer-
t a i n t y i n r e l a t i v e delay measurements which may he caused hy 
(a) possihle m i s l o c a t i o n of the source, and (h) possible 
l a t e r a l v a r i a t i o n s i n the s t r u c t u r e "beneath the source region. 
Thus i t i s l i k e l y t h a t , however accurately the onsets may he 
determined, a s i n g l e r e l a t i v e delay measurement from one 
earthquake i s not r e l i a b l e to w i t h i n more than a few tenths 
of a second. 

The average delay d i f f e r e n c e betv/een H v e r a v e l l i r and 
Eskdalemuir of 1.5 seconds i s i n good agreement w i t h the 
value obtained f o r Alcureyri and Eskdalemuir. I t seems l i k e l y 
t h a t a delay of 1.5 seconds r e l a t i v e t o Eskdalemuir i s , w i t h i n 
the l i m i t s of e r r o r , constant over Iceland. 

The distance v a r i a t i o n i n the r e l a t i v e delay at Kiruna 
i s obviously caused e i t h e r by the source region or by the 
s t r u c t u r e beneath Kiruna. The l a t t e r explanation i s considered 
u n l i k e l y as the delay measurements over Fennoscandia made by 
other authors (e.g. Cleary and Hales, 1966) are f a i r l y con­
stant implying l a t e r a l homogeneity over the region. Therefore 
i t i s considered u n l i k e l y t h a t there are any l a t e r a l inhomo-
g e n e i t i e s beneath Kiruna which would cause the observed 
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change i n delay time ilvith distance and azimuth. A small 
change i n the r e l a t i v e delay w i t h distance i s expected i f 
Tryggvason's i n t e r p r e t a t i o n i s corre c t (see l a t e r and 
Appendix 3 ) , "biit t h i s should r e s u l t i n a drop i n the r e l a t i v e 
delay at Kiruna of only 0.1 seconds (approx.) "between 65 and 
75 degrees. Thus there i s an unexplained drop i n delay of 
0.7 seconds. 

I t has "been mentioned e a r l i e r t h a t e p i c e n t r a l e r r o r s 
can cause e r r o r s i n the bhserved delay d i f f e r e n c e . Thus i f 
the d i r e c t i o n or the magnitude of the e p i c e n t r a l e r r o r s 
changes f o r events more than 70 degrees from Akureyri then 
t h i s could cause a change i n the r e l a t i v e delay measured at 
Kiruna. However, there i s l i t t l e sign of such an e f f e c t on 

.the r e l a t i v e delays at Eskdalemuir where the change should 
be smaller hut o f the same s i g n . 

Most of the data used i n t h i s study come from earthquakes 
o r i g i n a t i n g near the i s l a n d arc st r u c t u r e s betv/een Alaska and 
Southern Honshu ( F i g . 6 ) . I t i s most probable t h a t these 
arcs are the surface features marking the down-thrusting of 
an oceanic p l a t e i n t o the upper mantle (Sykes 1966, Oliver 
and Isacks 1967> Isacks et a l 1968, Le Pichon 1968, Morgan 
1968) . This r e s u l t s i n an anomalous zone i n the mantle of 
the order o f 100 km i n width and extending to a depth of some 
700 km i n which the seismic v e l o c i t i e s may be higher than i n 
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the normal mantle by 1-2% ( O l i v e r and Isacks I 9 6 7 ) . As the 
earthquakes beneath the i s l a n d arcs appear to l i e above the 
anomalous zone, the s t r u c t u r e may r e s u l t i n azimuthal v a r i a ­
t i o n s i n t r a v e l times ( i n an i n v e s t i g a t i o n of the Longshot 
explosion, H e r r i n and Taggart (1968b) found an azimuthally 
dependent source term w i t h an amplitude of 1.3 seconds). 
The anomalous s t r u c t u r e may cause a non-zero value f o r the 
d i f f e r e n c e term Te - Te' thus producing an e r r o r i n the 
r e l a t i v e delay between the two s t a t i o n s . 

For example, i f rays t o Kiruna, from the more d i s t a n t 
events, are t r a v e l l i n g through normal mantle, while those to 
the other s t a t i o n s pass through the h i g h - v e l o c i t y p l a t e f o r 
500 km w i t h a v e l o c i t y increase of 1%, then the r e l a t i v e 
delay a t Kiruna would change by approximately 0 .5 seconds. 
Re l a t i v e delay measurements at Kiruna, from events at s i m i l a r 
distances but at d i f f e r e n t azimuths from A k u r e y r i , are too 
few t o enable t h i s hypothesis to be checked. 

The d i f f e r e n c e s i n the sub-I*Ioho v e l o c i t i e s beneath 
Kiruna and Eskdalemuir (Table 9) are consistent w i t h a d i f ­
ference between the r e l a t i v e delays at the two s t a t i o n s and 
i t i s considered t h a t 2 .3 seconds i s the more l i k e l y value 
f o r the delay at Akureyri r e l a t i v e to Kirima. The general 
consistency of the delay times at the other s t a t i o n s suggests 
t h a t t h i s e f f e c t only occurs f o r the Kiruna data. 
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( 3 . 5 ) Comparison w i t h other delay time measurements 

Delay times f o r some of the s t a t i o n s used here, and f o r 
the Greenland s t a t i o n at Scoresbysund - which i s very close 
to Kaptobin - have been measured by several workers (Cleary 
and Hales 1966, H e r r i n and Taggart 1968a, Tryggvason ̂ 96k), 

Unlike those o f the other authors, the delays measured by 
H e r r i n and Taggart are given i n the form of A -f- B Sin 
(azimuth + E) where A i s the 'baseline' delay and the second 
term depends on the azimuth of the source from the s t a t i o n . 
For Reykjavik and Kaptobin, the second term i s sensibly egual 
f o r each s t a t i o n (B = 0 .59 and 0.k6 r e s p e c t i v e l y ) and zero 
f o r events from due North. For Kiruna the azimuth v a r i a t i o n 
i s small (B = 0 , 1 9 ) and approximately 180 degrees out of 
phase w i t h t h a t f o r Reykjavik and Kaptobin. I n order t o make 
a comparison w i t h the measurements presented here, only the 
'baseline' delays given by H e r r i n and Taggart are considered. 

The r e s u l t s of the various delay time measurements, 
expressed as delay d i f f e r e n c e s , are given i n Table 8 . (N 
r e f e r s t o the minimum number of observations used i n each 
s t a t i o n p a i r ) . I t can be seen tha t \7ith the exception of 
Cleary and Hales measurements, which are based on only f i v e 
observations at Reykjavik, the general agreement i s good. 
The agreement w i t h H e r r i n and Taggarts' values i s the best. 
Assuming t h a t the delay d i f f e r e n c e between Reykjavik and 
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SOURCE STATIONS DELAY 
sec 

n 

M.M. ( i | 0 ° - 7 0 ^ ) 

M.M. ( 7 0 ° - 9 0 ° ) 

M.M. ( U 0 ° - 9 0 ° ) 

Tryggvason 

H e r r i n and Taggart 

Cleary and Hales 

AKU 

AKU 

AKU 

REY 

REY 

REY 

KIR 

KIR 

KIR 

KIR 

KIR 

KIR 

2.3 

1.5 

2.1 

2.9 

2.3 

1 .0 

76 

31 

107 

9^ 

26 

5 

M.M. 

Tryggvason 

H e r r i n and Taggart 

H e r r i n and Taggart 

Cleary and Hales 

AKU 

REY 

REY 

REY 

REY 

KTG 
SCO 
KTG 
SCO 
SCO 

1.3 

1.7 

1.3 

1.0 

.5 

58 

26 

19 

26 

5 
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Akureyri i s zero, then i t appears t h a t 2 .3 seconds i s the 
most l i k e l y value f o r the delay d i f f e r e n c e (AKU - KIR) r a t h e r 
than the value of 1.5 seconds which was measured here f o r 
distances between 70 and 90 degrees. The assumption t h a t 
the delay d i f f e r e n c e {AKU - REY) i s zero i s supported by the 
agreement between the value reported here f o r the delay d i f ­
ference (AKU - KTG) and t h a t reported by Herrin and Taggart 
f o r the delay d i f f e r e n c e (REY - KTG). 

Both the r e s u l t s reported here, and those obtained by 
H e r r i n and Taggart, suggest t h a t t h e r e l a t i v e delays obtained 
by Tryggvason may have been s l i g h t l y overestimated. 

( 3 . 6 ) I n t e r p r e t a t i o n of the delay times 

The r e l a t i v e delay times between s t a t i o n s can be i n t e r ­
preted i n terms of the d i f f e r e n c e s i n the crust and upper 
mantle s t r u c t u r e beneatli the s t a t i o n s . For c e r t a i n regions 
delay times have been explained i n terms of c r u s t a l s t r u c t u r e 
alone (Barr and Robson 1 9 6 3 ) . I n t h i s case, an i n t e r p r e t a t i o n 
i n terms of the c r u s t a l s t r u c t u r e alone i s impossible. The 
c r u s t a l s t r u c t u r e s beneath Iceland, Eskdalemuir and Kirxina 
(Table 9 ) are known i n some d e t a i l and i t i s c l e a r t h a t the 
r e l a t i v e l y t h i n , h i g h - v e l o c i t y crust beneath Icela j i d should 
lead t o negative delay times. Thus the delay i n Iceland must 
be due to a mantle anomaly. A unique i n t e r p r e t a t i o n cannot 
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be made on the basis of the data presented here as i t i s 
impossible t o d i s t i n g u i s h the e f f e c t of a change i n layer 
thickness from t h a t of a change i n layer v e l o c i t y . Hov/ever, 
Tryggvason (1964) has suggested a method of i n t e r p r e t a t i o n 
which makes the assumption t h a t the sub-Moho v e l o c i t y beneath 
each s t a t i o n remains constant down to some common depth, H. 

Using Tryggvason's method, the delays at Akureyri r e l a ­
t i v e t o Eskdalemuir and Kiruna have been used t o determine 
the depth t o the base of the 7 .4 layer beneath Iceland. The 
d e r i v a t i o n s of the equations used i n t h i s method are given 
i n Appendix 3 . The c a l c u l a t i o n s were made using the c r u s t a l 
s t r u c t u r e s given i n Table 9 f o r Iceland (Bath, I 9 6 O ) , 

Eskdalemuir (Agger and Carpenter, 196U) and Kiruna (Tryggvason 
1961b) where He = the c r u s t a l thickness, Vc = the c r u s t a l 

v e l o c i t y and Vm = the sub-Moho v e l o c i t y . 

The depths, H, are shown i n Table 10 f o r observations 
i n each 10 degree i n t e r v a l where the e r r o r oc corresponds t o 
the standard e r r o r i n the mean of the r e l a t i v e delay i n each 
distance i n t e r v a l . I t can be seen t h a t , w i t h the exception 
of delays r e l a t i v e to Kiruna betv/een 70 and 90 degrees, which 
are regarded as i n c o r r e c t , the values of H f o r both the 
Eskdalemuir and the Kiruna data are i n good agreement. The 
mean value of H, taken from the weighted averages of the 
values from the i n d i v i d u a l cells' i s 200 km. (Excluding data 
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TABLE 9 

Region :- ICELAND ESKDALEMUIR KIRUNA 

He km. 18 25 35 

Vc km/sec 6 .7 6 .12 6 .2 
Vm km/sec y.i^ 8^0 8.36 

TABLE 10 

A " STATIONS X n H oC 
sec km Kiv\ 

8 0 ' s AKU - EKA 1,83 k 2^0 k2 
7 0 ' s 1,36 12 191 29 
6 0 ' s 1 ,U5 2k 195 12 
50 ' s 1 ,^1 1U 186 19 
^O's 1.76 12 211 17 

8 0 ' s AKU - KIR 1.U8 7 167 19 
7 0 ' s 1.50 2k 165 6 

6 0 ' s 2.33 35 207 10 
5 0 ' s 2.23 27 198 6 
UO's . 2.26 1U 19^ 7 

For AKU - EKA mean H = 197 km ( a l l A ) 
AKU - KIR mean H = I65 km ( A = 7 0 ° - 9 0 ° ) 
AKU - KIR mean H 0 202 km ( A = kO°-60°) 

(Using mean H = ^ nH/ £ n) 
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from Kiruna between 70 and 90 degrees and t a k i n g mean H = 

^ nH/£n). The e f f e c t of e r r o r s i n e p i c e n t r a l p o s i t i o n may 

a l t e r H by i 25 kms. 
I f the c a l c u l a t i o n s are repeated using delays at 

Eskdalemuir or Kiruna r e l a t i v e to Reykjavik, Sida or 
H v e r a v e l l i r , then H i s changed by less than 20 km, though 
t h i s v a r i a t i o n i n H i s probably not s i g n i f i c a n t . As one 
would expect from the d i f f e r e n c e i n delay times, the value of 
H c a l c u l a t e d here i s less than the 240 km calculated by 
Tryggvason. The r e s u l t s obtained here are i n good agreement 
w i t h those obtained by Francis (1969) from dt/dA measurements 
f o r the axis of the Mi d - A t l a n t i c Ridge near Iceland. Francis 
i n t e r p r e t e d h i s data i n terms of a l i n e a r increase of v e l o c i t y 
w i t h depth which r e s u l t e d i n a geometric mean v e l o c i t y of 
7.38 km/sec f o r the uppermost 200 km. 

The delays r e l a t i v e t o Kaptobin cannot be i n t e r p r e t e d 
d i r e c t l y as we have no knowledge of the c r u s t a l s t r u c t u r e 
beneath the s t a t i o n . However, the s i m i l a r i t y of the r e l a t i v e 
delays at Kaptobin and Eskdalemuir may i n d i c a t e a s t r u c t u r a l 
symmetry i n a northwest-southieast d i r e c t i o n about Iceland. 
As i t i s most probable t h a t Greenland and Europe were part of 
one land mass before c o n t i n e n t a l d r i f t took place (Einarsson 
1967) , such a symmetry might be expected. I t i s notable t h a t , 
w hile delay times at Kaptobin are t y p i c a l of a t e c t o n i c 
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r e g i o n , those at Nord i n the northeast and at Godhavn i n the 
v/est of Greenland are t y p i c a l of a s h i e l d region (Cleary and 
Hales 1966, H e r r i n and Taggart 19680). 

The i n t e r p r e t a t i o n o f the r e l a t i v e delay times i n terms 
of a constant mantle v e l o c i t y to a common depth i s probably 
an o v e r s i m p l i f i c a t i o n . The delay times 'basically r e f l e c t the 
d i f f e r e n c e s between the upper mantle s t r u c t u r e s beneath ocean 
ridges ( I c e l a n d ) , t e c t o n i c regions (Eskdalemuir and probably 
Kaptobin) and shiel d s ( K i r u n a ) . Consistent r e g i o n a l trends 
i n delay times measured by other authors (Cleary and Hales 
1966, H e r r i n and Taggart I 9 6 & ) show t h a t P-wave a r r i v a l s are 
e a r l y i n s h i e l d and l a t e i n t e c t o n i c regions. Apart from 
I c e l a n d i c delays, data on ocean ridges are sparse. T/hile 
data on the P-wave v e l o c i t y s t r u c t u r e of the upper mantle i s 
incomplete, a f a i r l y d e t a i l e d p i c t u r e of the shear v e l o c i t y 
s t r u c t u r e i s presented from Love ?/ave dispersion data. 
Figure 11 shows the oceanic, t e c t o n i c and s h i e l d models of 
the mantle derived from Love wave data by Toksoz et a l ( 1 9 6 7 ) . 

I t i s cl e a r t h a t the main d i f f e r e n c e s between the regions 
are i n the structure, of the l o w - v e l o c i t y zone ( l . v . zone) i n 
the upper-most 350 km. The l . v . zone i s shallower and more 
pronounced under oceans than elsewhere. The " l i d " on the l . v . 
zone becomes t h i c k e r and higher i n v e l o c i t y as we progress from 
ocean t o tec t o n i c to s h i e l d . The v e l o c i t i e s i n the l . v . zone 
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also show a progression to higher values beneath shields and 
the depth t o the top of the zone decreases from about 120 km 
beneath shields to about 80 km beneath oceans, v/hile the 
t e c t o n i c mantle represents an intermediate s i t u a t i o n . 

We may use the shear-wave v e l o c i t y models i n Figure 11 

to o b t a i n the approximate P-v/ave delays f o r s t a t i o n s on 
oceanic, t e c t o n i c and s h i e l d regions caused by differences i n 
the low v e l o c i t y zone i n the uppermost 350 km. Taking the 
models i n Figure 11 and assuming th a t the r a t i o djp r 1.76 

(Anderson and Toksoz I963) and superimposing the c r u s t a l 
s t r u c t u r e f o r Iceland, Eskdalemuir and Kiruna we can c a l c u l a t e 
the r e l a t i v e delay times f o r v e r t i c a l P-wave a r r i v a l s . 
Modifying the oceanic model f o r Iceland so t h a t the low-
v e l o c i t y spur extends to the base of the c r u s t , v/e derive the 
sub-moho v e l o c i t i e s 7 . 6 4 , 8,Z6 and 8,0^ km/sec f o r Iceland, 
Kiruna and Eskdalemuir r e s p e c t i v e l y . Considering the s t r u c ­
tures down t o 350 ion, we derive the r e l a t i v e delay times: 
(AKU-EKA) = 0 . 5 sec and (EKA-KIR) = 0 . 6 sec. For the model 
c a l c u l a t e d e a r l i e r , using Tryggvason's method, the r e l a t i v e 
delay times f o r v e r t i c a l a r r i v a l s are: (AKU-EKA) = 1.2 sec 
and (EKA-KIR) = 0 . 6 sec. 

I t i s c l e a r t h a t the Eskdalemuir and Kiruna delays are 
reasonably w e l l s a t i s f i e d by the model, yet the Icelandic 
delay i s too small even a f t e r modifying the oceanic curve to 



6 7 

continue the l o w - v e l o c i t y spur to the base of the c r u s t . The 
assumption of a constant r a t i o of o(.J/S f o r a l l regions i s prob­
ably i n c o r r e c t b u t , w i t h the l i k e l i h o o d of p a r t i a l f u s i o n 
w i t h i n the oceanic mantle, which v/ould a f f e c t ^ more d r a s t i ­
c a l l y than oC , the Icel a n d i c delay c a l c u l a t e d above i s prob­
ably overestimated. ( I f we consider the d i f f e r e n c e i n s t r u c ­
t u r e below 350 Ion, v/here i n Figure 11 the oceanic v e l o c i t i e s 
are higher than those f o r t e c t o n i c and s h i e l d regions, then 
the f i t t o the data i s made worse.) Therefore the mantle 
beneath Iceland must be considerably modified from the s t r u c ­
t u r e i n d i c a t e d f o r oceanic regions i n order to explain the 
observed delay times. 

( 3 . 7 ) Gravity and seismological data on the mantle beneath 
Iceland 

I n order t o evaluate possible mantle models to explain 
the anomalous s t r u c t u r e beneath Iceland, i t i s necessary to 
consider the g r a v i t y and the seismic data together as t h i s 
puts an a d d i t i o n a l c o n s t r a i n t on the s o l u t i o n . 

Therarguments o u t l i n e d i n the f i r s t p a r t of t h i s section 

c l o s e l y f o l l o w those given by Bott (1965a, 1965b). The aver­

age Bou^r anomaly i n Iceland i s +15 mgal (Einarsson 195^). 

I f the upper mantle beneath Iceland were normal, t h i s v;ould 
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suggest t h a t the Icel a n d i c crust i s of c o n t i n e n t a l thickness. 
However, seismic evidence suggests t h a t the crust i s only 
about 17 km t h i c k and t h a t i t has a high average P-wave 
v e l o c i t y (Stefansson I 9 6 7 ) . Combining these observations, 
Bott suggests t h a t the upper mantle beneath Iceland possesses 
an anomalously low density which con t r i b u t e s a g r a v i t y anomaly 
of about -250 mgal. This could be caused by a reduction i n 
density of O.O3 g/cm^ extending over a v e r t i c a l thickness of 
at l e a s t 225 km, or 0 .3 g/cm^ over at l e a s t 23 km. 

Thermal expansion and changes i n the depth of such phase 
changes as b a s a l t - e c l o g i t e appear t o be inadequate as an 
explanation of the low-density mantle and the hydration o f 
o l i v i n e to low-density serpentine i s p r o h i b i t e d by the high 
geothermal gradient of Iceland. The empir i c a l r e l a t i o n s h i p s 
between P-wave v e l o c i t y and density suggest t h a t a v e l o c i t y 
of 7 .4 km/sec implies a density which i s at lea s t 0.15 g/cm̂ ^ 
lower than the average f o r the topmost mantle. I f t h i s were 
spread over a v e r t i c a l extend of 200 km, i n accordance v/ith 
the delay time requirements, i t vrould cause a mass def i c i e n c y 
of more than f o u r times the necessary value. This suggests 
t h a t the low density i s not caused by common rock types v/ith 
r e l a t i v e l y low de n s i t y . The remaining explanation i s t h a t 
the low-density and the l o w - v e l o c i t y upper mantle i s the 
r e s u l t of x ^ a r t i a l f u s i o n . 
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As Iceland o v e r l i e s , or i s part o f , the Mid-Atlantic 
Ridge, then on the convection current hypothesis, i t o v e r l i e s 
an u p r i s i n g convection c e l l (Bott 1967, Oxburgh and Turcotte 
1968) , P a r t i a l f u s i o n i n the upper mantle i s most l i k e l y t o 
occur i n an u p r i s i n g convection c e l l as the temperatures are 
highest there f o r any given depth. Taking the minimum estimate 
of the d i f f e r e n c e between the adiabatic and fu s i o n gradients 
as 1.0 ° C/km, the s p e c i f i c heat as 1.2 J/g and the heat of 
f u s i o n as ̂ 4-00 J/g, Bott (1965b) c a l c u l a t e d t h a t the amount of 
f u s i o n possible i n a '33 1 ^ r i s e i s 10^. The magma produced 
i n t h i s way would tend t o r i s e towards the surface owing to 
i t s low density thus forming a network of dykes and magma 
chambers i n the layer o v e r l y i n g the convection c e l l , so the 
mass d e f i c i e n c y i s probably p a r t l y w i t h i n the topmost p a r t of 
the u p w e l l i n g convection current and p a r t l y w i t h i n the over­
l y i n g l a y e r where i t may b u i l d up to a s u b s t a n t i a l f r a c t i o n 
l o c a l l y . 

Experiments by Daly (19^+) show t h a t basalt undergoes a 
reduct i o n i n density o f approximately ^Qffo or 0 .3 g/cm^ on 
f u s i o n . As the fused f r a c t i o n of an u l t r a b a s i c parent rock 
i s l i k e l y t o undergo a s i m i l a r reduction i n density, then a 
fused f r a c t i o n on 10% w i l l cause an o v e r a l l reduction i n den­
s i t y of 0 .03 g/cm-̂ . Extending over a depth of 200 km t h i s i s 
s u f f i c i e n t t o account f o r the observed g r a v i t y . Thus the 
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p i c t u r e which emerges i s t h a t the g r a v i t y anomaly i n Iceland 

i s caused p r i m a r i l y by the reduction i n density of the upper 

mantle due to p a r t i a l f u s i o n . ( S i m i l a r l y , p a r t i a l f u s i o n 

provides an a t t r a c t i v e mechanism t o explain the u p l i f t of 

ocean ridges elsewhere.) 

The e f f e c t of p a r t i a l f u s i o n on v e l o c i t y i s d i f f i c u l t t o 
evaluate. Generally, seismic v e l o c i t i e s w i l l be lowered 
though the e f f e c t on the shear v e l o c i t y w i l l be greatest so 
the r a t i o rty/S w i l l be increased (Oxburgh and Turcotte I 9 6 8 ) . 

Expressions f o r the e l a s t i c moduli of two-phase ( a l l s o l i d ) 
m a t e r i a l s have been derived by Hashin (1966) and by VJn (1968) . 

Walsh (1968) has examined the problem of the e f f e c t of p a r t i a l 
m e l t i n g on at t e n u a t i o n using Wu's equations and s u b s t i t u t i n g 
a complex f u n c t i o n of v i s c o c i t y f o r the r i g i d i t y of the l i q u i d 
phase. Using Walsh's equations i t i s possible t o obtain an 
expression f o r P-wave v e l o c i t y as a f u n c t i o n of the melt con­
c e n t r a t i o n . Using values of bulk modultis, r i g i d i t y and den­
s i t y given by Bu l l e n (1963) corresponding t o a P-wave v e l o c i t y 
of 7 .95 km/sec, and t a k i n g the v i s o o c i t y of the melted f r a c t i o n 
as 10 dynes sec/cm and the bulk modulus as 10 dynes/cm , 
then a f u s i o n f r a c t i o n of 10% r e s u l t s i n a reduction of the 
P-wave v e l o c i t y to approximately 6 .5 km/sec f o r a Icps a r r i v a l . 

However, the r e s u l t i n g P-wave v e l o c i t y depends very much 
on the value chosen f o r the v i s c o c i t y of the l i q u i d p|iase. 
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Measurements on s i l i c a t e - w a t e r systems vary from lo''^ dyne 

sec/cm^ at 635°C and n e a r l y zerooH^O, t o 10^ dyne sec/cm^ at 

a"bout 800°C and 6% K^^ (Shaw I 9 6 3 ) . Further complications 

a r i s e from the p o s s i l D i l i t i e s of d i f f e r e n t d i s t r i h u t i o n s of the 

melt w i t h i n the s o l i d phase as these can r e s u l t i n d i f f e r e n t 

e f f e c t i v e e l a s t i c constants f o r the same melt concentration. 

While i t appears t h a t p a r t i a l f u s i o n i n the mantle he-

neath Iceland can r e s u l t i n a marked reduction of the P-wave 

v e l o c i t y , v/ithout more d e t a i l e d i n f o r m a t i o n on the e l a s t i c 

p r o p e r t i e s of fused mantle m a t e r i a l and on i t s d i s t r i h u t i o n 

w i t h i n the s o l i d , i t has not "been found possihle t o f i n d a 

d e f i n i t e r e l a t i o n s h i p "between v e l o c i t y and the concentration 

of the melt phase. 

( 3 . 8 ) Discussion 

A model f o r the upper mantle beneath Iceland w i t h p a r t i a l 
f u s i o n as the dominant cause of the low v e l o c i t y and the low 
d e n s i t y , is i n keeping w i t h the r e s u l t s of other workers i n 
s i m i l a r areas. Hales and Doyle (1967) discussed the i m p l i c a ­
t i o n s of the large r a t i o of S to P t r a v e l time residuals i n 
the western United States. They concluded t h a t the large 
r a t i o could not he explained i n T terms of temperature un­
less one component of the system approaches i t s melting p o i n t 
or some new thermoelastic e f f e d t occurs. They also showed 
t h a t the r e l a t i o n s h i p "between the P-wave t r a v e l time residuals 
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and the g r a v i t y anomalies i s not consistent w i t h the B i r t h 
(1961) r e l a t i o n "between v e l o c i t y and d e n s i t y . Further, 
Francis' (1969) vrork on dt/dA i n the Mid-Atlantic Ridge near 
Iceland revealed a large r a t i o of o^^/p, . While f u r t h e r measure­
ments are needed t o v e r i f y t h i s l a s t observation, i t i s com­
p a t i b l e w i t h the p a r t i a l f u s i o n hypothesis. 

On the other hand, Talwani et a l (1965) produced models 
to e x p l a i n the g r a v i t y anamalies over the. Mid-Atlantic Ridge, 
at approximately 35 degrees North, of which the most important 
f e a t u r e , i n t h i s context, i s t h a t the lov/-density m a t e r i a l 
extends t o a maximum depth of about ^0 km. This implies the 
presence of normal mantle m a t e r i a l below hO km which i s com­
p a t i b l e n e i t h e r w i t h the r e s u l t s presented here from P-wave 
delays nor w i t h the v e l o c i t y s t r u c t u r e deduced by Francis. 
However, i n t h e i r c a l c u l a t i o n s , Talwani et a l assumed t h a t 
the d e n s i t i e s and v e l o c i t i e s are e m p i r i c a l l y r e l a t e d accord­
i n g t o the curve given by Nafe and Drake (Talwani et a l 1 9 5 9 ) . 

I f there i s p a r t i a l f u s i o n w i t h i n the upper mantle beneath 
ocean r i d g e s , then the e m p i r i c a l r e l a t i o n s h i p s between velo­
c i t y and density break down, i n v/hich case the model deduced 
by Talwani et a l may not be v a l i d . 

While c e r t a i n features o f Iceland, i . e . i t s i s o s t a t i c 
eg.uilibriujTi, high heat flow and the presence of the 7.^ l a y e r , 
i n d i c a t e t h a t i t i s s i m i l a r t o the mid-ocean ridge system as 
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a vfhole, the f a c t t h a t i t has such a t h i c k crust and t h a t i t 
i s an i s l a n d and not helow sea l e v e l , suggest t h a t i t i s not 
t y p i c a l of the ridge system. I t i s therefore possible t h a t 
the great v e r t i c a l extent of the 7,k l a y e r , which i s required 
t o exp;j.ain the P-wave delays i n Iceland, i s not necessarily 
present beneath the other p a r t s o f the Ridge which are remote 
from Iceland. This p o s s i b i l i t y could be i n v e s t i g a t e d by 
measuring P-wave delays elsewhere on the Ridge using ocean-
bottom seismometers. The presence of p a r t i a l l y fused m a t e r i a l 
should produce a large r a t i o o f S t o P delays and i t should 
also r e s u l t i n high a t t e n u a t i o n of shear waves. The measure­
ment o f these two f a c t o r s i n Iceland would produce a valuable, 
and h i g h l y d e s i r a b l e , check on the p a r t i a l f u s i o n liypothesis. 
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Conclusions 
The delay measurements presented here c l e a r l y show tha t 

t eleseismic a r r i v a l s recorded at Akureyri i n Iceland are 
delayed by approximately 1.5 seconds r e l a t i v e to those recorded 
at the Eskdalemuir Array S t a t i o n i n Scotland; r e l a t i v e to 
Kiruna i n Sweden, the delay at Akureyri i s approximately 2 .3 

seconds. Delay measurements at H v e r a v e l l i r r e l a t i v e to 
Eskdalemuir, and at Reykjavik and Sida r e l a t i v e to Ak u r e y r i , 
suggest t h a t a delay of 1.5 seconds r e l a t i v e t o Eskdalemuir 
i s constant over Iceland. The delays at Eskdalemuir and 
Kaptobin i n Greenland, are approximately equal, which may 
i n d i c a t e a s t r u c t u r a l symmetry about the Mid-Atlantic Ridge 
i n Iceland, 

The i n t e r p r e t a t i o n of the delays i n Iceland r e l a t i v e to 
those at Eskdalemuir and Kiruna, suggests t h a t the 7.k l a y e r 
extends to a depth of 200 km beneath Iceland, I t i s recog­
nised t h a t the i n t e r p r e t a t i o n of delay times i n terms of a 
constant v e l o c i t y down t o some f i x e d depth i s probably an 
o v e r s i m p l i f i c a t i o n , but a more so p h i s t i c a t e d approach i s not 
possible on the basis o f delay times alone. A comparison 
w i t h the shear wave v e l o c i t y - d e p t h p r o f i l e s f o r Oceanic, 
Tectonic and Shield regions show t h a t while the p r o f i l e s are 
compatible w i t h the r e l a t i v e delays between Kiruna and 
Eskdalemuir, the upper mantle beneath Iceland must be consider-
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ably modified from the normal Oceanic v e l o c i t y - d e p t h s t r u c t u r e 
i n order to exp l a i n the Icelandic delays. 

The great v e r t i c a l extent of the 7.^ layer v/hich i s 
neeessary t o ex p l a i n the Iceland delay times, i s incompatible 
w i t h the models produced by Talwani et a l f o r the Mid-Atlantic 
Ridge f u r t h e r South, I t i s suggested t h a t e i t h e r the model 
deduced by Talwani et a l i s i n c o r r e c t or Iceland i s an anoma­
lous p a r t of the Mi d - A t l a n t i c Ridge, This c o n f l i c t can best 
be resolved by delay time measurements elsewhere on the Ridge 
and by a comparison of P and S wave delays i n Iceland. 
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APPENDIX 1 

Array layouts at H v e r a v e l l i r and Myvatn 
The array layouts at H v e r a v e l l i r and Myvatn are described 

i n terms of the Cartesian co-ordinates (X and Y) w i t h the 
u n i t s metres. For H v e r a v e l l i r , the Y-axis l i e s kl deg East 
of North. For Myvatn, the Y-axis l i e s 8 deg East of North, 
The X and Y co-orindates o f the H v e r a v e l l i r array are given 
i n Table 1 and those of the Myvatn array are given i n Table 2 . 

The p i t heights above mean sea l e v e l are quoted i n metres. 
For both arrays, a l l chann^els except numbers 3 and h r e f e r 
to v e r t i c a l seismometers. 
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TABLE 1 

Array layout at H v e r a v e l l i r 

Channel Co-ordinates P i t height 
no. X Y h 

1 240 - 2 0 624 

2 , 3 , 4 755 -10 632 

5 1320 15 640 
6 1805 45 640 
7 2905 -50 652 

8 -15 -295 630 . 

10 - 5 0 -790 640 

12 - 7 0 -1325 646 
13 - 9 0 -1840 654 

14 -165 -2885 690 

The crossover p o i n t of the array ( 0 , 0 ) 

i s at 64° 5 1 ' 2 7 " North, 1 9 ° 32* I 5 " 

West. Channel 3 i s aligned w i t h the 
X-axis and channel 4 i s aligned v/ith 
the Y-axis, 
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TABLE 2 

Array layout at Myvatn 

Channel Co-ordinates P i t height 
no. X Y h 

1 -20 -256 280 

2 , 3 , U 20 -Ihl 285 

5 20 -1258 290 

6 20 -1760 285 

7 3 0 -2850 290 

8 2 5 6 10 280 

1 0 IhS 2 0 2 8 5 

1 2 1 2 5 0 - 2 0 2 9 0 

1 3 1 7 5 0 - 2 0 2 9 0 

1U 2 7 5 0 - 1 0 300 

The crossover p o i n t of the array ( 0 , 0 ) 

i s at 6 5 ° 3 3 * 3 6 * ' North, 1 6 ° 5 6 * h2 ' 

?/est. Channel 2 i s aligned w i t h the 
X-axis and channel 3 i s aligned w i t h 
the Y-axis. 
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APPENDIX 2 

The data used i n the delay time measurements at Akureyri. 

Eskdalemuir. Kirujia and Kaptohln 

The data used i n the delay time measurements are l i s t e d 

on the pages f o l l o w i n g . The e p i c e n t r a l data correspond t o 

the U.S.C.G.S. f i n a l data r e p o r t s . E p i c e n t r a l distances to 

AJmreyri, Eskdalemuir, Kiruna and Kaptobin are given i n the 

columns headed DELA, DELE, DELim, DELKG r e s p e c t i v e l y . The 

event azimuth, AZI, i s measured from Akureyri clockv/ise from 

North. 

The delay times f o r each s t a t i o n are given r e a l t i v e to 
the delay at Akureyri, f i r s t l y using the J-B tahles and 
secondly, using Herrin's c o r r e c t i o n s t o the J-B ta b l e s . These 
are l i s t e d i n the columns headed DLAY EKI, DLAY EK2, DLAY KR1, 
DLAY KR2, DLAY KG1, DLAY KG2 r e f e r r i n g to the r e l a t i v e delays, 
f i r s t l y using J-B tables and secondly using Herrin's correc­
t i o n s t o the J-B ta b l e s , at Eskdalemuir, Kiruna and Kaptobin 
r e s p e c t i v e l y . For example, DLAY EK1 = (delay at Akureyri -
delay a t Eskdalemuir) using the J-B t a b l e s . 

Where a s t a t i o n d i d not report an event, or where i t was 
reported as eP - and therefore not used i n the analysis - the 
rel e v a n t columns are asterisked. 
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APPENDIX 5 

Tryggvason's method. 
( A 3 , 1 ) C r u s t a l e f f e c t on the t r a v e l time 

Because o f the large v a r i a t i o n s i n i t s thickness and 
v e l o c i t y , seismic t r a v e l times must be corrected f o r the 
e f f e c t o f the c r u s t . This c o r r e c t i o n i s computed here so 
t h a t the corrected t r a v e l time i s equal to the t r a v e l time 
a f t e r the crust at the recording s t a t i o n has been replaced 
by m a t e r i a l s w i t h wave v e l o c i t y egual t o t h a t i n the upper 
mantle. As the wave v e l o c i t y i s lower i n the crust than i n 
the mantle, the time c o r r e c t i o n w i l l be negative. 

Figure 1 

I n t r o d u c i n g the f o l l o w i n g n o t a t i o n : 
Vc = P-wave v e l o c i t y i n the c r u s t , assumed constant, 
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Vm = P-wave v e l o c i t y i n the upper mantle, 

Va = Apparent P-wave v e l o c i t y along the surface, 

h = the c r u s t a l thickness, 

dt = the time c o r r e c t i o n due t o the c r u s t , 

i c t= Angle of incidence at the top of the c r u s t , 

im = angle o f incidence at the base of the c r u s t . 

Other n o t a t i o n s are i n d i c a t e d on Figure 1, 

Neglecting the earth's curvature, we obtain the f o l l o w ­

i n g equation f o r the time c o r r e c t i o n : 

dt = AD/Vm - AB/Va - BD/Vc ( l ) 

Also, Sin i c o Vc/Va (2a) 

Sin im = Vm/Va (2b) 

AD = h/Cos Im (3a) 

BD = h/Cos i c (3b) 

and AB = AC - BG = h(Tan im - Tan i c ) (̂4-) 
On s u b s t i t u t i n g the values given i n equations (3) and (k) 
i n t o equation (1) we o b t a i n : 

dt o h/Vm Cos im - h/Vc Cos i c - h/Va(Tan im - Tan i c ) ( 5 ) 
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and s u b s t i t u t i n g ( 2 ) i n t o ( 5 ) we get: 

dt = h(Va/VmKm - Va/VcKc - Vm/VaKin t Vc/VaKc) ( 6 ) 

r ^ ^ ~ — ~ 
where, Km = y Va - Vm, and Kc s= y Va - Vc 

( A 3 . 2 ) ComiDutation o f the mantle anomaly 
Provided t h a t the c r u s t a l s t r u c t u r e s and the di f f e r e n c e 

i n t r a v e l time to two s t a t i o n s ( t , - t ^ ) are known, then the 

d i f f e r e n c e of wave v e l o c i t y at d i f f e r e n t depths, h, below the 
s t a t i o n s , (Vh)^ - (Vh)^ , can be estimated to f i t the known 
data. I f the e p i c e n t r a l distance t o each s t a t i o n i s known, 
then an approximate equation g i v i n g the r e l a t i o n between 
( t , - t , . ) , (Vh)^ , (Vh)^ and H can be w r i t t e n i n the form: 

H H 

t , - t ^ = |dh/(Vh Cos ih)^ - ^dh/(Vh Cos i h ) ^ 
h-o p h-o 

+ 1/Va ^ RTan (ih)^dh/(R - h) 
h--o 

H 

- 1/Va ^^RTan ( i h ) , dh/(R - h) (?) 

where, the subscript 1 r e f e r s to l o c a t i o n 1 and 2 r e f e r s to 
l o c a t i o n 2 , R i s the radius o f the earth and H i s the 
depth below which no h o r i z o n t a l v a r i a t i o n i n v e l o c i t y 
e x i s t s . 
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The angle between the v e r t i c a l and the seismic ray ( i h ) 

may vary w i t h h and so may the v e l o c i t y Vh, Equation (?) 

cannot be solved i n i t s general form, but by i n t r o d u c i n g some 

s i m p l i f y i n g assumptions, i t can be solved. I f we assume t h a t 

(Vh), = V, and (Vh)^ = Vj are constant from h = 0 t o h = H, 

then equation (?) can be solved t o f i n d H (Figure 2 ) . The 

s i m p l i f i e d equation then becomes: 

t , - t ^ = AB R/Va(R - H) + AS/V, - BS/V, ( 8 ) 

Where, AS - H/Cos i , 

BS = H/Cos i ^ j , 

AB = OB - OA = H(Tan i^ - Tan i , ) 

Sin i, = V,/Va (Approx.) 

Sin ii = Vj/Va (Approx.) 

(9a) 

(9b) 

(10) 

(11a) 

(1113) 

5u.•^fAC€ 

Figure 2 



96 

On s u b s t i t u t i n g ( 9 ) , (lO)and ( 1 1 ) i n t o equation ( 8 ) , and 
n o t i n g the r e l a t i o n s between the trigonometric f u n c t i o n s , we 
have: 

t j - t ^ = H [ RVy(R - H)VaC^ - RV; / ( R - H)VaC, 

- Va/V,C, H- Va/V,C, ] ( 1 2 ) 

where C, = y Va - V̂  and Ĉ  =y Va - V, 

Equation ( 1 2 ) i s not exact as the curvature of the earth 

along the distance OB ( F i g . 2 ) i s neglected, but i f H i s 

much less than R, and i f Va i s considerably greater than 

both V ( and V^ , then the e r r o r caused by the inaccxiracy i s 

n e g l i g i b l e . 

(A3.3) A p p l i c a t i o n t o the delay time data 
Using the equations f o r the c r u s t a l c o r r e c t i o n ( 6 ) and 

f o r the e f f e c t of the upper mantle ( 1 2 ) , we can r e l a t e the 
di f f e r e n c e s i n t r a v e l time ( t , - t , ) t o two s t a t i o n s equi­
d i s t a n t from the event, t o the depth H, pr o v i d i n g the other 
f a c t o r s i n the equations are known. Where the distances t o 
the two s t a t i o n s are not equal, we may use the equations t o 
r e l a t e H t o the d i f f e r e n c e i n delay times (Dt, - Dt^) at the 
two s t a t i o n s . Thus we may w r i t e : 



9 7 

D±_ - Dt,= ( t , - t ^ ) - (dt, - d t j (13) 

A computer program was written to r e l a t e Dt, - Dt^ to 
the depth H,for r e l a t i v e delays between Akureyri and 
Eskdalemuir and between Akureyri and Kiruna. The crustal 
structures i n Table 9 (page 62) were assumed and the sub-
Moho velocitJy was taken as constant down tO' the depth H 
beneath each station. The apparent surface velocities,VaV 
were taken from Richter (1958). The calculations were 
made for observations at 10 degree distance i n t e r v a l s 
from Akureyri,using apparent v e l o c i t i e s appropriate for-
the mid-point off" each distance range. 
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