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ABSTRACT 

Iceland i s a sub-aerial part of the mid-A t l a n t i c Ridge 
which has formed above an E migrating ridge centred hotspot. 
The H e n g i l l area i s a ridge-ridge-transform t r i p l e point t h a t 
contains a c e n t r a l volcano-fissure swarm system and a la r g e 
geothermal area. A seismologioal study of t h i s t r i p l e p o int was 
conducted w i t h the main emphasis on n a t u r a l earthquake studies. 
The aims were to study the geothermal prospect and t e c t o n i c 
s t r u c t u r e and t o evaluate the passive seismic method as a 
geothermal prospecting t o o l . 

The area e x h i b i t s continuous small magnitude earthquake 
a c t i v i t y that c o r r e l a t e s p o s i t i v e l y w i t h surface geothermal 
displays, and negatively w i t h surface f a u l t i n g . The l o g 
(cumulative frequency) magnitude r e l a t i o n s h i p i s l i n e a r and 
i n d i c a t e s a b value of 0.74 ± 0.06. Fooal meohanisms f o r 178 
events indioated both shear and t e n s i l e oraok type movements, 
the l a t t e r being confined t o the high temperature geothermal 
area. Teleseismic and explosion data i n d i c a t e a low v e l o c i t y 
body beneath the c e n t r a l volcano i n the depth range 0 - 10 km, 
flanked by higher v e l o c i t y bodies t o the W and E. 

Two volcanic systems occupy the H e n g i l l area : the 
presently a c t i v e H e n g i l l system and the e x t i n c t Grensdalur 
system. The ongoing s e i s m i c i t y of the area i s a t t r i b u t e d t o 
c o n t r a c t i o n cracking due t o the a c t i o n of oool groundwater 
f l u i d s on ho.t rook, whioh, i n a t e n s i l e s t r e s s regime, r e s u l t s 
i n t e n s i l e oraok formation. The high temperature area i s 
f u e l l e d by two heat souroes associated w i t h the two voloanic 
systems and may be d i v i d e d i n t o two separate f i e l d s t h a t e x h i b i t 



c o n t r a s t i n g r e s e r v o i r c h a r a c t e r i s t i c s . 
Local s e i s m i c i t y studies may be applied t o other I c e l a n d i c 

high temperature geothermal areas as a t o o l t o map those volumes 
of rock th a t are f u e l i n g the geothermal r e s e r v o i r s . The 
continuous formation of small t e n s i l e cracks on accretionary 
p l a t e boundaries o f f e r s an explanation for the mechanism of dyke 
i n j e c t i o n . 
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CHAPTER 1 
1. THE NORTH ATLANTIC AND ICELAND: STRUCTURE AND TECTONIC 

EVOLUTION 

1.1 The North A t l a n t i c : s t r u c t u r e and kinematics 

The i n i t i a l opening of the N A t l a n t i c dates from the e a r l y 
T e r t i a r y (approx. -60Ma), and i s i n t i m a t e l y r e l a t e d to the 
a c t i v i t y of the Iceland hotspot. I t has been proposed that t h i s 
hotspot l a y beneath c e n t r a l Greenland p r i o r to the e a r l y 
T e r t i a r y , but voloanism did not break surfaoe beoause of the 
thiok oratonio crust (Vogt, 1983). Voloanism beoame possible 
when the eastward migrating hotspot i n t e r s e c t e d a l i n e of 
Mesozoic basins. Eruption of the west Greenland and B r i t i s h 
T e r t i a r y / R o c k a l l Plateau v o l c a n i c s occurred simultaneously and 
the sum t o t a l of a l l these i n f l u e n c e s was s u f f i c i e n t to i n i t i a t e 
p l a t e separation. The synchronisation of these events may have 
been due to some mantle "event" of at l e a s t c o n t i n e n t a l 
dimension, e.g. a convective overturn (Bott, 1973; Vogt, 1983). 
The N A t l a n t i c has sinoe opened and widened over the l a s t 60Ma 
or so as a r e s u l t of the o r u s t a l aocretion prooess. That the 
h i s t o r y of t h i s opening has been oomplex i s r e f l e c t e d i n the 
complex nature of the topography and ocean f l o o r magnetio 
l i n e a t i o n s ( F i g . 1.1). A considerable amount has been published 
(data, i n t e r p r e t a t i o n s and reviews) concerning the s t r u c t u r e and 
t e c t o n i c evolution of the N A t l a n t i c , i n c l u d i n g works of Bott 
(1973), Bott (1974), Featherstone et a l . (1977), Bott and 
Gunnarsson (1980), Nunns (1983), Bott, (1983a, b) and Bott 
(1984). 
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F i g . 1.1 Present configuration of I c e l a n d and the N A t l a n t i c 
area showing bathymetry, spreading axes, transform 
f a u l t s and magnetic anomalies. AA = Aegir Axis, RR = 
Reykjanes Ridge, JM = Jan Mayen, KR = Kolbeinsey Ridge. 
From Nunns, 1983 
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The summary presented below draws e x t e n s i v e l y upon these 
p u b l i c a t i o n s . I t should be borne i n mind, however, that the 
h i s t o r y of the N A t l a n t i c i n the Iceland region i s that of a 
ridge-centred hotspot migrating eastwards with respect to the 
ridge at a rate of 1.65 cm a H (Vogt, 1983). The presence of 
the hotspot may thus not only a f f e c t the amount of v o l c a n i c 
a c t i v i t y , but al s o , l o c a l l y , the p o s i t i o n of the p l a t e boundary. 
I n addition the l i n e a r volcano-tectonic system a s s o c i a t e d with 
the spreading plate boundary of the N A t l a n t i o i s modified by 
the r a d i a l system associated with the hot spot r e s u l t i n g i n a 
s t r u c t u r e that v a r i e s i n 3 dimensions (Bjornsson, 1984). 

Plate t e c t o n i c reconstructions of the N A t l a n t i o are 
c r i t i c a l l y dependent on the accepted nature of the c r u s t beneath 
the Greenland-Scotland Ridge. Indeed the evolution of the N 
A t l a n t i c i s d i f f i c u l t to envisage unless i t i s accepted that the 
Greenland-Scotland Ridge i s oceanic, formed by the c r u s t a l 
a c c r e t i o n process, contemporaneously with the ocean basins to 
i t s N and S. 

The exceptional thickness of the c r u s t (30-35 km) and l a c k 
of w e l l developed magnetic l i n e a t i o n s l e d Beloussov and 
Milanovsky (1977) to regard i t as continental. However, 
d r i l l i n g has revealed oceanic t h o l e i i t i o b a s a l t s , and long 
r e f r a c t i o n p r o f i l e s shot along the orest of the ridge r e v e a l a 
v e l o c i t y s t r u c t u r e of oceanic type. The anomalous thiokness of 
the c r u s t was found to be due to an unusually t h i c k l a y e r 3, 
with normal ooeanic upper mantle v e l o c i t i e s detected below t h a t . 
A d d i t i o n a l l y magnetic l i n e a t i o n s that t r a v e r s e the 
Greenland-Scotland Ridge, a l b e i t poorly developed, have now been 
recognised. I n the l i g h t of these data, an oceanic o r i g i n i s 
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assumed for the Greenland-Scotland Ridge by Nunns (1983) whose 
pl a t e t e c t o n i c reconstructions are summarised below. 

From -56 to -44 Ma, spreading proceeded symmetrically about 
the Mid A t l a n t i c Ridge, o f f s e t d e x t r a l l y to the Norway basin by 
a major transform f a u l t . N of t h i s f a u l t , spreading proceeded 
about the Aegir a x i s and S of i t about the Reykjanes Ridge. 
From -44 to -26 Ma the Jan Mayen microcontinent broke off from 
Greenland, forming a ridge-ridge-transform t r i p l e j unction on 
the Greenland-Scotland ridge. Spreading N of t h i s t r i p l e 
j u nction proceeded along both the Aegir a x i s , and the new 
Kolbeinsey a x i s , r e s u l t i n g i n the formation of complementary 
fan-shaped magnetic anomalies. The Greenland-Sootland Ridge 
developed continuously on the migrating p l a t e s as a r e s u l t of 
enhanced v o l c a n i c a c t i v i t y i n the neighbourhood of the hot spot. 
I t probably formed s u b a e r i a l l y during these f i r s t two periods 
with the Iceland i n s u l a r platform beginning to form during the 
second. From -26 Ma to the present time the Aegir a x i s has been 
e x t i n c t , superseded by the Kolbeinsey Ridge. The spreading a x i s 
formed an eastward arc where i t crossed the Greenland-Sootland 
Ridge i n response to the E migrating hotspot. The I c e l a n d 
i n s u l a r platform b u i l t up over t h i s a r c and the present day 
surface t e c t o n i c features developed. The current spreading 
d i r e c t i o n i s about N 100° E i n the Ioeland region (Bjornsson, 
1983). 
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1.2 Iceland: s t r u c t u r e and dynamics 

1.2.1 Geology 

Comprehensive reviews of the geologic s t r u c t u r e of I c e l a n d 
are given by Saemundsson (1978, 1979). The exposed v o l c a n i c 
p i l e r e v e a l s v e r t i c a l s ections of up to 1500 m of e x t r u s i v e s , 
below whioh l i e at l e a s t another 2-5 km i f the top of seismio 
l a y e r 3 i s taken to be the base of the extrueives. A thiokness 
of s e v e r a l kilometres for the e x t r u s i v e l a v a p i l e has a l s o been 
confirmed by mapping and d r i l l i n g i n E Iceland (Gibson et a l . , 
1979; Walker, 1974). The exposed rocks range i n age from -16 Ma 
to present (Moorbath et a l . , 1968). They are conventionally 
divided into four s t r a t i g r a p h i o s e r i e s . These are: 

P o s t g l a c i a l : 
Upper Pleistocene: 
P l i o Pleistocene: 
T e r t i a r y : 

-10,000 a to present 
-0.7 Ma to -10,000 a 
-3.1 to -0.7 Ma 
older than -3.1 Ma 

A regional geological map of Ioeland i s shown i n F i g . 1.2 and 
the reader i s r e f e r r e d to t h i s f i g u r e for place names. 

I t can be seen that the geology of I c e l a n d i s dominated by 
the s o - c a l l e d Neovolcanic Zones that t r a v e r s e the oountry from 
the Reykjanes Peninsula i n the SW to Axarfjordur i n the NE. 
These zones are defined by the extent of the upper Pleistooene 
and P o s t g l a o i a l rocks. They are flanked by P l i o - P l e i s t o o e n e 
rooks. Outside of these areas the E, N and W of Ioeland and the 
NW Peninsula regions are oapped by near h o r i z o n t a l T e r t i a r y 
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l a v a s . 
The s t r u c t u r e of the Neovoloanio Zones i s dominated by 

f i s s u r e swarms and c e n t r a l volcanoes. The trends of the f i s s u r e 
swarms tend to be uniform within each branch of the Neovolcanic 
Zone, but they are t y p i c a l l y arranged i n en echelon arrays which 
may be d e x t r a l or s i n i s t r a l depending on the trend of the 
f i s s u r e s r e l a t i v e to the d i r e c t i o n of plate motion. They are 
t y p i c a l l y about 10 km wide, and t h e i r length v a r i e s from 30 to 
100 km. Most of them pass through c e n t r a l volcanoes about h a l f 
of which e x h i b i t calderas. These oentral volcanoes mark the 
s i t e s of maximum lav a production within the swarm and are a l s o 
a s s o c i a t e d with subordinate aoid and intermediate voloanism and 
high temperature geothermal f i e l d s . Hengill i s suoh a oentral 
volcano, lac k i n g a caldera. T h o l e i i t i c b a s a l t i s erupted along 
the c e n t r a l part of the Neovolcanic Zones, with t r a n s i t i o n a l to 
a l k a l i b a s a l t s being erupted on t h e i r flanks where spreading i s 
n e g l i g i b l e (Jakobsson, 1972). 

The Neovolcanic Zones are subdivided i n t o a x i a l zones and 
flank v o l c a n i c zones by Saemundsson (1978) on the b a s i s of 
petrochemistry and t e c t o n i c s . The a x i a l zones are thought to 
mark the t r a c e of the plate boundary where aotive aooretion i s 
taking plaoe, and w e l l developed t e n s i o n a l teotonios are 
observed. The flank voloanio zones are those seen to l i e 
unconformably on older p i l e s of v o l c a n i c s , and d i s p l a y poorly 
developed t e n s i o n a l features. 

Three flank voloanic zones are recognised. These are the 
Sn a e f e l l s n e s , the Torfajokull-Vestnannaeyja and the 
O r a e f a j o k u l l - S n a e f e l l Zones. Their s t r u c t u r e i s dominated by 
la r g e stratovolcanoes e.g. S n a e f e l l s j o k u l l , Hekla, Oraefa-



29 

j o k u l l . They are c h a r a c t e r i s e d by t r a n s i t i o n a l to a l k a l i l a v a s 
and e x h i b i t poorly developed t e n s i o n a l features; f i s s u r e s and 
graben s t r u c t u r e s are inconspicuous. The r a t e of v o l c a n i c 
production i s very v a r i a b l e , and i s not balanced by graben 
subsidence i n associated f i s s u r e swarms. Extreme topography i s 
therefore a feature of these zones. I n the case of the 
Vestmannaeyja and the O r a e f a j o k u l l - S n a e f e l l Zones a regional 
thickening of layer 2 i s found (Palmason, 1971) that compensates 
for the e x t r a load. 

Saemundsson (1978) oonsiders the Reykjanes-Langjokull-
Axafjordur zone to be the s i n g l e continuous a x i a l r i f t zone 
cr o s s i n g Iceland. Intense f i s s u r e swarms and graben s t r u c t u r e s 
are commonly associated with c e n t r a l volcanoes and the depth to 
l a y e r 3 i s shallow - generally 2.5-4.5 km (Palmason, 1971; 
Flovenz, 1980). T h o l e i i t i c b a s a l t s are erupted, and the 
v o l c a n i c production rate i s highest i n the centre of I c e l a n d , 
which i s a l s o i t s topographic culmination. Towards the SW and 
NE, gradual lowering of the topography aooompanies a deorease i n 
the voloanio production r a t e and the disappearance of s i l i o i o 
volcanism and oentral voloanoes. I n addition a geoohemioal 
trend was reported by Sigvaldason et a l . (1974) with high K, P 
and T i content of the post g l a c i a l b a s a l t s of c e n t r a l I c e l a n d , 
p r o g r e s s i v e l y decreasing for 700 km along the p l a t e boundary to 
the SW. They proposed that the I c e l a n d hotspot i s p r e s e n t l y 
centred below K v e r k f j o l l . 

Knowledge of the s t r u c t u r e of the older p a r t s of the l a v a 
p i l e comes mostly from the work of Walker i n E I c e l a n d (see 
Walker, 1974 for summary). The p i l e i s mostly b u i l t up of 
t h o l e i i t i o l a v a s and small amounts of voloanio sediments. Some 
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s t r a t i g r a p h i c a l u n i t s oan be traoed for many kilometers. Looal 
concentrations of a c i d and intermediate rocks have been 
inter p r e t e d as f o s s i l c e n t r a l volcanoes, and a l s o a s s o c i a t e d 
with copious b a s a l t i c volcanism and dyke swarms that cut through 
the l a v a p i l e ( F i g . 1.3). Dyke swarms have a l s o been mapped 
that are not associated with c e n t r a l volcanoes. The dimensions 
of the dyke swarms are s i m i l a r to those of the present day 
f i s s u r e swarms seen i n the Neovolcanic Zone, and so i t i s 
considered l i k e l y that these are i n f a c t the surface expression 
of dyke swarms i n the upper crus t that have been exposed by 
erosion i n E Iceland. The s t r i k e of the dyke swarms changes 
from N-S i n the northern part of the area to NE-SW i n the south 

a s i m i l a r v a r i a t i o n i n trend exhibited by the E Neovolcanic 
Zone and the eastward aro of the aooretion zone hypothesised by 
Bott (1984) to account for the shape of the E edge of the 
I c e l a n d i c i n s u l a r s h e l f . 

I t has been shown that the regional dip of the l a v a s 
i n c r e a s e s gradually from near zero i n the highest exposed 
l e v e l s , to 5-10° at sea l e v e l . Also the s t r a t i g r a p h i c u n i t s 
thicken down dip. Saemundsson (1978) concluded that the l a v a 
p i l e has grown as l e n t i c u l a r u n i t s , eaoh a s s o c i a t e d with a 
c e n t r a l volcano - f i s s u r e swarm system of l i m i t e d l i f e span that 
became extinot as i t migrated away from the o e n t r a l a x i a l zone. 
Downsagging i s greatest i n the centre of the acoretion zone 
where the l a v a p i l e i s t h i c k e s t . 

Bearing t h i s p r i n o i p l e i n mind, another feature of the 
T e r t i a r y l a v a s h i e l d s may be used to i n f e r the p o s i t i o n s of 
e x t i n c t acoretionary zones. A number of shallow s y n c l i n e s and 
low a n t i c l i n e s are observed. The s y n c l i n e s are i n t e r p r e t e d as 
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F i g . 1.3 The d i s t r i b u t i o n of dykes and i n t r u s i v e sheets i n 
eastern Iceland; (b) also shows the known i n t r u s i o n s of 
gabbro and granophyre. (from Walker, 1974) 
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being caused by downsagging i n the c e n t r a l part of an 
aocretionary p l a t e boundary, hence marking the p o s i t i o n s of 
e x t i n c t accretionary zones. Two such e x t i n c t accretionary zones 
are i n d i c a t e d - one i n the Snaefellsnes Zone and another i n the 
Langjokull-Skagi zone. Both became e x t i n c t at -6 to -7 Ma at 
which time they were replaoed by the presently a c t i v e zones of 
Reykjanes-Langjokull and K v e r k f j o l l - A x a f j o r d u r (Saemundsson, 
1974, 1978, 1979; Johannesson, 1980). Mean la v a extrusion r a t e s 
have been estimated for W and E I c e l a n d and correspond to a 
v e r t i c a l accumulation rate of 700 m/Ma. 

1.2.2 The trace of the plate boundary 

Magnetic anomalies can be traoed c l e a r l y on the ooean f l o o r 
to the N and S of Iceland (Talwani and Eldholm, 1977) but t h e i r 
continuation onto Iceland i s problematical. F i g . 1.4 i s a 
summary diagram of the present s t a t u s of knowledge. With the 
exception of western anomaly 5, which i s traoed continuously 
across Iceland, the p i c t u r e i s c l e a r l y a complex one. 

The Reykjanes Ridge comes onshore at Reykjanes i n SW 
I c e l a n d and from there the plate boundary i s considered to 
follow the t r a c e of the a x i a l r i f t zone NE along the 
H e n g i l l - L a n g j o k u l l zone, WE along the L a n g j o k u l l - K v e r k f j o l l zone 
and N to Axafjordur. Volcanism i s not oonfined to these zones, 
however, (see above) and explanations of the nature of the p l a t e 
boundary i n Ioeland must be able to account £or t h i s . Two major 
f r a c t u r e zones are recognised. These are the South I c e l a n d 
Seismic Zone ( F i g . 1.5), that forms a continuation of the 
Reykjanes Peninsula zone east to connect i t with the southern 
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F i g . 1.4 Development of the present geometry of the t e c t o n i c a l l y 
a c t i v e zones i n I c e l a n d . Magnetic anomalies and ridge 
axes are from Talwani and Eldholm (1977). Traces of 
e x t i n c t r i f t zones are l e f t as s t r u c t u r a l s y n c l i n e s i n 
the T e r t i a r y areas. Major unconformities developed 
between sequences produced wi t h i n e x t i n c t r i f t zones 
and those produced from the p r e s e n t l y a c t i v e ones. 
Note assymetric p o s i t i o n of Reykjanes Ridge a x i s 
r e l a t i v e to anomaly 5. This i s not n e c e s s a r i l y due to 
asymmetric spreading but rather a r e s u l t of eastward 
displacement of the ridge a x i s nearest to I c e l a n d . 
This scheme should be regarded as p r e l i m i n a r y s i n c e 
many more dating s t u d i e s and s t r a t i g r a p h i c mapping have 
to be done before the t r a c e of isochrons on land can be 
plotted more a c c u r a t e l y . (from Saemundsson, 1979) 
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1.5 Map of the seismic zones of SW-Iceland showing some of 
the t e c t o n i c features of the Reykjanes ( Peninsula and 
the South Iceland Seismic Zone. The se i s m i c lineaments 
are taken from K l e i n et a l . (1973 and 1977) and 
Foulger and Einarsson (1980). The d e s t r u c t i o n zones of 
the h i s t o r i o earthquakes of 1732 34, 1784, 1896 and 
1918 are shown, within these aoneg mor© than 90% of 
houses at each farm were ruined. Corresponding 
i n t e n s i t y i s MM V I I I - I X . (from Einarsson and 
Bjornsson, 1979) 
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part of the SE Neovoloanic Zone, and the Tjornes f r a c t u r e zone 
( F i g . 1.4) that connects the NE Neovolcanic Zone to the 
Kolbeinsey Ridge. 

The South Ic e l a n d Seismic Zone i s defined by a b e l t of 
severe h i s t o r i c a l earthquakes ( F i g . 1.5). The magnitude of 
these events may exoeed 7 (Einarsson and Bjornsson, 1979). 
Surface breaks i n d i c a t e r i g h t l a t e r a l movement on NS s t r i k i n g 
f a u l t s , which i s al s o the d i r e c t i o n of elongation of the 
destr u c t i o n zones. The trend of the e n t i r e zone, however, and 
consideration of plate movement, would imply l e f t l a t e r a l 
movement on one or more WE trending f a u l t s . I t seems that 
seismic energy i s released along planes conjugate to the main 
deformation zone. A s i n g l e t e l e s e i s m i c f o c a l mechanism s o l u t i o n 
i s c o n s istent with movement of e i t h e r type. 

S e i s m i c i t y occurs more frequently i n the Tjornes Fracture 
Zone ( F i g . 1.6). Here transform motion i s thought to be 
accommodated along two or more NW s t r i k i n g f a u l t zones 
(Ein a r s s o n and Bjornsson, 1979). Topographically the Tjornes 
Fracture Zone e x h i b i t s a complicated struoture of en eohelon 
grabens and f i s s u r e swarms (Saemundsson, 1974). T e l e s e i s m i c 
fooal mechanism so l u t i o n s are consistent with r i g h t l a t e r a l 
s t r i k e - s l i p movement on NW s t r i k i n g planes which i s a l s o 
c o n s i s t e n t with i n f e r r e d plate motions. 

The s e i s m i o i t y of Iceland during the period 1962-77, 
depicted i n F i g . 1.6, i s generally confined to the Neovolcanio 
Zone and the two f r a c t u r e zones described above. 
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F i g . 1.6 Epicentres and f o c a l mechanisms of earthquakes i n 
Iceland and the northern part of the Reykjanes Ridge. 
Epicentres are taken from the PDE l i s t s of USCGS, l a t e r 
NOAA and USGS, for the period 1962-1977. Open c i r c l e s 
denote epicentres determined with fewer than ten P-wave 
readings or epicentres of earthquakes smaller than m, 
-4.5. Dots are epicentres of events of mk=4.5 and 
larg e r that are determined with ten or more readings. 
Large dots are epicentres of events of mb«= 5.0 and 
larger. The fooal mechanisms are shown schematically 
as lower hemisphere equal area p r o j e c t i o n s . The 
compressional quadrants (containing the l e a s t 
compressive s t r e s s a x i s ) are shown black. The 
bathymetry i s taken from a map by the Ioelandio 
Hydrographlo Ser v i c e . Reykjavik. 1975. Depths are i n 
motor**. The voloanio r i f t zones of I c e l a n d are shown, 
(from Klnarsson and BJornsson, 1979) 
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1.2.3 The dynamics of c r u s t a l a c c r e t i o n 

A steady s t a t e p l a t e t e c t o n i c kinematic model of c r u s t a l 
a c c r e t i o n i n I c e l a n d has been presented by Palmason (1973, 1980, 
1981). C r u s t a l a c c r e t i o n i s considered to proceed both by dyke 
i n t r u s i o n , concurrent with l a t e r a l movements of the p l a t e s , and 
l a v a extrusion, which r e s u l t s i n loading of the c r u s t and 
downwarping. Both of these processes are assumed to have a 
Gaussian d i s t r i b u t i o n with distance from the plate boundary. 
The model describes the time averaged t r a j e c t o r i e s of s o l i d 
c r u s t a l elements ( F i g . 1.7) with respect to a steady-state 
c r u s t . Accretion parameters such as width of the deposition 
zone, t o t a l l a v a production rate, h o r i z o n t a l c r u s t a l s t r a i n 
r a t e , spreading v e l o c i t y and normal f a u l t i n g can be c a l c u l a t e d 
using s t r u c t u r a l properties measured i n the T e r t i a r y l a v a p i l e , 
such as the r e l a t i v e dyke volume f r a c t i o n and the regional dip 
and deposition r a t e of l a v a s . Estimates of the width of ancient 
a c c r e t i o n zones, pl a t e v e l o c i t i e s and v o l c a n i c production r a t e s 
using measurements made i n the E and W I c e l a n d T e r t i a r y l a v a 
p i l e s were found to be i n good agreement with estimates of these 
parameters for the present day aooretion zones. This indioates 
uniform i n t e n s i t y of volcanism over the l a s t 10-15 Ma. The 
model a l s o permits c a l c u l a t i o n of the thermal s t a t e of the 
c r u s t , and isotherms are i n d i c a t e d i n F i g . 1.7. I t can be seen 
that some remelting of extruded m a t e r i a l s i s implied. 

A study of the v a r i a t i o n i n regional heat flow r a t e s i s 
described by Palmason (1974). Thermal gradients are seen to be 
highest beneath the a x i a l a c c r e t i o n zones, decreasing with 
i n c r e a s i n g distance from the r i f t . The r a t e of f a l l i n g off of 
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Fig. 1.7 Section through the lithosphere according to the 
accretion model of Palmason (1973, 1980). T r a j e c t o r i e s 
(arrows) and isochrons (dashed) of lava elements are 
shown together with isotherms and surface gradient. 
The lava f r a c t i o n at the a x i s and i n the distant 
lithosphere i s shown on the r i g h t . The model 
parameters used are: spreading v e l o c i t y 1 cm a"' ; lava 
production rate 1.3xlO~4kmx a"' ; c r u s t a l s t r a i n rate, 
standard deviation 15 km; lava deposition rate, 
standard deviation 20 km; normal f a u l t parameters, 
£ • 0.75 and ^ - 1. (from Palmason, 1981) 
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the heat flow was found to be generally compatible with model 
c a l c u l a t i o n s based on conductive cooling of l i t h o s p h e r i c p l a t e s . 

During the period 1975-1984 a volcano-tectonic r i f t i n g 
episode occurred i n the K r a f l a system of NE Ice l a n d (Bjornsson 
et a l . , 1977; Einarsson, 1978; Bjornsson et a l . , 1979; 
Brandsdottir and Einarsson, 1979; Moller and R i t t e r , 1980; 
Spickernagel, 1980; Torge and Kanngieser, 1980; Johnsen et a l . , 
1980; Tryggvason, 1980; Sigurdsson, 1980; Einarsson and 
Brandsdottir, 1980; Bjornsson, 1984). A shallow magma chamber 
with centre at approximately 3 km depth was oontinually i n f l a t e d 
by magma inflow at a rate of 5 m5 sec"' . P e r i o d i c a l l y i t 
c a t a s t r o p h i c a l l y deflated and magma was i n j e c t e d below surface 
i n t o the f i s s u r e swarm to the N or S of the K r a f l a volcano. 
These i n j e c t i o n events were accompanied by s e i s m i c i t y that 
r a r e l y exceeded magnitude 4. Towards the end of the r i f t i n g 
episode, the la v a erupted from the f i s s u r e s , and almost no 
earthquakes were recorded. Subsidence and s e v e r a l metres of 
widening were observed across the c e n t r a l part of the f i s s u r e 
swarm, and u p l i f t and contraction on the f l a n k s . 

These events are interpreted as demonstrating o r u s t a l 
a c c r e t i o n by l a t e r a l dyke i n j e c t i o n and l a v a eruption. 
Tensional s t r a i n i s b u i l t up by plat e movements during i n t e r -
e p i s o d i c periods of quiescence and when t h i s has been released 
by f i s s u r e widening and dyke i n j e c t i o n the mobilised magma 
s p i l l s out onto the surface. Only the dyke i n j e c t i o n events 
were accompanied by .seismicity s i n c e when the magma broke 
surface, f u r t h e r f r a c t u r i n g of rock was not required to make a 
passage for the migrating magma. Volume c a l c u l a t i o n s i n d i o a t e 
that i n t o t a l the magma i n j e c t e d i n t o the c r u s t corresponds to 
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the formation of a dyke 2 km high and up to 6 m wide. I t has 
been suggested that the cr u s t i n f a c t r i f t e d down to i t s base, 
at about 8 km depth, and that magma ascending d i r e c t l y from the 
upper mantle formed the lower part of dyke (Bjornsson, 1984). 

This r i f t i n g episode demonstrated that c e n t r a l volcanoes 
can play a key r o l e i n the l i n e a r a c c r e t i o n process i n Iceland, 
and that dyke i n j e c t i o n may ocour h o r i z o n t a l l y . Lavas can 
t r a v e l long distances ( i n t h i s case up to 60 km) h o r i z o n t a l l y 
before eruption. With t h i s i n mind, s e v e r a l other f i s s u r e 
eruptions have been l i n k e d to c e n t r a l volcanoes r e l a t i v e l y 
d i s t a n t along t h e i r s t r i k e (Sigurdsson and Sparks, 1978 a, b ) . 

1.2.4 Geophysical c o n s t r a i n t s on subsurface s t r u c t u r e 

Several seismic r e f r a c t i o n surveys of the I c e l a n d i c c r u s t 
have been described (Bath, 1960; Tryggvason and Bath, 1961; 
Palmason, 1963, 1971; Flovenz, 1980; Angenheister et a l . , 1980). 
The seismic s t r u c t u r e of the cr u s t i s found to be ooeanic, but 
of greater thickness than normal ooeanic c r u s t . The P-velocity 
i n c r e a s e s r a p i d l y with depth down to an i s o v e l o c i t y surface of 
6.5 km 860""' below which the P-wave v e l o c i t y i s nearly constant. 
On t h i s b a s i s the I c e l a n d i c orust i s divided into an upper 
c r u s t , where v e l o c i t i e s increase continuously with depth, and a 
lower c r u s t with an almost constant v e l o c i t y of 6.5 km sec" 1 . 
The top of the 6.5 km sec"' l a y e r i s u s u a l l y considered to be 
the base of the e x t r u s i v e s (see for example, Saemundsson, 1979) 
although there i s a l s o evidenoe that i t may be a metamorphic 
boundary (Christensen and Wilkens, 1982). I t s depth i s 
gen e r a l l y 3 6 km, but may be shallower i n the neighbourhood of 
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c e n t r a l volcanoes, and deeper i n SE Icel a n d ( F i g . 1.8). 
Combined r e f l e c t i o n - r e f r a c t i o n measurements c a r r i e d out on 

p r o f i l e s crossing the a x i a l r i f t zone i n NE and SW Iceland 
r e v e a l r e f l e c t i n g horizons of average length 1-2 km down to 15 
km depth (Zverev et a l . , 1980 a, b). They generally dip at 
angles of up to 30° towards the a x i a l r i f t zone. Volumes were 
i d e n t i f i e d beneath the a x i a l r i f t zones where no r e f r a c t o r s 
occurred, which may be zones of p a r t i a l melting. 

Beneath the crust a l a y e r with seismic v e l o c i t y of about 
7.0 km se c " 1 has been detected, which i s in t e r p r e t e d as 
anomalous upper mantle. I t l i e s at approximately 8 km depth i n 
SW and W Iceland, but at 14 km i n N and SE Iceland. Combining 
these data and heat flow measurements i n d i c a t e s that the 
temperature of the top of the anomalous mantle i s i n or above 
the melting range for b a s a l t s (Palmason, 1971). 

An 800 km long p r o f i l e measured from the SE flank of the 
Reykjanes Ridge across Iceland, along the E Neovolcanio Zone 
explored the st r u c t u r e of the crust and upper mantle at great 
depth, and al s o the t r a n s i t i o n from oceanic to I c e l a n d i c 
s t r u c t u r e (Angenheister et a l . , 1980). The oceanic c r u s t a l 
l a y e r s were found to continue uninterrupted into I c e l a n d but 
with increased thickness. I n contrast the oceanic upper mantle 
(Vp = 7.8-8.6 km s e c " 1 ) terminates abruptly near the i n s u l a r 
s h e l f and the I c e l a n d i c s u b c r u s t a l v e l o c i t i e s range from 7.0-7.6 
km s e c " ' down to 50 km. Other p r o f i l e s shot i n the E and W of 
I c e l a n d confirm that t h i s layer, extends beneath I c e l a n d outside 
the Neovolcanic Zone (Bath, 1960). 

I t has been observed that S waves are i n general 
transmitted through the I c e l a n d i c c r u s t and Neovolcanic Zone 
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down to depths of at l e a s t 10 km (Sanford and Einarsson, 1982), 
although small i s o l a t e d volumes have been i d e n t i f i e d as magma 
pockets on the b a s i s of t h e i r seismic properties ( K l e i n et a l . , 
1977; Einarsson, 1978; Zverev et a l . , 1980 a, b ) . However, 
attenuation and progressive slowing with respect to P waves has 
been observed for explosion generated S waves penetrating the 
anomalous upper mantle l a y e r (Gebrande et a l . , 1980). I t was 
concluded that a fundamental change occurs at the top of t h i s 
l a y e r . 

A regional survey of magnetotelluric measurements was 
c a r r i e d out i n NE Iceland, and a p r o f i l e t r a v e r s i n g the 
Neovolcanic Zone i n SW Iceland (Beblo and Bjornsson, 1978, 1980; 
Beblo et a l . , 1983; H e r s i r et a l . , 1984). I n both cases a low 
r e s i s t i v i t y l a y e r was i d e n t i f i e d ( r e s i s t i v i t y 10-A.m) imbedded 
between l a y e r s of higher r e s i s t i v i t y . The depth to the top of 
t h i s l a y e r i s about 10 km beneath the a x i a l r i f t zones but 
i n c r e a s e s to about 20 km below the T e r t i a r y b a s a l t s to the E and 
W. Comparing these r e s u l t s with t e m p e r a t u r e - r e s i s t i v i t y 
laboratory data and observed near surface temperature gradients, 
i t was concluded that the low r e s i s t i v i t y l a y e r i s a p a r t i a l l y 
molten b a s a l t i c l a y e r at temperature about 1100° C. The higher 
r e s i s t i v i t i e s below t h i s were inte r p r e t e d as ultramafio upper 
mantle at a temperature of about 1100° C. These r e s u l t s have 
been used to estimate that the degree of p a r t i a l melt i s 5-20% 
at the top of the mantle. I t has been suggested that the 
p a r t i a l l y molten, l a y e r occurs at the crust/mantle boundary. I t 
deoouples the c r u s t from the mantle, accounts for the 
i n s t a b i l i t y of the a c c r e t i o n a r y a x i s and enables high mobility 
of the c r u s t during r i f t i n g episodes (Bjornsson, 1984). I t s 



43 

depth i s thus an i n d i c a t i o n of c r u s t a l t h i ckness. Bjornsson 
(1984) presented a regional map of c r u s t a l t h ickness for NE 
I c e l a n d using the r e s u l t s of MT soundings, and showed that 
c r u s t a l thickness v a r i e s from 8-10 km beneath the a x i a l r i f t 
zone to 20-30 km i n the older T e r t i a r y areas to the ¥ and E. 

The depth to the base of the c r u s t i n I c e l a n d i s s t i l l 
inadequately mapped s e i s m i c a l l y , but there i s some evidence, and 
s e v e r a l authors have argued, that i t thiokens with age from 
perhaps 10 km to 20 km as a r e s u l t of underplating. (Evans and 
Sacks, 1979, 1980; Keen et a l . , 1980; Hermance, 1981). 

The depth extent of the anomalous low v e l o c i t y mantle 
beneath Iceland has been explored using t e l e s e i s m i c delays and 
g r a v i t y data. Tryggvason (1964) c a l c u l a t e d a depth to the base 
of the anomalous mantle of about 240 km using t e l e s e i s m i c P wave 
a r r i v a l delays. Long and M i t c h e l l (1970) measured a t e l e s e i s m i c 
delay of 1.4 sec at two I c e l a n d i c s t a t i o n s r e l a t i v e to s t a t i o n s 
i n Scotland, Greenland and Sweden, and ooncluded that the 
anomalous mantle layer must extend to at l e a s t 200 km depth. 
Tryggvason et a l . (1983) modelled the v e l o c i t y s t r u c t u r e 
beneath Iceland using the I c e l a n d i c seismograph network and 
concluded that the anomalous mantle extends to 375 km. 

A bowl-shaped Bouguer anomaly centred on c e n t r a l I c e l a n d i s 
observed to coincide with the topographic anomaly of I c e l a n d 
(Einarsson, 1954). A low density mantle extending to depths of 
s e v e r a l hundred kilometers, compensating for the excess mass of 
the dome would explain these observations. The free a i r anomaly 
i s approximately oonstant at +60 mgal and extends over the whole 
of Ioel&ud ((«. Palmag cm. pers. oo»m.). This indicate® that 
the s t r u c t u r e causing the g r a v i t y anomaly must have an a e r i a l 
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extent of s e v e r a l times the extent of Iceland. 
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1.3 Summary 

1.3.1 The s t r u c t u r e of Iceland 

The opening of the N A t l a n t i c commenced at about -60 Ma 
when the E migrating Iceland hotspot i n t e r s e c t e d a l i n e of 
weakness i n the overlying continental c r u s t , and s u b a e r i a l 
volcanism became possible. From -60 Ma to about -26 Ma the 
Greenland Scotland Ridge and the I c e l a n d i c i n s u l a r s h e l f formed 
i n response to hotspot a c t i v i t y . The ocean basins to the N and 
S formed contemporaneously by l i n e a r a c c r e t i o n along spreading 
ridges, the north having a more complex h i s t o r y than the south. 

Regional geological mapping i n Ic e l a n d i n d i c a t e s that the 
oldest exposed rocks are 16 Ma old, but that the e x t r u s i v e 
I c e l a n d i c p i l e probably dates back to before -20 Ma. The p l a t e 
boundary i s traced across Iceland along the a x i a l Neovolcanic 
Zone and the South Iceland and Tjornes f r a c t u r e zones. Off-
boundary volcanism a l s o occurs i n s o - c a l l e d flank voloanio zones 
that are thought to be unassooiated with a c t i v e r i f t i n g . 

Mapping of the T e r t i a r y i n Iceland has revealed that the 
v o l c a n i c p i l e i s b u i l t up of near h o r i z o n t a l l a v a flows 
d i s s e c t e d by dyke swarms and punctuated by c e n t r a l volcano 
complexes. I n the l i g h t of these r e s u l t s , a kinematic model of 
c r u s t a l a c c r e t i o n i n Iceland has been developed, which can be 
used to c a l c u l a t e spreading v e l o c i t i e s and other parameters from 
measurements made i n &1& l a v a successions. The model a l s o 
e x p l a i n s the i n t e r p l a y of i n t r u s i o n and extrusion at the p l a t e 
boundary, and. when c o r r e l a t e d with heat flow data, predlots a 
mechanism for remelting i n the c r u s t . The present 
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voloano-tectonio r i f t i n g episode at the K r a f l a volcano i n NE 
Ic e l a n d i s demonstrating the dynamics of the c r u s t a l a c c r e t i o n 
process and a l s o the r o l e played by c e n t r a l volcanoes. 
Syn o l i n a l s t r u c t u r e s i n the T e r t i a r y l a v a p i l e i n d i c a t e the 
pos i t i o n s of e x t i n c t accretionary plate boundaries. 

Seismic s t u d i e s i n d i c a t e that Iceland, the adjoining ocean 
basins and the Greenland Iceland Ridge are a l l underlain by 
oceanic c r u s t , t h i c k e s t beneath the Greenland-Scotland Ridge, 
and of intermediate depth below Iceland. Extensive zones of 
p a r t i a l melting have not been observed i n the I c e l a n d i c c r u s t , 
neither i s t h e i r existence predicted by heat flow measurements, 
but small i s o l a t e d zones of p a r t i a l melting e x i s t i n some 
places. The depth to the base of the I c e l a n d i c c r u s t has not 
been mapped i n d e t a i l by seismic studies. 

Beneath Iceland the crus t i s underlain by a p a r t i a l l y 
molten, low r e s i s t i v i t y l a y e r which i s the top of a mantle 
e x h i b i t i n g anomalously low P-wave v e l o c i t y and high S-wave 
attenuation. The upper mantle beneath the Greenland-Sootland 
Ridge and the ocean basins to the N and S e x h i b i t normal P-wave 
v e l o c i t i e s . The p a r t i a l l y molten l a y e r beneath I c e l a n d may 
decouple the cr u s t from the mantle and thus account for i t s high 
mobility. Shallowing of the p a r t i a l l y molten l a y e r beneath the 
Neovolcanic Zones i n d i c a t e s that the c r u s t i s thinnest beneath 
the a c c r e t i o n a r y p l a t e boundary, and pr o g r e s s i v e l y thickens away 
from i t . 

T e l e s e i s m i c delays and g r a v i t y data i n d i c a t e that t h i s 
anomalous mantle extends to at l e a s t 200 km depth. 
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1.3.2 Evolution of the plate boundary i n I c e l a n d 

The culmination of geoohemical, g r a v i t y and topographic 
data i n d i c a t e that the present p o s i t i o n of the hotspot i s 
beneath c e n t r a l east Iceland, i n the K v e r k f j o l l area. The 
present day d i s t r i b u t i o n of v o l c a n i c zones i n Iceland may be 
understood i n a plate t e c t o n i c context i f l a t e r a l flow from the 
hotspot i s accepted, p r e f e r e n t i a l l y l o n g i t u d i n a l l y along old 
zones of weakness. 

From at l e a s t -16 Ma to - 6 or 7 Ma the t r a c e of the plate 
boundary crossed Iceland i n a zone connecting Snaefellsnes and 
Skagi. The boundary then jumped eastwards and i s now 
represented by the Reykjanes-Langjokull-Axafjordur zone, which 
j o i n s with the Kolbeinsey Ridge through the Tjornes Fracture 
Zone (Saemundsson, 1974). Most of the s e i s m i o i t y of Ioeland 
occurs along the boundary, and i n the Tjornes Fracture Zone and 
the South Iceland Seismic Zone. The WE L a n g j o k u l l - K v e r k f j o i l 
Zone of recent volcanism and high topography marks the 
t r a j e c t o r y of the migrating hotspot. 

The Reykjanes-Langjokull Zone i s at present becoming 
replaced by a zone further E. The S part of the E Neovolcanic 
Zone (the K v e r k f j o l l - T o r f a j o k u l l Zone) i s a southward 
propagating accretionary p l a t e boundary that s t a r t e d forming at 
about -2 Ma. I t connects with the Reykjanes Peninsula Zone by 
the South I c e l a n d Seismic Zone, which i s u s u a l l y i n t e r p r e t e d as 
an EW transform f a u l t . That t h i s EW "transform f a u l t " has no 
s u r f a c e topographic expression, and that older surface f a u l t 
breaks are observed N of i t s supposed p o s i t i o n i n d i c a t e s that 
t h i s zone may be propagating south along with the t i p of the 
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K v e r k f j o l l - T o r f a j o k u l l Zone (Einarsson and E i r i k s s o n , 1982). 
The faot that ridge jumps have occurred i n the past implies the 
existance of remnant old blocks of c r u s t between the e x t i n c t and 
a c t i v e spreading axes. The presence of such a block i n the N of 
I c e l a n d i s supported by radiometric dating but no such evidence 
i s a v a i l i b l e from the S. 

The eastwards migration of the p l a t e boundary south of the 
hot spot has hence "lagged behind" that to the north. I t i s 
proposed here that t h i s i s because the plate boundary north of 
the hotspot has been normal to the t r a j e o t o r y of the migrating 
hotspot. Thus longitudinal flow NS along the Langjokull-Skagi 
Zone from the hotspot ceased quickly a f t e r i t migrated off a x i s . 
South of the hotspot, however, the opening of the A t l a n t l o has 
had a d i f f e r e n t h i s t o r y (see Section 1.1) and the p l a t e boundary 
i s oblique to the hotspot t r a j e c t o r y , permitting l o n g i t u d i n a l 
flow from the hotspot to be maintained for longer. I t i s a l s o 
proposed that the Snaefellsnes v o l c a n i c zone, a remnant 
accr e t i o n a r y a x i s , i s a weak zone which i s maintained a c t i v e by 
l a t e r a l flow from the hotspot, made possible by i t s c o l i n e a r i t y 
with the trace of the hotspot. 
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CHAPTER 2 

2. THE STRUCTURE OF THE HENGILL AREA 

2.1 Regional Setting 

2.1.1 The t r i p l e point 

The area herein r e f e r r e d to as the "Hengill area" i s the 
700 km 1 rectangular area that l i e s between 63°N55' - 64°N10' 
and 21°W00' 21°W30'. A l l l o c a l place names within t h i s area 
r e f e r r e d to i n the text are marked i n F i g 2.3. I t forms a 
t r i p l e j u n c t i o n where three branches of the t r a c e of the p l a t e 
boundary i n Iceland meet ( F i g . 2.1). The natures of these three 
branches are very d i f f e r e n t and they are described i n b r i e f 
i n d i v i d u a l l y below. 

2.1.2 The Reykjanes Peninsula 

This zone e x h i b i t s high sei s m i o i t y and reoent voloanism. 
Twelve h i s t o r i c eruptions have been doou»ented (Jonsson, 1983). 
The t r a c e of the plate boundary i s defined by a b e l t of 
s e i s m i c i t y , l e s s than 2 km wide i n most places that comes 
onshore at the SW t i p of the Peninsula and runs i n an e a s t e r l y 
d i r e c t i o n (Einarsson and Bjornsson, 1979). The earthquakes 
occupy the depth range 1-8 km. S t r a i n b u i l t up by p l a t e 
movements thus appears to be r e l e a s e d by b r i t t l e deformation of 
the c r u s t down to 8 km depth, and by aseismic deformation below 
t h i s . Small s c a l e s t r u c t u r e s w i t h i n the zone have been resolved 
by the s e i s m i o i t y ( K l e i n et a l . , 1977). Fooal meohanism 
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s o l u t i o n s obtained for small earthquakes on temporary networks, 
and two t e l e s e i s m i o s o l u t i o n s c o n s i s t e n t l y i n d i c a t e a 
h o r i z o n t a l , NW trend for the d i r e c t i o n of minimum compressive 
s t r e s s ( K l e i n et a l . , 1977; Bjornsson, 1975; Einarsson, 1979) . 
The d i r e c t i o n of maximum compressive s t r e s s v a r i e s from v e r t i c a l 
to NE. Thus f a u l t movements vary between normal dip s l i p 
movements on NE s t r i k i n g f a u l t planes, to s t r i k e s l i p movements 
on N or E s t r i k i n g f a u l t planes. The nature of s t r a i n r e l e a s e 
v a r i e s along the seismic zone. To the extreme west, swarm 
a c t i v i t y and normal f a u l t i n g predominate. Further to the east, 
mainshock-aftershock sequences and s t r i k e - s l i p f a u l t i n g become 
more common. The zone has not been traced as i t approaches the 
H e n g i l l area because the l e v e l of a c t i v i t y has been low i n 
recent years. 

The seismic zone i s crossed by a s e r i e s of d i s c r e t e NE 
trending en echelon f i s s u r e swarms ex h i b i t i n g normal f a u l t s , 
open f i s s u r e s and eruptive f i s s u r e s . Tryggvason (1968) 
i n t e r p r e t e d these features as being i n d i c a t i v e of a deep seated 
l e f t l a t e r a l transcurrent f a u l t with a small t e n s i o n a l component 
(a "leaky" transform f a u l t ) . Nakamura (1970) pointed out that 
the NE s t r i k i n g open f i s s u r e s are evidence of t e n s i o n a l 
t e c t o n i c s and hypothesised that the Reykjanes Peninsula i s an 
obliquely spreading ridge with equal shear and t e n s i o n a l 
components. The surface geologic formations of the Peninsula 
are mainly g l a c i a l and p o s t g l a c i a l v o l c a n i c s , and obscure to 
.some extent, the surfaoe teotonic features. I t i s o l e a r , 
however, that both ridge and transform f a u l t o h a r a o t e r i s t i o s are 
displayed i n the s e i s m i o i t y of the Peninsula. 

High temperature geothermal f i e l d s oocur at the 
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i n t e r s e c t i o n s of the f i s s u r e swarms and the seismic t r a c e of the 
p l a t e boundary. These are, from west to east, the Reykjanes, 
Svartsengi, K r i s u v i k and B r e n n i s t e i n s f j o l l geothermal areas. 
The volcano-teotonic province of the Reykjanes Peninsula i s 
terminated i n the east by the l a r g e s t f i s s u r e swarm of a l l , that 
t r a n s e c t s the Hengill area, contains the 803 m high oentral 
volcano Hengill and continues beyond L. Thingvallavatn to merge 
with the Western Volcanic Zone. The Hengill geothermal area, 
a s s o c i a t e d with t h i s f i s s u r e swarm, i s a l s o the l a r g e s t of the 
geothermal areas of t h i s s e r i e s . 

2.1.3 The Western Volcanio Zone 

This i s a 120 km long r i f t zone extending from Langjokull 
i n c e n t r a l Iceland to Hengill i n the south ( F i g . 1.2). The 
surface rocks are recent eruptives forming s i n g l e or f i s s u r e 
aligned l a v a s h i e l d s and h y a l o c l a s t i t e ridges (Saemundsson, 
1978). The r i f t i s moderately seismic, a c t i v i t y ocourring 
mainly as p e r i o d i c swarms. Structure near the southern end i s 
dominated by a swarm of f i s s u r e s and normal f a u l t s with a NE 
s t r i k e that continues S through the H e n g i l l c e n t r a l volcano 
(Foulger and Einarsson, 1980). L a t e r a l extension i n the l a v a s 
has been c a l c u l a t e d to be about 0.5 cm a"* (Saemundsson, 1967) 
or 25% of that estimated for the Reykjanes Ridge. 

2.1.4 The South Ic e l a n d Seismic Zone 

This EW orientated zone conneots the H e n g i l l area to the 

Eastern Volcanic Zone at Hekla ( F i g . 2.1). The l e v e l of 
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s e i s m i o i t y i s low at the time of wri t i n g , but many large 
d e s t r u c t i v e earthquakes are documented, which have a recurrence 
time of 50-100 years (Einarsson et a l . , 1981). The whole 
seismic zone has an EW or i e n t a t i o n at about 63°N58', but there 
i s no surface i n d i c a t i o n of such a f a u l t . I n d i v i d u a l 
earthquakes are accompanied by NS trending surface breaks, and 
t h e i r destruction zones are a l s o aligned NS. En echelon 
features of these surfaoe breaks imply a l e a s t compressive 
s t r e s s i n a NW-SE d i r e c t i o n and a maximum compressive s t r e s s i n 
a NE-SW d i r e c t i o n . These data may be interp r e t e d as i n d i c a t i v e 
of an EW trending deep seated deformation zone, which a l s o 
conforms with a transform f a u l t i n t e r p r e t a t i o n for t h i s zone. 
The b r i t t l e c r u s t responds to t h i s motion by f r a c t u r i n g on the 
conjugate plane (Einarsson and Bjornsson, 1979). 
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2.2 The H e n g i l l area 

2.2.1 Surface research 

The area that forms the meeting point of the three 
contrasting volcano-tectonic zones described above i s i t s e l f a 
s e l f - c o n t a i n e d teotonic u n i t . The geology has been described i n 
d e t a i l by Saemundsson (1967) ( F i g . 2.2) and s e v e r a l additions 
have been made since then (Saemundsson and Bjornsson, 1970; 
Saemundsson, 1978; Torfason et a l . , 1983). The area i s 
dominated by an 803 m high c e n t r a l volcano which i s d i s s e c t e d by 
an intense swarm of normal f a u l t s and open f i s s u r e s that crosses 
the area with a s t r i k e of N 25°E. To the N of the c e n t r a l 
volcano the f i s s u r e swarm has the s t r u c t u r e of nested grabens. 
An inner graben of 4-5 km width i s nested within an outer graben 
of 15-20 km width. The whole graben system i s continuous with 
the f i s s u r e zone of the Langjokull Volcanic Zone. Contained 
within the f i s s u r e swarm are both normal f a u l t s and open 
f i s s u r e s with and without v e r t i c a l o f f s e t . Geological 
observations i n t h i s part of the graben i n d i c a t e a subsidence 
r a t e of 5-8 mm a"' over the past 8000 years. P r e c i s i o n 
l e v e l l i n g over a 5 year period revealed subsidence at a r a t e of 
only 2.5 mm a"' (Tryggvason, 1974). The subsidence i s hence 
probably episodic with most of the movement occurring during 
short periods of high a c t i v i t y . Such an episode i s known to 
have ooourred i n 1789. when the whole of the f i s s u r e swarm was 
s e i s m l o a l l y aotivated and 60 om of subsidence was observed i n 
the T h i n g v e l l i r graben, 20 km N of H e n g i l l (Thoroddsen, 1899). 

The surface m a t e r i a l s are mostly b a s a l t i c h y a l o o l a s t i t e s 
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Abgedeckte geologische Karte des 
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F i g . 2.2 A s i m p l i f i e d geological map of the N part of the 
Hengill area. (from Saemundsson, 1967). 
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(erupted under i c e ) and s u b a e r i a l l a v a s . Elongated 
h y a l o c l a s t i t e ridges c h a r a c t e r i s e the area and are thought to be 
a r e s u l t of s u b g l a c i a l f i s s u r e eruptions. Cone shaped mountains 
a l s o occur, e.g. Tjarnahnukur, and these were probably formed 
by eruption through a s i n g l e c i r c u l a r o r i f i c e . S u b g l a c i a l l y 
erupted material and pillow l a v a s are the most common rock 
types, and Pleistocene and p o s t g l a c i a l lava flows are secondary 
i n importance. A knowledge of the extent of post g l a c i a l 
eruptive s i t e s , and the quantity of material extruded i s an 
i n d i c a t i o n of the p o s i t i o n of the c u r r e n t l y a c t i v e zone and the 
v o l c a n i c production rate over the l a s t 10,000 years. I n general 
the youngest rocks of the area are to be found i n and around the 
f i s s u r e swarm and the rooks beoome progressively older the more 
e a s t e r l y one t r a v e l s . Six p o s t g l a c i a l l a v a s have been mapped, 
a l l of which were erupted within the f i s s u r e swarm except for 
one, an e a r l y p o s t g l a c i a l l a v a that erupted from Tjarnahnukur, a 
v o l c a n i c cone 4 km SE of Hengill ( F i g . 2.3). The most reoent 
eruption, and the only h i s t o r i c a l l y documented one occurred i n 
the year 1000 (the Kristnitokuhraun - tihe C h r i s t i a n i t y l a v a ) . 
According to the sagas, i t erupted w h i l s t debate was i n progress 
i n the A l t h i n g i as to whether C h r i s t i a n i t y should be adopted as 
the o f f i c i a l r e l i g i o n of Ioeland. The opponents of the motion 
declared the eruption to be a sign of the anger of the Gods. 

Small outcrops of intermediate and a c i d rocks oocur SW of 
H e n g i l l . The intermediate rooks are andesites, and the a c i d 
rocks r h y o l i t e s . Intermediate rocks have a l s o been found i n 
M a e l i f e l l , NE of H e n g i l l ( F i g . 2.3) (V. Hardardottir, pers. 
comm.). 

A large geothermal f i e l d , 70 km x i n area enconpasses 
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H e n g i l l and surface d i s p l a y s extend over a large area to the SE 
of the volcano ( F i g . 2.4). No corresponding surface d i s p l a y s 
e x i s t to the W of H e n g i l l . The surface expression of the 
geothermal f i e l d i s hence highly asymmetric with respect to the 
c e n t r a l volcano. Many hot springs l i e i n s i d e the f i s s u r e swarm 
and c l o s e to Hengill. From the E side of Hengill a SE trend may 
be discerned i n the hot spring d i s t r i b u t i o n that subsequently 
widens to form a d i f f u s e s c a t t e r of high temperature d i s p l a y s 
many of which occupy an eroded topographio low j u s t N of the 
v i l l a g e Hveragerdi. 

This depression a l s o contains the deepest s e c t i o n s i n the 
oldest rocks of the area. They d i s p l a y highly a l t e r e d dykes and 
i n t r u s i o n s . The t h i n s o i l cover of t h i s area has been highly 
a l t e r e d l o c a l l y around the hot springs. 

The p i c t u r e that emerges from these observations i s 
summarised by Bjornsson et a l . , (1974). The H e n g i l l area has 
contained a c e n t r a l volcano and been v o l c a n i c a l l y a c t i v e s i n c e 
the e a r l y Matuyama geomagnetic epoch. At some time during the 
e a r l y Bruhnes (- 0.7 Ma to present) the o r i g i n a l voloanio oentre 
became e x t i n c t and a new one formed to the W of i t . The old 
v o l c a n i c centre was f i r s t buried by lavas and h y a l o o l a s t i t e s , 
but was l a t e r deeply eroded and i t s roots are now exposed i n the 
area N of Hveragerdi. For convenience, hereafter the present 
volcanio centre and a s s o c i a t e d features w i l l be r e f e r r e d to as 
the "Hengill system" and the e x t i n c t v o l c a n i c centre and 
a s s o c i a t e d features as the "Grensdalur system" (Grensdalur 
E a r t h V a l l e y ) . 

The topography of the area i s everywhere very rough exoept 

i n the Olfus lowlands to the SE ( F i g . 2.3). The region of 
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H e n g i l l and the f i s s u r e swarm i s ch a r a c t e r i s e d by high h i l l s , 
deep subsidence v a l l e y s , sheer c l i f f s and NNE elongated 
feat u r e s . E of the f i s s u r e swarm and N of the 64° p a r a l l e l the 
topography i s intense, but lower, and a c c e s s i b i l i t y i s d i f f i c u l t 
over much of the geothermal f i e l d . A transverse s t r u c t u r e i s 
apparent i n the topography, that s t r i k e s normal to the f i s s u r e 
swarm and runs from Hengill, ESE to I n g o l f s f j a i l . Other 
features a l s o delineate a st r u c t u r e of t h i s nature. They are, 
from WNW to ESE: 

a) A WNW trending h y a l o c l a s t i c ridge on Mosfellsheidi, W of 
Hen g i l l . 

b) WNW trending f r a c t u r e l i n e s that d i s s e c t H e n g i l l . 
c ) The topographic ridge mentioned above. This ridge i s a water 

shed - streams to the N flow NNE, p a r a l l e l to the f i s s u r e 
swarm, and to topographic features, to empty into L. 
Thingvallavatn. S of the water shed streams flow d i r e o t l y S, 
als o following the trend of topographic features. 

d) F a u l t s N of the transverse s t r u c t u r e trend NNE, p a r a l l e l to 
the f i s s u r e swarm. Many of those to the S trend NS. Some 
f a u l t s crossing the SE part of the transverse s t r u c t u r e 
change s t r i k e i n the middle. 

e) The v a l l e y s K y r g i l , i n the E side of Heng i l l and Klambragil 
are intense topographic features on the transverse struoture 
with WNW/ESE trend. The N boundary of the topographio 
depression occupied by the easternmost part of the geothermal 
f i e l d a l s o has a WNW/ESE trend. 

f ) A WNW/ESE trend i s c l e a r l y v i s i b l e i n the surface 
d i s t r i b u t i o n of the hot springs immediatly SE of He n g i l l . 
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2.2.2 Geophysical research 

The H e n g i l l area i s 35 km E of Reykjavik and i t s suburbs, 
which contain h a l f of Iceland's population. For t h i s reason 
there has long been i n t e r e s t i n e x p l o i t i n g the geothermal 
resource e i t h e r for hot water or e l e c t r i c i t y generation, and 
se v e r a l geophysical methods have been applied i n the area with a 
view to researching the geothermal area. The r e s u l t s of these 
s t u d i e s generally confirm the broad p i c t u r e described above. A 
b r i e f resume of recent work i s given below. 

E l e c t r i c a l methods have been e x t e n s i v e l y applied and the 
r e s u l t s described by Stefansson (1973), Bjornsson et a l . (1974), 
Stefansson (1975), Hersir (1980) and Bjornsson and H e r s i r 
(1981). I n the period 1970-1977, 66 Schlumberger and 18 
dipole-dipole r e s i s t i v i t y soundings were made. The two data 
groups c o r r e l a t e w e l l , and the picture that emerges i s of a 
conductive l a y e r ( r e s i s t i v i t y 15,/i.m) at v a r i a b l e depth 
underlying the area ( F i g . 2.5). The l a y e r i s l i m i t e d i n the W 
by the western border of the f i s s u r e swarm. Around Hveragerdi 
and the s i t e of the e x t i n c t volcano t h i s l a y e r ocours only at 
shallow depths but i t extends much deeper beneath H e n g i l l and 
the f i s s u r e swarm. I t i s not c l e a r whether the area N e s j a v e l l i r 
to the N of Heng i l l i s connected to the main conductive l a y e r or 
not. The dipole-dipole soundings i n d i c a t e an inorease i n 
r e s i s t i v i t y at 500-700 m b . s . l . under H e n g i l l , which might 
i n d i c a t e a change from l i q u i d to two phase conditions i n the 
r e s e r v o i r at these depths, or a greater percentage of 
i n t r u s i v e s . S of the high temperature area, i n the Olfus 
lowlands, r e s i s t i v i t y measurements and d r i l l i n g i n d i c a t e the 
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presence of low temperature geothermal resources ( < 160° C ) . 
I n 1976 a 100 km long magnetotelluric p r o f i l e was measured 

across the Western Volcanic Zone to the N of L. Thingvallavatn 
( F i g . 2.6) and 7 soundings were made within and around the 
H e n g i l l high temperature area ( H e r s i r et a l . , 1984). The main 
r e s u l t that emerged was the detection of an anomalous high 
conductivity l a y e r present under a l l s t a t i o n s . The l a y e r i s 
about 2 km thick, and was seen to shallow from 50 km beneath a 
s t a t i o n d i s t a n t from the Neovolcanic Zone, to 8 km beneath the 
centre of the zone ( F i g . 2.7). The r e s i s t i v i t y of the l a y e r was 
a l s o seen to increase from 2.5.n.m to 50.n.m with i n c r e a s i n g 
distance from the centre of the zone. This anomalous conducting 
l a y e r i s detected elsewhere i n Ic e l a n d (Beblo and Bjornsson, 
1978, 1980; Beblo et a l . , 1983) and i s int e r p r e t e d as a highly 
mobile zone of magma accumulation at the orust/mantle i n t e r f a o e 
with a temperature of about 1100° C and a melt phase f r a o t i o n of 
5-20% (Beblo and Bjornsson, 1978, 1980; Hermance, 1981; 
Bjornsson, 1984). 

A g r a v i t y survey was completed i n 1983 and the preliminary 
r e s u l t s are a v a i l a b l e (Thorbergsson et a l . , 1984). The Bouguer 
anomaly map ( F i g . 2.8) d i s p l a y s s e v e r a l lows along the f i s s u r e 
swarm, and a high over the topographical depression that marks 
the s i t e of the e x t i n c t Grensdalur c e n t r a l volcano. These data 
have not as yet been modelled but the features displayed are 
what would be expected i f p a r t i a l melt e x i s t s at shallow depth 
beneath l i g h t h y a l o o l a s t i o s i n the f i s s u r e swarm, and dense, 
cool dykes and i n t r u s i o n s c h a r a c t e r i s e the near surface 
s t r u c t u r e of the Grensdalur system. 

The r e s u l t s of an aeromagnetic survey of the H e n g i l l area 
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conducted at 800 m a l t i t u d e i n 1975 were compiled by Bjornsson 
(1976) ( F i g , 2.9) and b r i e f l y discussed by Hersir (1980). The 
magnetic p o l a r i t y of the H e n g i l l - f i s s u r e swarm area i s normal 
and i s associated w i t h the present Bruhnes epoch. Outside the 
f i s s u r e swarm the p o l a r i t y i s reversed i n d i c a t i n g t h a t the f i e l d 
i s dominated by m a t e r i a l intruded and extruded p r i o r t o 0.7 Ma 
yrs ago, during the Matuyama epoch of reversed magnetism. Three 
anomalous features may be d i s t i n g u i s h e d : 
a) A general magnetic high occupying the f i s s u r e swarm, 
b) A SE o r i e n t a t e d zone of low magnetic i n t e n s i t y crossing the 

f i s s u r e swarm t o the S of H e n g i l l and widening t o the E t o 
encompass the area of hot springs. 

c) A strong magnetic high associated w i t h the mountain 
S k a l a f e l l . 

The magnetic high over the f i s s u r e swarm i s probably a 
r e s u l t of the f a c t t h a t there has been a very large production 
of m a t e r i a l i n t h i s zone during the Brunhes normal geomagnetic 
epoch (0.7 M yrs ago - present) and t h a t the magnetisation of 
t h i s m a t e r i a l dominates the measured f i e l d . The transverse 
magnetic low over much of the geothermal area i s thought t o be 
caused by extensive demagnetisation of the rocks by thermal 
e f f e c t s . The strong magnetic high over S k a l a f e l l can be 
explained by topography and s t r o n g l y magnetised rooks i n the 
mountain. 

The hydrology and borehole studies which w i l l be described 
next are almost t o t a l l y based on data from NesjavellAr, on the N 
perimeter of the H e n g i l l system, and Hveragerdi, on the S 
perimeter of the Grensdalur system, since these are the only two 
s i t e s where deep d r i l l holes have been made. 
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Hydrological i n v e s t i g a t i o n s are described by Arnason et a l . 
(1969) and Arnason (1976). The r e s u l t s i n d i c a t e two deep 
groundwater systems. One i s detected i n samples taken from a 
depth of over 800 m i n the N e s j a v e l l i r d r i l l holes. This water 
has a deuterium concentration s i m i l a r t o t h a t p r e c i p i t a t e d over 
the S p a r t of the L a n g j o k u l l g l a c i e r , so i t probably flowed SE 
along the volcanic zone. Samples taken from Hveragerdi i n d i c a t e 
t h a t the deep groundwater system that reaches the surface there 
derives i t s water from a mountainous area 35 km NE of 
Hveragerdi. The deuterium concentration i s s i m i l a r t o the water 
of L. Thingvallavatn. These r e s u l t s show t h a t a double 
h y d r o l o g i c a l system i n the H e n g i l l area m i r r o r s the double 
vol c a n i c system. Hot springs at higher elevations are l i k e l y t o 
have o r i g i n a t e d from l o o a l p r e c i p i t a t i o n t h a t was heated up by 
steam and gases ascending from the deeper thermal systems. 

The d r i l l i n g of deep boreholes i n the N e s j a v e l l i r area has 
been i n progress since 1965 (Stelngrimsson and Stefansson, 
1979). A p r e l i m i n a r y conceptual model i s presented by 
Stefansson e t a l . (1983) ( F i g . 2.10). The main r e s e r v o i r i s 
found below 800 m depth. I n the southern p a r t of the w e l l f i e l d 
the r e s e r v o i r i s b o i l i n g a t a temperature near 300°C. Pressure 
and temperature decrease northward. 

A short distance t o the N of Hveragerdi 8 w e l l s have been 
d r i l l e d (G1-G8) i n t o the S border of the Grensdalur system. The 
temperature p r o f i l e s of these wells show t h a t a maximum 
temperature i s reaohed below whioh temperature deoreases. The 
maximum temperatures were 184-233° C at 100-600 m depth 
( F i g . 2.11). The w e l l s are located roughly on a N/S l i n e , and 
i t i s found t h a t both the maximum temperature measured and the 
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depth t o i t increased t o the N, (Ragnars e t a l . , 1979; Xi-Xiang, 
1980). Linear e x t r a p a l o t i o n of t h i s t r e n d t o the N i n d i c a t e s 
t h a t temperatures of about 300° C would be expected at 850 m 
depth about 2 km N of Gl. 

Extensive sampling of the hot springs and fumaroles of the 
geothermal area has been conducted i n the l a s t 2 or 3 years, 
w i t h the i n t e n t i o n of performing chemical analyses. A b r i e f 
d e s c r i p t i o n of the pre l i m i n a r y r e s u l t s i s given by Torfason e t 
a l . (1983). The concentration of several gases i n fumaroles 
has been shown t o be r e l a t e d t o the temperature of the water 
from which the steam b o i l e d o f f and thus i s an i n d i c a t i o n of the 
temperature of the deep geothermal r e s e r v o i r (see Arnorsson and 
Gunnlaugsson, 1984 f o r summary). This applies only i f the 
mineralogy of the rock matrix i s i n temperature e q u i l i b r i u m i n 
the geothermal system. Several "gas thermometers" have been 
e m p i r i c a l l y scaled, e.g. the COa, H1S, H a, C0 4/K x and Ĥ S/Ĥ  
thermometers. However, t h e i r a p p l i c a t i o n t o geothermal 
prospecting has so f a r been r e s t r i c t e d because the 
concentrations of these substances can be subject t o a l t e r a t i o n 
by processes t h a t occur i n between the steam b o i l i n g o f f and 
reaching the surface, e.g. p a r t i a l condensation of the steam 
and o x i d a t i o n of the hydrogen and hydrogen sulphide. I n the 
H e n g i l l area, though, good agreement has been demonstrated 
between the deep temperatures measured i n the boreholes and the 
gas temperatures measured i n nearby fumaroles. Fig. 2.12 
i l l u s t r a t e s the deep temperature d i s t r i b u t i o n over the H e n g i l l 
geothermal area according t o the CÔ  gas thermometer. Three 
temperature highs are contoured: 

a) The most extensive high (max. temp > 310° C) i s centred on 
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the area t o the S of H e n g i l l and i s confined t o the f i s s u r e 
swarm. I t s W boundary i s not defined. 

b) A second, cooler and less extensive high (max. temp. 
300-310°C) l i e s j u s t S of Tjarnahnukur. 

c) A t h i r d , even cooler and less extensive temperature high 
(max. temp. 270-280° C) i s centred on the Grensdalur 
system. 

Simi l a r r e s u l t s are reported by Torfason et a l . (1983) f o r 
the R%S and gas thermometers. These r e s u l t s should be 
considered t o be preliminary and uncorrected. 

2.2.3 Summary 

The suggestion of Bjornsson et a l . (1974) t h a t the H e n g i l l 
area contains both an a c t i v e c e n t r a l volcano ( H e n g i l l ) and an 
e x t i n c t one i n the area N of Hveragerdi i s l a r g e l y supported by 
more recent r e s u l t s . I t w i l l now be reviewed i n the l i g h t of 
these r e s u l t s . I t should be borne i n mind t h a t i n the case of 
borehole measurements and the hy d r o l o g i c a l study, l i t t l e or no 
data are a v a i l a b l e except from N e s j a v e l l i r and Hveragerdi. 
Conclusions drawn about the H e n g i l l and Grensdalur systems on 
the basis of these data are thus e x t r a p o l a t i o n s . 

The surface geology and appearance of the geothermal 
manifestations i n the topographic low immediately N of 
Hveragerdi are consistent w i t h the suggestion t h a t t h i s area i s 
the s i t e of an e x t i n c t volcano and a , r e l a t i v l y cool p a r t of the 
geothermal area. At some time during the Bruhnes geomagnetic 
epoch volcanic a c t i v i t y was t r a n s f e r r e d t o a s i t e W of t h i s 
volcano and large q u a n t i t i e s of m a t e r i a l were extruded b u i l d i n g 
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up the 803 m high h y a l o o l a s t i o p i l e H e n g i l l . H e n g i l l i s 
r e l a t i v e l y i n a c t i v e compared with other I c e l a n d i c c e n t r a l 
volcanoes and only 5 p o s t g l a c i a l eruptions are a t t r i b u t e d to i t . 
A 6th eruption occurred i n the e a r l y post g l a c i a l period from 
Tjarnahnukur. The geothermal area i s hottest i n the proximity 
of H e n g i l l and i s s t i l l being replenished. Other i n v e s t i g a t i o n s 
that give r e s u l t s consistent with t h i s p i c t u r e are as follows: 
a) R e s i s t i v i t y studies i n d i c a t e that the geothermal area i s 

hottest beneath Hengill and i n the f i s s u r e swarm to the N and 
S, but extends E beneath the Grensdalur area at shallow 
depths. Magnetotellurio studies i n d i c a t e that a molten 
b a s a l t i c l a y e r at the crust/mantle inter f a o e i s shallowest 
beneath the f i s s u r e swarm. 

b) The raw r e s u l t s of a g r a v i t y and an aeromagnetic survey 
i n d i c a t e that d i s t i n c t anomalies of opposite sign are 
a s s o c i a t e d with the Hengill and the Grensdalur systems. 

o) Hydrological studies i n d i c a t e that the deep c i r c u l a t i o n 
system i n the area of the Grensdalur volcanio system i s 
d i s t i n c t and independent of that of the H e n g i l l voloanio 
system. 

d) Borehole measurements indioate that the geothermal f i e l d at 
N e s j a v e l l i r i s hot, though periph e r a l , and has been subject 
to recent heating up. Near Hveragerdi the f i e l d i s a l s o 
p e r i p h e r a l , but cooler, and with a temperature gradient to 
the N. 

e) The preliminary r e s u l t s of geochemical studies i n d i c a t e that 
the geothermal area may d i s p l a y three separate temperature 
maximums, one a s s o c i a t e d with eaoh of the H e n g i l l and the 
Grensdalur systems and a t h i r d j u s t S of Tjarnahnukur. 
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Recent geophysical work thus supports the theory t h a t two 
c e n t r a l volcanoes occupy the H e n g i l l area and also suggest t h a t 
they may be associated w i t h separate h y d r o l o g i c a l systems. 
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CHAPTER 3 

3. PROGRAMME STRUCTURE, DATA COLLECTION AND PROCESSING 

3.1 Programme s t r u c t u r e 

3.1.1 The aims of the programme 

The aims were t w o f o l d : 

1. To research the geothermal prospect and t e c t o n i c s t r u c t u r e of 
the H e n g i l l area using n a t u r a l earthquake data augmented by 
explosions, and 

2. To evaluate the u t i l i t y of n a t u r a l earthquake (passive 
seismic) studies as a geothermal prospecting t o o l . 

3.1.2 S t r u c t u r i n g passive seismological research programmes i n 
geothermal areas 

A l i t e r a t u r e survey of passive seismic studies i n 
geothermal f i e l d s was conducted i n order t o assess the "s t a t e of 
the a r t " (Foulger, 1982) a copy of which may be found i n t h e 
pocket a t the back of t h i s t h e s i s . I t emerged t h a t many st u d i e s 
have been reported, using recordings of l o c a l , r e g i o n a l and 
te l e s e i s m i c earthquakes made i n areas of i n t e r e s t , sometimes 
augmented by explosions. Various d i f f e r e n t p r o j e c t designs and 
processing methodologies f o r de a l i n g w i t h d i f f e r e n t types of 
data were described. Much of the work, however, was of t h e 
" p i l o t p r o j e c t " type, i n v o l v i n g small numbers of s t a t i o n s 
deployed f o r very s h o r t periods, sometimes w i t h l i t t l e or no 
foreknowledge of the s e i s m i c i t y of the area of i n t e r e s t , i t was 
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concluded t h a t much of the work done had su f f e r e d from poor 
programme design, but t h a t i n a number of instances n a t u r a l 
earthquake studies had given u s e f u l i n f o r m a t i o n about geothermal 
prospects. No one "composite" study had been reported, designed 
t o c o l l e c t diverse data and apply the f u l l spectrum of 
processing methodologies. 

I t i s cle a r t h a t a meaningful passive seismological 
research programme i n a geothermal area should consist of four 
phases: 

Phase 1 Survey of a l l pre e x i s t i n g seismio data from the area. 
Phase 2 P i l o t f i e l d p r o j e o t , reduction of data. 
Phase 3 Main f i e l d p r o j e c t , reduotlon of data. 
Phase 4 Ongoing monitoring. 

The design of each phase and indeed whether or not i t i s 
undertaken should be decided on the basis of the r e s u l t s of the 
previous phase(s). F i e l d p r o j e c t s should be s t r u c t u r e d t o 
optimise the c o l l e c t i o n of data of various types t o enable the 
a p p l i c a t i o n of as many d i f f e r e n t processing techniques as 
possible. Continual comparison should be made w i t h the r e s u l t s 
of other g e o s c i e n t i f i c i n v e s t i g a t i o n s . 

Following t h i s plan should ensure t h a t any investment made 
i n t h i s type of research i s based on a clear understanding of 
the expected r e t u r n s , an aspeot important t o consider i n n a t u r a l 
earthquake studies, and t h a t those returns be maximised. 

The seismological research programme of the H e n g i l l area 
followed the plan o u t l i n e d above c l o s e l y . I t was hoped t h a t by 
running a programme such as t h i s , based on sound t h e o r e t i c a l and 
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p r a c t i c a l background research, and s p e c i f i c a l l y aimed at 
geothermal research, the value of the method as a prospecting 
t o o l could f i n a l l y be f a i r l y evaluated. 

3.1.3 The s t r u c t u r e of the H e n g i l l seismological research 
programme 

Phase 1 1278 - 1272 
A l l data a v a i l a b l e were examined, i n c l u d i n g reports of 

h i s t o r i c d e s t r u c t i v e events and data recorded on the regi o n a l 
seismograph network. The l o c a t i o n s of the instruments of t h i s 
network are shown i n Fig. 3.1 and tabulated i n Appendix 3. A 
broad p i c t u r e of the s p a t i a l and temporal nature of the l o o a l 
s e i s m i c i t y emerged (Foulger and Elnarsson, 1980). 

Phase 2 1222 - 1981 
On the basis of the r e s u l t s from Phase 1 a short (4 month) 

p i l o t f i e l d p r o j e c t was designed and conducted i n 1979. Four 
a d d i t i o n a l temporary drum seismographs were deployed t o augment 
the two permanent s t a t i o n s i n the area. They were located i n 
and around the most s e i s m i c a l l y a c t i v e part of the area i n order 
t o enable accurate hypooentral determinations (HN, HG, HH, HB, 
Fig . 3.1). These 4 temporary s t a t i o n s were l a t e r made 
permanent. With the a d d i t i o n of the r e s u l t s from t h i s phase the 
p a t t e r n of a c t i v i t y i n the H e n g i l l area became f a i r l y d e a r 
(Foulger, 1981). 

£hase 3 1281 - 19S4 
On the basis of the r e s u l t s of Phases 1 and 2 the main 

f i e l d p r o j e c t was designed i n v o l v i n g the deployment of a dense 
seismometer network f o r a 4 month period i n 1981. 
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A ra d i o telemetered network of 23 s t a t i o n s recording on 
magnetic tape (geostore equipment) was made a v a i l a b l e t o the 
programme by the NERC, U.K. I t was ca l c u l a t e d t h a t the 
deployment of a network of t h i s size f o r one summer would 
provide data s u f f i c i e n t f o r a study of the s p a t i a l and temporal 
d i s t r i b u t i o n of l o c a l earthquakes, frequency-magnitude 
r e l a t i o n s h i p s , f o c a l mechanisms and teleseis m i c delay times. 
Local and region a l explosions were also planned t h a t would 
provide data f o r a study of l a t e r a l and v e r t i c a l v e l o c i t y 
v a r i a t i o n s . This network augmented the network of 7 s t a t i o n s 
t h a t was already i n s t a l l e d i n the area ( F i g . 3.1). S t a t i o n 
l o c a t i o n s are tabulated i n Appendix 3. 

The network was centred on the most s e i s m i c a l l y a c t i v e p a r t 
of the area and i t s diameter made about three times the expected 
average hypocentral depth. S t a t i o n coverage was f a i r l y uniform 
but s l i g h t l y denser i n the middle. This network geometry 
enabled accurate l o c a t i o n s t o be ca l c u l a t e d , e s p e c i a l l y 
hypocentral depths, and gave good c o n s t r a i n t f o r f o c a l mechanism 
s o l u t i o n s . Whilst maintaining t h i s broad design, d e v i a t i o n s 
were made f o r the f o l l o w i n g reasons: 
1. 13 of the s t a t i o n s were deployed t o form e q u i d i s t a n t fan 

arrangements around the shot p o i n t s . Such arrangements would 
y i e l d a r r i v a l time delay and s p e c t r a l data t h a t would not 
have t o be corrected f o r distanoe. 

2. Line of s i g h t had t o be maintained between the t r a n s m i t t i n g 
and r e c e i v i n g a e r i a l s , t h e r e f o r e s t a t i o n coverage was poor i n 
the neighbourhood and t o the NE of H e n g i l l and i n the E, SE 
and SW of the area. 
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Phase 4 19S4 -

Further monitoring. 
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3.2 Data c o l l e c t i o n 

3.2.1 The e n t i r e data set 

1700-1983 
1930-1983 

3. Aug.1974-June 1981 

The study of l o c a l earthquake a c t i v i t y presented i n 
Chapters 4-5 i s based on data a v a i l a b l e concerning the 
s e i s m i c i t y of the H e n g i l l area since the year 1700. The data 
are grouped as f o l l o w s : 

h i s t o r i c macroseismic data 
data recorded at the r e g i o n a l s t a t i o n 
REY (Reykjavik) ( F i g . 2.1) 
data recorded on the r e g i o n a l 
seismograph network, which was 
occasionally augmented by a d d i t i o n a l 
temporary l o o a l instruments (the "drum 
data" set) ( F i g . 2.1) 
data recorded on the radio telemetered 
network which augmented the r e g i o n a l 
seismograph network, (the "tape data" 
se t ) ( F i g . 3.1) 

4. July.12-Oct.9 1981 

Data groups 1-3 are "inhomogeneous" i . e . d e t e c t i o n 
t h r e s h o l d and l o c a t i o n accuracy d i d not remain constant (but 
u s u a l l y improved) throughout the recording periods. 

The teleseismio and explosion data disoussed i n Chapter 7 
were c o l l e o t e d on the radio telemetered network. 
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3.2.2 H i s t o r i c macroseismic data 

These were assessed by Sv. Bjornsson (pers. comm.). 
Documentation, and hence l o c a t i o n and magnitude assessment, 
improved w i t h time. The data group i s considered t o be complete 
f o r >, 6.0 f o r the 283 year period studied (see Section 
5.2.2.1 f o r d e f i n i t i o n of M^£y tM R £ y « Ms ] ). 

Location of events i n t h i s group are based on reports of 
f e l t i n t e n s i t i e s and are only aoourate t o w i t h i n ten km. The 
data set oontains 3 or 4 events. 

3.2.3 Data recorded at the r e g i o n a l s t a t i o n REY (Reykjavik) 

The s t a t i o n REY has response c h a r a c t e r i s t i c s s i m i l a r t o the 
WWSSN s t a t i o n s . I t i s a 2 component set. The N instrument i s a 
Sprengnether set at Ts = Tg = 1.5 sec and the Z instrument i s a 
Willmore set at T$ = 1 sec, Tj = 0.25 sec. Recording i s 
analogue on l i g h t s e n s i t i v e paper at speeds of 30 and 60 mm mln"1 

r e s p e c t i v e l y . 
Event l o c a t i o n s were obtained from the s t a t i o n b u l l e t i n s , 

from Tryggvason (1978a, b; 1979) and from Ragnar Stefansson and 
Thorunn S k a f t a d o t t i r (pers. comm.) of the I o e l a n d i c 
Meteorological O f f i o e . The instrumentation at REY was 
occasionally modernised during the period 1930-1983. 
S e n s i t i v i t y and hence d e t e c t i o n t h r e s h o l d thus prog r e s s i v e l y 
improved. The data set i s probably complete f o r MJL >, 3 f o r the 
53 year period considered (see Section 5.2.2.1 f o r d e f i n i t i o n of 
M I L [ M I L * M 5 ] ) . The data set oontains 116 events. 
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3.2.4 Data recorded on the r e g i o n a l seismograph network 

The instruments comprising t h i s network consist of 
v e r t i c a l , short-period geophones ( n a t u r a l frequency 2-3 Hz) and 
paper drum recorders i n s c r i b i n g w i t h pen and i n k at a speed of 
90 mm m i n H . A r r i v a l times were read by hand from the 
seismograms t o an accuracy of 0.1 s e c 

The whole network consists of about 40 s t a t i o n s at the time 
of w r i t i n g . Of these about 25 provided data f o r t h i s programme, 
and 4 l i e w i t h i n the study area. The s t a t i o n s IR (IR s k a l i ) and 
SL (Selfoss) were operational f o r the whole programme period 
( F i g . 3.1). I n a d d i t i o n four temporary s t a t i o n s were a v a i l a b l e 
and were deployed i n t e r m i t t e n t l y at HG (Gufudalur), HH ( S t o r i -
H als), HN ( N e s j a v e l l i r ) and HB ( B j a r n a s t a d i r at H j a l l i ) . These 
s t a t i o n s were f i r s t occupied f o r 4 months i n the summer of 1979 
during the p i l o t f i e l d p r o j e o t . I n l a t e 1980 semi-permanent 
s t a t i o n s were i n s t a l l e d at these lo o a t i o n s ( F i g . 3.1). I n 
a d d i t i o n t o these drum reoorders, a s t a t i o n was operated at HK 
(Krokur) f o r part of the time. I t consisted of a 3 component 
set of Willmore Mk I I seismometers w i t h n a t u r a l period adjusted 
t o 1 sec. Recording was analogue on 1/4" magnetic tape. This 
s t a t i o n was loaned by Dept. of Geological Scienoes, U n i v e r s i t y 
of Durham, U.K. Tapes were played back on the processing system 
a t Durham and paper records of events were w r i t t e n using a 16 
channel Siemens ink j e t pen. A r r i v a l times were read by hand t o 
an aoouraoy of 0.01 eeo and c o n t r i b u t e d t o the oomputer 
l o c a t i o n s . 

Detection threshold and l o c a t i o n aoouraoy i s very v a r i a b l e 
w i t h i n t h i s data group because of the v a r i a b i l i t y i n s t a t i o n 
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coverage. Fig. 3.2 i l l u s t r a t e s the s t a t i o n ooverage t h a t was 
aohieved w i t h i n the H e n g i l l area. The data set i s complete f o r 
MIL >, 2.0 f o r the whole period, but a l o c a t i o n t h r e s h o l d as low 
as M I C= 0.3 was aohieved when 7 s t a t i o n s were operated w i t h i n 
the area. 

Computer l o c a t i o n s were c a l c u l a t e d f o r t h i s data set (see 
Section 3.3.1). Both P- and S-wave a r r i v a l times were used. S-
wave and poor P-wave a r r i v a l times were given h a l f weight since 
they could t y p i c a l l y be read t o an accuracy of only 0.2 sec. 
These computer loc a t i o n s t y p i c a l l y i n v o l v e 5-10 a r r i v a l times, 
and are l i k e l y t o be accurate t o 1-2 km. The data set oontains 
1040 events. 

3.2.5 Data recorded on the radio telemetered network 

3.2.5.1 Instrumentation 

Tape Beefir&erS 

Three "Geostores" were used, recording analogue s i g n a l s on 
14 channel 1/2" magnetic tape at a speed of 15/320 i n sec""1 . 
This gave an upper o u t - o f f frequency of 32 Hz. One ohannel 
recorded time oode generated by an i n t e r n a l o r y s t a l olook, 
f l u t t e r compensation signals were reoorded on two ohannels, and 
the MSF rad i o time s i g n a l was reoorded on a f o u r t h channel. The 
remaining 10 channels were a v a i l a b l e on each recorder f o r 
recording seismic s i g n a l s . 
Seismometers 

23 Willmore Mk I I I v e r t i c a l seismometers were used, w i t h 
n a t u r a l period adjusted t o 1 second. Each was pa i r e d w i t h an 
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Fig. 3.2 S t a t i o n coverage achieved i n the H e n g i l l area 1974-1983 

amplifier-modulator and c a l i b r a t e d i n the U.K. before shipment. 
The instruments were not c a l i b r a t e d f o r frequency response i n 
the f i e l d . 
Eadio l i n k s 

20 r a d i o l i n k s were deployed. They tr a n s m i t t e d on 458-459 
MHz at 0.025 MHz i n t e r v a l s . Each consisted of a t r a n s m i t t e r , a 
recei v e r and a p a i r of UHF a e r i a l s , 
l e s t Sexes 

Two types were used. The Mk I type had both audio and 
v i s u a l (paper playout) d i s p l a y s , and was heavy. The Mk I I type 
had audio d i s p l a y only but was l i g h t . The t e s t boxes could be 
connected t o the amplifier-modulator, the radio reoeiver or the 
tape recorder, t o oheok the f u n o t l o n i n g of p a r t i c u l a r s t a t i o n s . 
Replay equipment 

A 7 channel Siemens ink j e t pen i n s o r i b e r , a 14 ohannel 
"store .14" playback tape recorder, an automatic time oode 
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decoder and a stereo audio playback set were used t o monitor 
recording throughout the f i e l d season. 

3.2.5.2 F i e l d l o g i s t i c s 

A d e t a i l e d d e s c r i p t i o n of the f i e l d w o r k i s given i n 
Appendix 1 and summarised here. 

20 radio telemetering o u t s t a t i o n s and 3 recording s t a t i o n s 
were established, a l l seismometers being housed i n holes dug 
down t o bedrock. 1.5m high masts accomodated the radio a e r i a l s 
and power was supplied by portable lead a c i d b a t t e r i e s . 

Amplifier-modulator gains of 6 or 7 were used, depending on 
the ambient noise conditions at each s i t e . Tape recorders were 
housed i n waterproof aluminium boxes. 

A c c e s s i b i l i t y was d i f f i c u l t i n the area and many s t a t i o n s 
were i n s t a l l e d by f o o t . I n these cases the equipment was 
transported e i t h e r i n rucksacks or by pack horse. Equipment 
i n s t a l l a t i o n took 2 people 1 month. 

A f t e r commencement of recording tapes were changed at 3 day 
i n t e r v a l s and played back immediately i n order t o detect 
malfunctions as q u i c k l y as possible. Three l o c a l and two 
r e g i o n a l dynamite explosions were f i r e d i n lakes, at 
shot-reeiever distances of 0 - 55 km. Recording was oonduoted 
f o r 90 days, and equipment malfunction r e s u l t e d i n the loss of 
14% of the data. 

3.2.5.3 Data playback 

The tapes were played back at the U n i v e r s i t y of Durham 
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using s i m i l a r equipment t o t h a t used t o monitor the tapes, but 
w i t h a 16 channel j e t pen. A playback speed of 3.75" sec" 1 was 
used and paper records were produced on the scale 60 mm : 1 sec. 
About 15,000 i n d i v i d u a l paper records were made, and about 
150,000 a r r i v a l times read, a process t h a t took about 1 year. 

A r r i v a l times were read by hand t o an accuracy of 0.01 sec. 
S t a t i o n coverage during the recording period was constant, 
except f o r a few breakdowns of short d u r a t i o n , and hence 
d e t e c t i o n threshold and l o c a t i o n acuracy may be considered t o be 
uniform f o r t h i s data set. The data set i s complete f o r 
MJL >, -0.9 (see Section 5.2.2.1). 

P-wave a r r i v a l times only were used f o r the computer 
l o c a t i o n s , which t y p i c a l l y i n v olve 10-20 readings. The reading 
accuracy of these data i s such t h a t the e r r o r i n the l o c a t i o n s 
i s probably c h i e f l y dependent on the accuracy of the c r u s t a l 
model used. Relocation of the l o c a l explosions i n d i c a t e s t h a t 
e p i c e n t r a l l o c a t i o n s are probably accurate t o w i t h i n 400 m 
(Section 7.2.2). The data set contains 1918 events. 

The teleseismio a r r i v a l times were also read from paper 
records, using the wave matching technique (see Seotion 7.1.2) 
That data set contains 21 events f o r which 328 a r r i v a l times 
were measured. 
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3.3 Data processing 

3.3.1 The hypooentre l o c a t o r and p l o t computer system 

Earthquake l o c a t i o n s were c a l c u l a t e d using the programme 
HYPOINVERSE ( K l e i n , 1978). This programme calc u l a t e s 
hypocentres and o r i g i n times by minimising the root mean square 
of the P- and S-wave t r a v e l time r e s i d u a l s . I t uses a v e l o c i t y 
s t r u c t u r e which involves layers w i t h l i n e a r v e l o c i t y gradients 
(see Appendix 4 ) . 

HYPOINVERSE i s i n s t a l l e d i n the Un i v e r s i t y of Iceland 
VAX/VMS machine, and i s used i n conjunction w i t h the earthquake 
Hypocenter Locator and Plot System (HLPS). HLPS i s a system of 
user u t i l i t i e s t h a t f a c i l i t a t e s f i l e e d i t i n g , data handling, the 
running of Fortran programmes and data archiving. I t also 
contains p l o t t i n g u t i l i t i e s (EMAP, DMAP, TMAP) t h a t p l o t 
e p i c e n t r a l maps and depth and temporal p r o f i l e s , and the u t i l i t y 
BVALUE t h a t p l o t s magnitude-frequency diagrams and ca l c u l a t e s b-
values. HLPS was designed by G. Foulger. I t was o r i g i n a l l y 
w r i t t e n by M. Olafsson and G. Foulger f o r a PDP 11/60 RT-11 
computer (Foulger and Olafsson, 1980a, b ) . The present version 
i s an adaption made by M. Olafsson of t h i s o r i g i n a l v ersion f o r 
a VAX/VMS computer. EMAP, DMAP and TMAP were w r i t t e n by T. 
Gunnlaugsson and G. Foulger and BVALUE was w r i t t e n by B. 
Skulason. HLPS i s documented i n a HELP f a c i l i t y i n the 
Universty of Iceland VAX/VMS computer, and b r i e f l y here i n 
Appendix 2. 
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3.3.2 The teleseism computer u t i l i t i e s 

The programme HYPERMAP, supplied by Dr. D.H. T a r l i n g , 
U n i v e r s i t y of Newcastle, was used t o p l o t a map of world 
c o a s t l i n e s and teleseism l o c a t i o n s i n Mercator p r o j e c t i o n 
centred on H e n g i l l ( F i g . 7.1). 

The programme MANETA (Savage, 1979) was used t o ca l c u l a t e 
t h e o r e t i c a l a r r i v a l times f o r the P- and PKP-waves of the 
teleseisms at the H e n g i l l s t a t i o n s . This programme reads i n 
s t a t i o n and hypocentral co-ordinates, references the He r r i n 
t r a v e l time t a b l e s ( H e r r i n , 1968) and applies c o r r e c t i o n s f o r 
the earths e l l i p t i c i t y and the s t a t i o n s height above datum. 

The programme SEPD (Savage, 1979) was used t o c a l c u l a t e 
i n d i v i d u a l s t a t i o n delays from the raw delay times measured f o r 
a number of teleseisms. This programme solves, i n a le a s t 
squares sense, the set of overdetermined simultaneous equations 
r e l a t i n g delay times t o s t a t i o n delays and e r r o r terms (see 
Section 7.1.2). 

These three programmes are c u r r e n t l y i n s t a l l e d i n the NUMAC 
IBM system at Durham U n i v e r s i t y . 
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CHAPTER 4 
4. LOCAL EARTHQUAKES: SPATIAL DISTRIBUTION 

4.1 The h i s t o r i c macroseismio data 

The events i n t h i s group may be l i s t e d (Tryggvason, 1973; 
Sv. Bj ornsson, pers. oomm. ): 

M Year Day La t i t u d e Longitude 

6-6.5 
( 6-6.5 

6.0 
6.0 

1706 
1789 
1896 
1935 

20.4 
10.6 
6.9 
9.10 

63° 58. 1' 
64° 00.0' 
63° 58.1' 
64° 00.0' 

21 13.6' 
21° 26.6') 
21° 13.6' 
21° 30.0' 

The event of 1789 was a large earthquake swarm t h a t a c t i v a t e d a t 
le a s t 30 km of the f i s s u r e swarm passing through H e n g i l l , and 
not a s i n g l e large shock (Thoroddsen, 1899). The energy release 
of the whole sequence was equivalent t o one magnitude 6 - 6 . 5 
event (Tryggvason, 1973). 

The events of 1706 and 1896 are located i n the centre of 
the Olfus lowlands, where population was dense enough t o 
d e f i n i t e l y c o n s t r a i n the epicentres t o be south of 64° N. The 
event of 1935 i s less w e l l constrained because i t occurred i n an 
area of sparse population. The l o c a t i o n quoted above f o r t h i s 
event was ca l c u l a t e d using data from 86 world wide s t a t i o n s 
(Tryggvason, 1978a). 

The main p o i n t t h a t emerges, however, i s t h a t a l l 3(4) of 
these events are located on or south of the 64° l i n e of 
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l a t i t u d e , and are hence probably not r e l a t e d t o the geothermal 
f i e l d . As w i l l be seen below, t h i s p i c t u r e i s i n s t a r k contrast 
t o t h a t which emerges from a short-term study of small magnitude 
events. 
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4.2 Data reoorded at the r e g i o n a l s t a t i o n REY 

This s t a t i o n i s about 35 km from the centre of the H e n g i l l 
area. Events i n t h i s group were r a r e l y reoorded at any other 
s t a t i o n , and epicentres cannot be located more accurately than 
t o permit a s s o c i a t i o n w i t h the H e n g i l l area. Study of t h i s data 
group was hence l i m i t e d t o magnitudes and temporal d i s t r i b u t i o n , 
which are discussed i n Chapter 5. 
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4.3 The computer l o c a t i o n s 

4.3.1 Presentation of the data 

Computer hypocentral l o c a t i o n s were cal c u l a t e d f o r events 
recorded on the r e g i o n a l seismograph network and the radio 
telemetered network. These two data sets w i l l be discussed 
together i n t h i s Chapter. 

The natures of these two data sets are very d i f f e r e n t . The 
tape data set i s f a r superior t o the drum data set i n terms of 
number and accuracy, and represents a low magnitude range 
(mostly -3 4 MlL < 2.2) and short recording period (3 months). 
The drum data set, on the other hand, represents a much longer 
recording period (7 years) and contains events of higher 
magnitude (mostly 0 x< Mrt < 4.2). The tape data set thus 
contains events t h a t correspond t o movements on f a u l t lengths of 
the order of metres whereas the drum data set contains events 
t h a t correspond t o movements on f a u l t lengths of the order of 
tens of metres. For these reasons they w i l l be presented 
separately i n the Figures. They w i l l be r e f e r r e d t o as the 
"drum data" and the "tape data" r e s p e c t i v e l y . 

These two data sets together contain almost 3000 events. 
The data are 6-dimensional (space, time, magnitude and accuracy) 
and are presented i n Figs. 4.1 - 4.15 as a series of 
2-dimensional p l o t s . I n order t o produce these p l o t s i t was 
necessary t o q u a l i t a t i v e l y decide the p l o t t i n g c o n s t r a i n t s . 
This i m p l i e s an inherent d i f f i c u l t y encountered i n i n t e r p r e t i n g 
the data i . e . are the features delineated by the data being 
enhanced by the c o n s t r a i n t s used, or are they being produced by 
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them? As a r u l e series of p l o t s were made, progressively 
c o n s t r a i n i n g the data. Spurious e p i c e n t r a l and hypocentral 
p a t t e r n s were i d e n t i f i e d as those t h a t were h e a v i l y dependent on 
the s e l e c t i o n c r i t e r i a . 

The s p a t i a l c o n s t r a i n t s imposed are i n d i c a t e d i n Figs. 4.1 
-4.15. No time or magnitude c o n s t r a i n t s were imposed i n s i d e 
the tape or drum data sets: the presentation of them seperately 
may t o some extent be regarded as the presentation of d i f f e r e n t 
magnitude groups and time periods (see above). Events were 
selected f o r l o c a t i o n accuracy w i t h i n the two data sets, 
however. The f o l l o w i n g parameters were constrained: 

GAP: The l a r g e s t azimuthal gap between azimuthally adjacent 
s t a t i o n s . 

ERH: The h o r i z o n t a l e r r o r i n km, defined as the greatest 
length of the h o r i z o n t a l p r o j e c t i o n of the 32% e r r o r 
e l l i p s o i d . (The earthquake has a s t a t i s t i c a l 
p r o b a b i l i t y of 32% of l y i n g i n s i d e t h i s e l l i p s o i d of 
e r r o r ) . 

RMS: The f i n a l root mean square t r a v e l t i m e r e s i d u a l , 
computed a f t e r r e s i d u a l weighting. 

ERZ: The v e r t i c a l e r r o r i n km, defined as the greatest 
length of the v e r t i o a l p r o j e c t i o n of the 32% e r r o r 
e l l i p s o i d . 

To obtain accuracy i n the hypocentral depth of an event, 
comparable t o t h a t i n the h o r i z o n t a l plane, s t a t i o n s very close 
t o the epicentre are required. Hence a d d i t i o n a l parameters were 
constrained i n s e l e c t i n g the hypocentral data. These were: 
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no. a r r i v a l times: minimum number of a r r i v a l times used f o r the 
l o c a t i o n 

d i s t / d e p t h : the r a t i o of the h o r i z o n t a l distance t o the 
nearest s t a t i o n used i n the l o c a t i o n t o the 
hypocentral depth. Constraining t h i s 
parameter l i m i t s possible selected l o c a t i o n s 
t o cone shaped zones beneath each s t a t i o n . 
However examination of the t o t a l data set 
showed t h a t very few hypocentres were 
located outside these oones. 

These c o n s t r a i n t s were selected on a t r i a l basis. The aim 
was t o have the e f f e c t of "focusing" a p i c t u r e t h a t would 
otherwise be "blurr e d " by a s c a t t e r of poorly located events. 

I n order t o make some d i s t i n c t i o n between data of d i f f e r i n g 
accuracy, the drum and tape data sets were each d i v i d e d i n t o 
" e p i c e n t r a l data" and "hypocentral data", the l a t t e r being 
selected f o r accuracy i n the depth determination, and the former 
f o r accuracy i n the e p i c e n t r a l determination only. 

The c o n s t r a i n t s imposed were: 

epiQ£nt£&l data: 
drum data tape data 

GAP 4 180° x< 180° 
ERH < 2.5 km < 1.0 km 
RMS < 0.15 seo N< 0.10 sec 
ERZ < 99.0 km x< 99.0 km 
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hypQQentr&l data: 
drum data tape data 

GAP < 180° < 180° 
ERH K 1.3 km 4 1.0 tan 
RMS ^ 0.15 sec 4 0.10 sec 
ERZ i 2.2 km « 2.0 km 
no. a r r i v a l times » 8 » 12 
d i s t / d e p t h « 2.0 km « 2.0 km 

4.3.2 The s e i s m i c i t y i n d e t a i l 

4.3.2.1 The c e n t r a l c l u s t e r 

The main e p i c e n t r a l area of a c t i v i t y l i e s approximately 5 
km NW of Hveragerdi (64°N00/, 21*W10'), and coincides w i t h the 
area most abundant i n hot springs and fumaroles 
(Figs. 4.1 -4.4, 2.4). A topographic low formed by three NS 
tr e n d i n g r i v e r v a l l e y s (the Grensdalur low - see F i g . 2.3) 
occupies a large p o r t i o n of the area of the c l u s t e r . The 
a c t i v i t y does not extend as f a r south as Hveragerdi. 

Examination of the drum data e p i c e n t r a l d i s t r i b u t i o n ( F i g . 
4.1) shows t h a t a c t i v i t y i n t h i s area e x h i b i t s two trends: 
1. NW s t r i k i n g trend. 
2. NE s t r i k i n g t r e n d . These trends i n t e r s e c t at an angle of 

about 90°. As i s seen w i t h other features, t h i s tendency 
becomes c l e a r e r i f the most accurately located events are 
selected. ( F i g . 4.3). 
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Fig. 4.1 Drum data epicentres. 
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Fig. 4.3 Drum data hypocentres. 



101 

64N10.00 1 0 
1 

1/ 

1 I 
f 

1 1 t 

Vtrt 
/f 7 III 

•/ 

6 7 W 
4 V, 7 

i. 

/ 

//' 

A 63N55.00 
21W00.00 21W30.00 

TAPE HYPOCENTERS 
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I n the tape data set ( F i g . 4.2) the c e n t r a l c l u s t e r appears 
t o d i v i d e up i n t o about 6 subclusters, some of which were formed 
by s i n g l e swarms, and others by continuous low l e v e l a c t i v i t y : 

S i n g l y swarms Continuous A c t i v i t y 
S v i n a h l i d (S) Grensdalur (G) 
A s t a d a f j a i l (A) K y l l i s f e l l (KY) 
Laxadalur head (L) Klambragil (K) 

The Klambragil (K) subcluster i s by f a r the l a r g e s t and 90 
events were located w i t h i n i t . The events were not grouped i n 
time; a c t i v i t y stayed at a consistent l e v e l over the whole 
recording period. A tendency may also be observed i n the drum 
data set (Figs. 4.1 and 4.3) f o r a c t i v i t y t o be l o c a l l y higher 
i n t h i s v i c i n i t y . 

I n the f o l l o w i n g discussion, cross sections are as 
i l l u s t r a t e d i n Fig. 4.5. 

Figs. 4.6 and 4.7 are cross sections c o l i n e a r w i t h the NW 
s t r i k i n g t r e n d observed i n the e p i c e n t r a l d i s t r i b u t i o n (MOS 
REY, Fi g . 4-5). These cross sections i l l u s t r a t e the progressive 
shallowing of the minimum hypocentral depth and the increase i n 
a c t i v i t y as one passes from NW t o SE along t h i s t r e n d . The 
hypocentres are shallowest at a distance of approximately 13 km 
along the sections i n both data sets, i . e . i n the region of the 
Grensdalur (G) subcluster. Some doming of the s e i s m i c a l l y 
a c t i v e zone i n the c e n t r a l c l u s t e r i s thus displayed. A 
shallowing of the maximum depth of a c t i v i t y i s also apparent i n 
the drum data of Fig . 4.6. On the tape s e c t i o n of F i g . 4.7 the 
dominant Klambragil (K) subcluster, about 10 km along t h e 
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Fig. 4.5 Drum data hypocentral map showing the l o c a t i o n s of 
cross sections presented i n Figs. 4.6 - 4.11 and 4,13. 
Brackets i n d i c a t e the width of the cross sections. 
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Fig. 4.6 NW-SE cross se c t i o n M o s f e l l s h e i d i R e y k j a f e l l . Drum 
data. L e t t e r s correspond t o subclusters discussed i n 
the t e x t . 
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10 

Fig. 4.7 NW-SE cross se c t i o n M o s f e l l s h e i d i - R e y k j a f e l l . Tape 
data. L e t t e r s correspond t o subclusters discussed i n 
the t e x t . 
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s e c t i o n , i s very obvious, and enhanced a c t i v i t y i s also v i s i b l e 
i n t h i s region on the drum data cross section ( F i g . 4.6). 

Figs. 4.8 and 4.9 are corresponding SW-NE cross sections 
across the c e n t r a l c l u s t e r (HENG - KATT, Fig. 4.5). I t may be 
noted t h a t the l e f t hand parts of these cross sections are 
transverse sections of the NW-SE trend, and the r i g h t hand parts 
are l o n g i t u d i n a l sections of the SW-NE trend. Both sections 
show a higher l e v e l of a c t i v i t y i n the region of the NW-SE trend 
than i n the SW-NE trend. There i s also some s l i g h t suggestion 
i n the data t h a t the NW-SE trend of hypocentres displays a zone 
w i t h a SE d i p . The doming of the seismic zone noted i n 
Figs. 4.6 and 4.7 i s also apparent i n Figs. 4.8 and 4.9. 
A c t i v i t y i s shallowest about 3 km along the p r o f i l e s , at the 
l o c a t i o n of the Klambragil (K) subcluster. 

Figs. 4.10 and 4.11 are NW-SE cross seotions (X-KATT, 
Fig. 4.5) across the SW-NE trend. These sections i n d i c a t e t h a t 
the events occupy the depth range 2 - 6 km and t h a t the d i p of 
the a c t i v e zone i s less than 10°. 

4.3.2.2 N e s j a v e l l i r 

The e p i c e n t r a l d i s t r i b u t i o n of events i n N e s j a v e l l i r 
( F i g . 2.3), N of H e n g i l l , c l e a r l y d isplays a l i n e a r t r e n d 
( F i g . 4.12). The f a u l t dissected h i l l s t o the E and W of the 
e p i c e n t r a l t r e n d were not very a c t i v e i n the recording period. 
The t r e n d s t r i k e s a t N 25° E, i s p a r a l l e l t o the f i s s u r e swarm, 
and forms a c o n t i n u a t i o n of a row of hot springs t h a t extends up 
onto the E slopes of H e n g i l l . 

Fi g . 4.13 i s a WE cross section of these events (Section X 
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Fig. 4.8 SW-NE cross s e c t i o n Hengladalsa - K a t t a t j a r n i r . Drum 
data. K = Klambragil. 
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Fig. 4.9 SW-NE cross s e c t i o n Hengladalsa - K a t t a t j a r n i r . Tape 
data. K = Klambragil. 
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F i g . 4.12 HYpocentres located i n the N e s j a v e l l i r a rea N of 
He n g i l l . Drum data and tape data. # earthquake 
epice n t r e s , $ hot springs and fumaroles, O N e s j a v e l l i r 
drum seismograph. 
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F i g . 4.13 NW-SE oross s e c t i o n a c r o s s N e s j a v e l l i r . Drum and tape 
data. 
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- NES, F i g . 4.5). This s e c t i o n shows that the events oocupy the 
depth range 3.5 - 7 km depth, and that the feature i s close to 
v e r t i c a l . 

The data set contains 31 events. 

4.3.2.3 Mos f e l l s h e i d i 

These events form a d i f f u s e c l u s t e r due NW of Hengill 
( F i g s . 4.1 and 4.2). The temporal d i s t r i b u t i o n of the tape 
events i n d i c a t e s that t h i s area was c o n t i n u a l l y a c t i v e 
throughout the recording period J u l y - Sept. 1981 (see Section 
5.1). Towards the end of the recording period a swarm occurred, 
and these events c l u s t e r e d between 2 and 4 km depth. The 
easternmost boundary of the whole group of events i s the 
westernmost f i s s u r e of the f i s s u r e swarm, i . e . the a c t i v i t y was 
confined to areas devoid of surfaoe f a u l t i n g . Examination of 
the c r o s s s e c t i o n s presented i n F i g s . 4.6 and 4.7 shows that 
hypocentral depths i n t h i s area (M) l i e mostly i n the range 3 -
6 km. The occurrence of deep events i s i n d i c a t e d i n the drum 
data s e t ( F i g . 4.6) but t h i s i s unsubstantiated by the tape data 
s e t ( F i g . 4.7). 

4.3.2.4 The Olfus lowlands 

S of 64° N a f a i r l y continuous b e l t of d i f f u s e a c t i v i t y 
s t r e t c h e s from W to E at about 63°N57' ( F i g s . 4.1 and 4.2). The 
b e l t i s d i f f u s e , and does not coincide with any v i s i b l e surface 
lineament. Concentrations of a c t i v i t y occur i n the regions of 
H j a l l i ( H j ) and K i r k j u f e r j u h j a l e i g a ( K i ) ( F i g . 4.2). I n the 
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period September 19th-22nd 1981, w h i l s t the radio telemetered 
network was i n operation, a large swarm occurred i n the 
K i r k j u f e r j u h j a l e i g a area. 700 events were located i n the depth 
range 1-8 km. This swarm was on the outer edge of the network, 
so accurate l o c a t i o n s were not p o s s i b l e . The l a r g e s t event 
(M 1 L = 2.2) i n the tape data set occurred as part of t h i s swarm. 

The depth d i s t r i b u t i o n s of these events are plotted i n 
F i g s . 4.14 and 4.15, which are N - S c r o s s s e c t i o n s of the whole 
H e n g i l l area for the drum and tape data s e t s . Hypocentral 
depths S of 64°N mostly occupy the range 2 - 7 km ( F i g s . 4.14 
and 4.15). 

4.3.2.5 64° N 

Straddling the 64° l i n e of l a t i t u d e i s an EW trending b e l t 
of low s e i s m i c i t y . I t i s best i l l u s t r a t e d by the NS hypocentral 
c r o s s s e c t i o n s of F i g s . 4.14 and 4.15. Very few hypocentres are 
located i n t h i s zone, and earthquake sequences are confined 
e i t h e r to the N of 64° N, or to the S - e p i o e n t r a l zones do not 
c r o s s t h i s " b a r r i e r " . 

4.3.2.6 The f i s s u r e swarm 

Very few events were located within the most i n t e n s e l y 
f a u l t e d part of the area, the f i s s u r e swarm, during the period 
1974-1981 ( F i g s . 4.1 and 4.2). I t may hence be s t a t e d that for 
t h i s period the f i s s u r e swarm was almost s e i s m i c a l l y quiescent 
down to microearthquake l e v e l s . 
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4.3.2.7 The hypocentral d i s t r i b u t i o n 

The hypooentral d i s t r i b u t i o n for the Hengill area i n 
general i s i l l u s t r a t e d i n the N - S cross s e c t i o n s of Pigs. 4.14 
and 4.15. I n the case of the tape data ( F i g . 4.15) a l l the 
hypocentres l i e i n the range 1-8 km. I n the case of the drum 
data ( F i g . 4.14) the maximum hypocentral depth i s 13 km. 
However, since only 7 events are located deeper than 8 km, t h i s 
may be the r e s u l t of poor locat i o n s i n the drum data s e t . Most 
of the events of both data s e t s l i e i n the range 2-6 km. 
F i g . A4.2 (Appendix 4) i s a v e l o c i t y - depth p r o f i l e for the 
H e n g i l l - South Iceland c r u s t a l model. From t h i s Figure i t may 
be seen that the depth range of the l o c a l earthquake a c t i v i t y 
corresponds to the seismic v e l o c i t y range approximately 3 - 6 . 5 
km sec*"1. Thus the a c t i v i t y i s confined to the upper c r u s t , 
corresponding to oceanic l a y e r s 0 - 2 (Flovenz, 1980). 

There i s a tendency v i s i b l e i n the data s e t s for a 
shallowing of the average hypocentral depth i n the c e n t r a l 
c l u s t e r (12-17 km along the p r o f i l e s ) r e l a t i v e to more northerly 
and southerly events ( i . e . a doming of the s e i s m i c zone beneath 
the geothermal f i e l d ) , but t h i s a l s o may be a c r e a t i o n of the 
lo c a t o r proceedure. V a r i a t i o n s detected i n the v e l o c i t y 
s t r u c t u r e within the Hengill area are p r e c i s e l y such as would 
produce t h i s e f f e c t (see Appendix 4 ) . However such d i s t o r t i o n 
i s estimated to be l e s s than 5% of the hypooentral depth (see 
Section 7.2), and so may account for onljy part of the observed 
v a r i a t i o n . 
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4.4 Summary of the r e s u l t s 

Examination of h i s t o r i c macroseismic data i n d i c a t e s that 
l a r g e magnitude earthquake a c t i v i t y i s r e s t r i c t e d to the area at 
or S of 64° N. The f i s s u r e swarm may p e r i o d i c a l l y be a c t i v a t e d 
by intense t e c t o n i c movements that cause s e i s m i c i t y and f a u l t 
movements over tens of kilometers, e.g. the 1789 episode. 

The monitoring of small magnitude earthquakes over an 8 
year period y i e l d s a pioture of s p a t i a l d i s t r i b u t i o n that 
c o n t r a s t s with the long term, large magnitude p i c t u r e . Most 
events c l u s t e r i n a small area of approximately 20 km x NW of 
Hveragerdi within which small subclusters of a c t i v i t y may be 
disti n g u i s h e d , and trends s t r i k i n g NW-SE and SW-NE. Other 
l o c a l i s e d areas of a c t i v i t y occur i n N e s j a v e l l i r and on 
Mo s f e l l s h e i d i . A low background of a c t i v i t y i s observed i n the 
f i s s u r e swarm and Olfus. A b e l t of low a c t i v i t y occurs about 
64° N. I n general the s e i s m i c i t y c o r r e l a t e s negatively with 
surface f a u l t i n g . 

Hypocentral depths mostly occur i n the range 2 - 6 km and 
there i s l i t t l e evidence that s e i s m i c i t y extends to depths 
greater than 8 km. A c t i v i t y i s thus confined i n the main to the 
upper c r u s t (Flovenz, 1980). There may be a tendenoy for the 
average hypocentral depth to shallow beneath the geothermal 
f i e l d . 

The general pattern of a c t i v i t y remained constant 
throughout the whole of the recording period - i t was 
independent of time or magnitude window. 
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CHAPTER 5 

5. LOCAL EARTHQUAKES: TEMPORAL DISTRIBUTION, FREQUENCY-

MAGNITUDE RELATIONSHIPS AND b-VALUES 

5.1 Temporal d i s t r i b u t i o n 

The temporal d i s t r i b u t i o n of the s e i s m i c i t y of the H e n g i l l 
area i s remarkable because of i t s continuous day to day nature. 
I n t h i s respect i t contrasts with a l l neighbouring seismic areas 
which are s e i s m i c a l l y quiescent on a day to day b a s i s . I t i s 
dominated by the p e r s i s t e n t , 20 km x c l u s t e r to the NW of 
Hveragerdi, that comes to the forefront i n every data s e t and 
time window. 

A whole spectrum of sequenoe types i s observed superimposed 
on a continuous background of s i n g l e shocks. I n addition a few 
small areas are c h a r a c t e r i s e d by continuous low l e v e l a c t i v i t y . 
These features are i l l u s t r a t e d i n F i g s . 5.1 and 5.2 which are 
p l o t s of distance N of 63°N55 : time for events within the 
H e n g i l l area for the drum and tape data s e t s r e s p e c t i v e l y . I n 
F i g . 5.1 the large increase i n the r a t e of event l o c a t i o n as a 
r e s u l t of the s e t t i n g up of a d d i t i o n a l s t a t i o n s i n 1979 can be 
seen c l e a r l y . Both Figures demonstrate continuous a c t i v i t y 
throughout the time period at a l l l a t i t u d e s . P a r t i c u l a r l y 
prominent i n F i g . 5.2 i 6 the c o n s i s t e n t b e l t of a o t i v i t y 
corresponding to the 15 km point on the v e r t i c a l a x i s . 
Comparison of F i g s . 5.2 and 4.2. indioate that t h i s a c t i v i t y 
corresponds to the Klambragil (K) su b c l u s t e r . I n addition, 
c l u s t e r s of events may a l s o be seen where many events occurred 
w i t h i n a short space of time, and i n a small area, e.g. the 
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swarm that occurred i n the K i r k j u f e r j u h j a l e i g a ( K i ) , Olfus area 
i n Sept. 1981 (about 3 km along the v e r t i c a l a x i s of F i g . 5.2). 
Th i s sequence i s discussed i n more d e t a i l i n Section 5.2.4.2. 

Seismic sequences may be roughly divided into three groups: 

1. Mainshock - aftershock sequences 
2. Foreshock - mainshock - aftershock sequences 
3. Swarm sequences 

A sequence i s c l a s s e d as a mainshock sequence i f the 
magnitude of the l a r g e s t event exceeds that of the second 
l a r g e s t by at l e a s t 1 magnitude unit (Sykes,1970). 

The Hengill area d i s p l a y s great v a r i a t i o n i n sequence type. 
A l l three types of sequence have been observed i n the area and 
some examples are i l l u s t r a t e d F i g . 5.3. Sequences over a wide 
range of magnitudes are a l s o recorded. No s p a t i a l pattern i n 
the occurrence of d i f f e r e n t types of sequence has been observed. 
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F i g . 5.3 Examples of sequences of various types tha t have 
occurred i n the H e n g i l l area. Magnitudes are M 
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5.2 Frequency-magnitude r e l a t i o n s h i p s and b-values 

5.2.1 Introduction 

R i c h t e r (1958) found that a plot of log (cumulative number of 
earthquakes) against magnitude was roughly l i n e a r for the world 
at large and most of the l i m i t e d areas studied. He expressed 
t h i s i n the equation: 

log N = A-bM 
where 
N = number of shocks of magnitude M or greater per u n i t time 
A,b = constants 

The A value i s an i n d i c a t i o n of the seismic r a t e of the 
area and time period under i n v e s t i g a t i o n . The b value i s an 
i n d i c a t i o n of the rate of decrease i n frequency with i n c r e a s e i n 
magnitude. A b-value of about 1 i s t y p i c a l for most sei s m i c 
zones ( R i c h t e r , 1958, p. 359). Varia t i o n s i n the value of b 
(negative slope) have been investigated both within a s i n g l e 
area as a function of magnitude window or time and between 
d i f f e r e n t areas. The p o s s i b i l i t y has been considered that they 
could be used as a t o o l for evaluating and detecting v a r i a t i o n s 
i n p r operties of the b r i t t l e earth's c r u s t , e.g. homogeneity or 
s t r e s s (Mogi, 1963; Scholz, 1968). 
v a r i a t i o n s i s slope with magnitude. 

F i g . 5.4 i s a hypothetical frequency-magnitude plot that 
i l l u s t r a t e s some commonly observed fea t u r e s . Examination of 
t h i s plot shows that the slope v a r i e s with magnitude. At low 
magnitudes the negative slope decreases to zero. T h i s i s a 
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F i g . 5.4 I d e a l i s e d cumulative frequency - magnitude plot. 

general feature of magnitude-frequency p l o t s and i s caused by 
incomplete detection of the smallest events over the whole area. 
I t may be corrected for using the r e l a t i o n s h i p between detection 
threshold and e p i c e n t r a l distance. The detection threshold i s 
the magnitude at (and above) which detection i s complete over 
the area under i n v e s t i g a t i o n . 

At high magnitudes the d i s t r i b u t i o n may be asymptotic to a 
maximum magnitude. Yegulalp and Kuo (1974) observed t h i s 
behavior i n the frequency-magnitude d i s t r i b u t i o n s for the e n t i r e 
world and the majority of 46 sub-regions. They c a l c u l a t e d 
s t a t i s t i c a l p r e d i c t i o n s f or the maximum magnitude earthquakes 
(M ) using Gumbel s t a t i s t i c s (Gumbel, 1960) and obtained a 
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value of Mu - 9.2 for the world. Values for the subregions 
varied between ML = 9.1 and 6.5 for 100 year return periods, 
were highest i n the N and W circum-Pacific belt and lowest for 
the oceans and stable continental masses. L i l w a l l (1976) 
calculated a value of mb = 5.7 for the maximum magnitude 
earthquake for the B r i t i s h Isles. For data sets taken f o r the 
ridge and fracture zone portions of the mid-Atlantic plate 
boundary, the b-value exhibited by ridge events (b-1.33) i s 
found to be much higher than that exhibited by fracture zone 
events (b-0.65) i n the range 3.2 < M5< 5.6 (Francis, 1966; 
1968). I t i s possible that the " r o l l o f f " of the 
frequency magnitude d i s t r i b u t i o n i s af f e c t i n g the data sample 
for the ridge zone i n t h i s magnitude range, but not the fracture 
zone. This may be an indication that the maximum magnitude 
( M m x ) of events for the ridges i s lower than for the fracture 
zones (Einarsson, 1984). This would imply inhomogeneities of 
the order of 1-10 km i n extent for the ridges, but much larger 
for the fracture zones, a perfectly plausible circumstance. For 
the Geysers geothermal f i e l d , which has an areal extent of about 
40 km x , the asymptotic magnitude i s approximately ML - 4.0 
(Eberhart P h i l l i p s and Oppenheimer. 1984). 

The magnitude of an earthquake i s related, through i t s 
seismic moment, to i t s source dimensions (Wyss and Brune, 1968). 
Wyss (1979) has shown that the maximum magnitude earthquake i s 
related to the area of the f a u l t and Einarsson (1984) suggests 
that the upper l i m i t of earthquake magnitude i s governed by the 
size of f i r s t order inhomogeneities i n the earths crust. The 
frequencies of small magnitude events r e l a t i v e to eaoh other 
w i l l not be affected by the upper l i m i t s of these physical 
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parameters and thus the frequency-magnitude d i s t r i b u t i o n i s 
li n e a r at low magnitudes. At larger magnitudes however, i t 
would be expected that t h i s fact would have the effect of 
decreasing the l i k e l i h o o d of an event occurring. A " r o l l - o f f " 
of the magnitude-frequency plot ( i . e . a progressive increase i n 
slope) would then occur i n the magnitude range where earthquake 
source dimensions are of the same order of magnitude as the 
f a u l t dimensions. This p r i n c i p l e appears to be supported by 
laboratory specimens, where high b values are found to be 
associated with heterogeneous material (Mogi, 1963), i.e. i n 
the case of such samples we may be observing i n the asymptotic 
region of the d i s t r i b u t i o n . 
Variations i n b with time 

Some examples of b-value variations with time have been 
documented. The best known of these are cases where a low 
b-value has been associated with the foreshocks of a large 
earthquake, and a higher b-value associated with the aftershocks 
(e.g. Suyehiro et a l . . 1964; Bufe, 1970; Wyss and Lee, 1973). 
The reason why a high b value i s associated with aftershocks may 
be that the f a u l t area was made highly inhomogenous by the main 
rupture, but t h i s does not explain the anomalously low b-value 
associated with the foreshocks. I t has been hypothesised that b 
i s inversely related to stress i n the rock volume (Scholz, 1968; 
Wyss, 1973). This would explain the observations since stress 
would be expected to be higher at the beginning of a sequence 
than l a t e r on, a f t e r i t had been p a r t i a l l y released. 
¥&ri&£iQns i n fe iD space 

I f b i s stress related, variations i n b from area to area 
might be exhibited, that would provide a t o o l for mapping the 
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stress state of the crust. The p o s s i b i l i t i e s of doing t h i s are 
somewhat l i m i t e d , however, because b varies only over a small 
range, and such variations are usually of the same order of 
magnitude as the associated uncertainties. The two most serious 
sources of error are the use of d i f f e r e n t magnitude scales and 
small data samples. I n order to detect s i g n i f i c a n t variations 
i n b large numbers of earthquakes must be used and t h e i r 
magnitudes determined by a consistent method. This was achieved 
by Klein et a l . (1977) on the Reykjanes Peninsula. They 
determined b-values of 0.85 ± 0.07, 1.02+0.07 and 0.75 + 0.11 
for 3 portions of t h e i r study area. The value 1.02 was shown to 
be s i g n i f i c a n t l y d i f f e r e n t from the other two. Values 
comparable to these of 1.09 ± 0.06 and 1.06 + 0.06 were obtained 
by Einarsson et a l . (1977) for the Borgafjordur area. These 
values are broadly comparable to each other and to the values 
obtained for the Hengill area, discussed below, since i n a l l 
cases the magnitudes used were based on those measured at REY. 

In conclusion, the following points may be made: 
(a) Frequency-magnitude d i s t r i b u t i o n s are i n general l i n e a r at 

low magnitudes. The negative slope of t h i s part of the 
d i s t r i b u t i o n i s known as the b-value. b f o r the world at 
large i s approximately 1 (Richter, 1958). I n a number of 
cases the d i s t r i b u t i o n s are asymptotic to maximum magnitudes 
( M M A X ) . I t may be that t h i s behavior i s exhibited i n the 
magnitude range corresponding to earthquakes whose source 
dimensions are of the same order of magnitude as the f a u l t 
dimensions. 

(b) I t has been hypothesised that b i s inversely related t o 
stress. This may explain variations i n b observed at low 
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magnitudes e.g. anomalously low b-values associated with 
foreshocks and low magnitude sp a t i a l b-value variations, 

(c) Variations i n b are d i f f i c u l t to assess since they are 
commonly small compared with the associated errors. Large 
uncertainties are especially introduced by the use of 
d i f f e r e n t magnitude scales and small data samples. 

5.2.2 Composite frequency-magnitude plot 

5.2.2.1 The data 

In order to investigate the frequency-magnitude 
d i s t r i b u t i o n of the Hengill area over as large a magnitude range 
as possible, 4 data sets are combined i n the composite plot 
shown i n Fig. 5.5. The b-values and associated errors (95% 
confidence l i m i t s ) were calculated using the method of maximum 
l i k e l i h o o d (Aki, 1965; Page, 1968). 

The instrumental magnitudes quoted are looal Ioelandio 
magnitudes. They are based on extrapolations of an emplrioal 
magnitude soale that was constructed for the REY instrument 
(Fig. 2.1) for surface waves of about 20 sec period ( M R f y ) by 
comparison with European seismological stations. (Tryggvason, 
1968; 1973). Tryggvason (1973) reports tha t : 

M«*y - Ms + 0.2 
Coda length scales were constructed empirically for the s t a t i o n 
IR (Fig. 3.1) by comparison with REY, and for the s t a t i o n s BMO, 
KHA and LDJ (Fig. 7.3) by comparison with REY and IR. The IR, 
BMO. KHA and LDJ scales were extrapolated downwards i n order to 
oonstruot scales for small magnitudes. Where an event was 
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sets discussed i n the te x t are plot t e d on a normalised 
frequency scale. 
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recorded at REY the REY magnitude was adopted. Otherwise the 
magnitudes from a l l the stations that recorded the event were 
averaged. This i s consistent with Icelandic seismological 
practice. These magnitudes are herein referred to as MIJL. 
1. HiStQriQ m&QrQseismiQ data 

Three or four events of magnitude 6-6.5 are known to have 
occurred i n the Hengill area since 1700 (see Section 4.1). The 
magnitudes of the events were estimated from macroseismic data. 

The annual rate of events of MRey >, 6 i s variable according 
to the time window taken i n the period 1700-1983, and 
uncertainties are introduced by the a r b i t r a r y nature of the end 
points. Fig. 5.6 i s a plot of the p e r i o d i c i t y of such events 
against time. I t can be seen that as the data sample becomes 
progressively larger with time the occurrence rate tends t o 
about 1 event per 100 years ( s o l i d l i n e - assuming 3 events), or 
about 1 event per 75 years (dashed l i n e - assuming 4 events). 

These data are p l o t t e d at MIU= 6 i n Fig. 5.5. 
2. Data recorded at the regional s t a t i o n REY 

Plots of seismicity with time f o r t h i s data set are 
presented i n Figs A5.1-A5.9 (Appendix 5). 

For t h i s data set the frequency-magnitude p l o t i s l i n e a r 
and continuous f o r 3.0 < MRery 4 4.3. For MftEy >, 4.3 the p l o t 
becomes discontinuous. The b-value was calculated t o be 0.68 + 
0.13 for M f̂y >, 3 
3. Data recorded Qn t&e iQQfll seismograph IE 

This s t a t i o n i s located w i t h i n the Hengill area and i s part 
of the regional seismograph network. I t has been i n operation 
since March 1977. The magnitude scale calculated f o r t h i s 
s t a t i o n was: 
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MXL = 2.85l0g | 0 TS - 2.32 
Ts = time i n seconds that the recorded peak to peak amplitude of 

the event was greater than 2 mm at 36dB magnification. 

For the 7 year period 1977-1983 an average of 1.9 events 
per day were recorded at IR from the Hengill area. Plots of 
seismicity with time f o r t h i s data set are presented i n Figs. 
A5.10-A5.16 (Appendix 5 ) . The data set contains 1500 events 
MXL v 0.3. 

The frequency-magnitude p l o t for IR i s li n e a r and 
continuous for 0.3 < MIL * 2.3. The b-value calculated f o r 
MIL > 0.3 i s 0.72 ± 0.04. 
4. Data recorded on the radiQ t e l e m e t e r e d set#Qr_k 

For t h i s network magnitude scales were calculated for 1 
s t a t i o n of each tape recorder operated. The relationships 
obtained were: 

s t a t i o n BMO MIt = 2.511og|0 Tmm - 3.37 
KHA Mri_ = 2.261og|0 Tmm - 2.69 
LDJ MjL - 2.461og,0 Tmm - 3.30 

Tmm = coda length i n mm of seismogram for which the peak to peak 
amplitude was >, 2mm ( f o r amplifier-modulator gain 7 and 
j e t pen gain 0.25. This corresponds t o approximate ground 
v e l o c i t i e s of < 3x10 ? m sec"1 or approximate ground 
displacements of < 3xl0"<? m. Tmm = 2.45Ts) 

These magnitude scales, and that of IR are i l l u s t r a t e d i n 
Fig. 5.7. I t may be seen from t h i s f i g u r e that the radio 
telemetered stations (natural frequency 1 Hz) recorded longer 
codas at high magnitudes than the regional s t a t i o n ( n a t u r a l 
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frequency 2 - 3 Hz) at the gains used, but had similar detection 
c a p a b i l i t i e s at lower magnitudes. 

For the 90 day period July 12th - Oct 9th 1981 an average 
of 21 events per day were located on t h i s network. The data set 
contains 888 events i n the range MIL >, -0.9. 

The frequency-magnitude plot i s linear and continuous for 
-0.9 < MIL < 1.7. The b-value calculated f o r MJL >, -0.9, was 0.76 
± 0.05. 

5.2.2.2 Discussion 

b-values of 0.68 + 0.13, 0.72 ± 0.04 and 0.76 ± 0.05 were 
obtained for the 3 instrumental data sets. A value of b of 
approximately 0.74 f o r the Hengill area i n the range 
-0.9 ^ Mj L < 5.5 i s hence constrained by a large body of data. 

The small ( s t a t i s t i c a l l y i n s i g n i f i c a n t ) variations i n these 
3 values may be i n part due to the fact that d i f f e r e n t 
instruments with d i f f e r e n t c a l i b r a t i o n soales were used for 
magnitude determination. 

I t may be noted i n Fig. 5.5 that the radio telemetered 
network data set i s v e r t i c a l l y offset from that of the l o c a l 
s t a t i o n (IR). This i s because the seismicity rate during the 3 
month period i n 1981 when the radio telemetered network was 
recording was about twice the average due to the 
K i r k j u f e r j u h j a l e i g a , Olfus swarm of September 19th - 22nd (see 
Section 5.2.4.2). The IR and REY data s e t s are oolinear, 
however, i n d i c a t i n g that the seismio rates for these data s e t s 
were s i m i l a r . In the range MIL > 2 the data points of the IR 
data set p l o t below those of the REY data s e t i n d i c a t i n g that 
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a c t i v i t y i n t h i s magnitude range was lower i n the period 
1977-1983 than the average over the l a s t 54 years. This 
indicates that for MIL >, 2 the s t a t i s t i c a l sample time was too 
short f o r the IR data set. 

The average seismic rate of the area over the l a s t 53 years 
has been approximately one event MIL = 3.5 per year or one event 
m I l = 0 per day. 

A maximum magnitude earthquake of MIL = 6-6.5 for events i n 
the Hengill area would be i n agreement with h i s t o r i c a l evidence 
(see Section 5.2.2.1). However the application of Gumbel 
s t a t i s t i c s to the regional s t a t i o n (REY) data set showed that 
the data obeys the f i r s t asymptotic d i s t r i b u t i o n of the largest 
values, i . e . a str a i g h t l i n e on Gumbel p r o b a b i l i t y paper 
(Gumbel, 1960). I t may be deduoed from t h i s that there i s no 
s t a t i s t i c a l evidence i n the REY data set f o r an upper magnitude 
l i m i t for the Hengill area. The reason for the apparant 
discrepancy between the REY data set and the h i s t o r i c 
macroseismic data set may be that the s t a t i s t i c a l sample time 
was too short for the REY data set, and the seismic rate at 
large magnitudes has been higher than average during the l a s t 53 
years. 

H i s t o r i c a l evidence suggests that a l l these destructive 
earthquakes are associated with the Olfus area, S of 64° N and 
that no such large event has occurred i n the high temperature 
geothermal area N of 64° H (Section 4.1). This implies that the 
Hengill area may be subdivided i n t o two un i t s on the basis of 
seismicity: 

(1) Olfus, and 
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(2) the high temperature geothermal area. 

For each of the 3 instrumental data sets the b-value p l o t 
i s l i n e a r and the value of b approximately the same w i t h i n the 
95% c e r t a i n t y l i m i t s . This indicates that no large difference 
i n b-value exists between Olfus and the high temperature 
geothermal area since the combination of two data sets with 
d i f f e r e n t b-values would y i e l d a non-linear curve (Appendix 6). 
However, h i s t o r i c a l evidence indicates that the maximum size of 
event sustainable by the Olfus area i s larger than that of the 
high temperature geothermal area. The two areas are roughly of 
simi l a r areal extent so t h i s would imply that f a u l t i n g ooours on 
a smaller scale i n the high temperature geothermal area than i n 
Olfus (Section 5.2.1). Possible forms of the b-value plots for 
the two areas are shown i n Fig. 5.8. 

The two areas e x h i b i t frequency-magnitude plots with 
similar b-values but with "knees" at d i f f e r e n t magnitudes. Also 
shown i s the form that would re s u l t for a composite p l o t . Two 
"knees" would be expected, corresponding to the "knees" of Olfus 
(at higher magnitude) and the high temperature geothermal area 
(at lower magnitude). The lower magnitude "knee" would give an 
indi o a t i o n of the maximum magnitude event t o be expected w i t h i n 
the geothermal area. 

There i s , however, no s t a t i s t i c a l evidence i n the 
instrumentally recorded data for the existence of eith e r of 
these "knees". I f there i s an upper magnitude lim i t * t o events 
w i t h i n the high temperature geothermal area then i t must occur 
at MIL >• 4.2 since an event of t h i s magnitude has been located i n 
the geothermal area (Oct. 1977). 
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Fig. 5.8 Diagram i l l u s t r a t i n g the hypothesised forms of 
the frequency-magnitude plots for the high temperature 
geothermal area and Olfus and the form of the p l o t that 
might be expected from a combination of the two. 

5.2.3 Variations i n b w i t h i n the Hengill area 

The data collected on the radio telemetered network i s a 
homogeneous data set (see Section 3.2.1) from which were 
calculated 1918 earthquake locations and corresponding 
magnitudes i n the range MIL ̂  2.2. For t h i s low magnitude range 
a l i n e a r frequency-magnitude d i s t r i b u t i o n would be expected. 
However, there remains the p o s s i b i l i t y that v a r i a t i o n s i n stress 



136 

e.g. due to teotonio or thermal influences, may be ref l e c t e d i n 
variatio n s i n b-value wi t h i n the area, b-value plots were made 
for 9 geographical subdivisions of t h i s data set (see Section 
4.3.2 and Fig. 4.2 for locations of subdivisions). The resul t s 
are summarised i n Table 5.1 and Fig. 5.9. Individual plots are 
i l l u s t r a t e d i n Figs. 5.10 to 5.19. 

From Fig. 5.9 i t may be deduced that the b-values obtained 
for many of the geographical subdivisions are not s t a t i s t i c a l l y 
d i f f e r e n t from one another. The b-values for the areas N of 
64° N, S of 64° N, Klambragil, the central cluster, the fiss u r e 
swarm, the K i r k j u f e r j u h j a l e i g a , Olfus swarm and 2.00-3.99 km 
depth are a l l within or very close to the 95% confidence range 
for the b-value for the entire area. Examination of Figs. 5.10-
5.19 indicate reasonable l i n e a r i t y for these data sets i n the 
magnitude range about -1.0 < MIL 4 2.0. I f one accepts that the 
b-value i s influenced by the stress state i n the source volume 
then one must conclude that stress i n the parts of the Hengill 
area l i s t e d above i s similar. 

A b-value of 0.86 ± 0.14 was obtained f o r the 4.00-5.99 km 
depth range. This i s s l i g h t l y high, and may be an i n d i c a t i o n of 
reduction i n stress with depth. This might be expeoted i f 
increase of temperature with depth causes reduction of strength 
of the rock, as has been hypothesised for SW Iceland i n general 
(Klein et a l . , 1977). 

A b-value of 1.0 + 0.18 was obtained fo r the Mosfellsheidi 
subdivision. This i s s i g n i f i c a n t l y d i f f e r e n t from that obtained 
for the e n t i r e area, and higher, which may indicate lower stress 
than over the rest of the Hengill area. This b-value contrasts 
with that obtained f o r the fissure swarm immediately adjacent 
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b-value size of e r r o r 
Area calc . betw. data set (95% b 

f o r b-val oonf. 
c a l c u l a t i o n l i m i t ) 

• 

N of 64° N -0 .9/2.2 318 
T 

0.09 0. 80 
S of 64° N -0 .9/2.2 570 0.06 0. 74 
Klambragil -1 .2/1.3 51 0.22 0. 80 
M o s f e l l s h e i d i -1 .2/0.5 116 0.18 • 1. 00 
c l u s t e r -1 .1/2.2 181 0.11 0. 76 
f i s s u r e swarm -1 .2/0.8 87 0.14 0. 68 
Olfus swarm -0 .3/2.2 184 0.11 0. 76 
2.00-3.99 km -1 .1/1.7 243 0.09 0. 73 

depth 
4.00-5.99 km -0 .1/2.2 149 0.14 0. 86 

depth 
e n t i r e area -0 .9/2.2 1424 0.04 0. 72 

Table 5.1 b values c a l c u l a t e d f o r subdivisions of the H e n g i l l 
area 

( F i g . 4.2), i n d i c a t i n g t h a t an abrupt change occurs on the W 
boundary of the f i s s u r e swarm. I t may i n d i c a t e a change from 
the anomalously low b-values associated w i t h the H e n g i l l area i n 
general t o more "normal" i n t r a p l a t e values such as those 
observed f o r the Borgafjordur area (Section 5.2.1). 
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5.2.4 Running b-values 

5.2.4.1 Data recorded on the l o c a l seismograph IR 

Fig. 5.20 i s a running b-value p l o t over the per i o d A p r i l 
1977-December 1983. The v e r t i c a l a x is i s b-value and covers the 
range 0.5 - 1.0. A sample size of 200 was taken, which r e s u l t s 
i n an u n c e r t a i n t y of ± 0.08 t o 0.11 i n the data p o i n t s . The 
incremental number of earthquakes was 20. 

The b-value v a r i e s from 0.64 t o 0.79, i . e . over a range of 
0.15 u n i t s . Also shown i n Fig. 5.20 are events of MIL v 3.0 t h a t 
oocurred i n the H e n g i l l area during the 7 year period. A l l of 
these 4 events occurred i n 1977-78 and were accompanied by a 
decrease i n b-value from 0.79-0.65. However, a s i m i l a r decrease 
occurred May 1981-June 1982 w i t h no accompanying M r c >, 3.0 
s e i s m i c i t y . 

The temporal v a r i a t i o n s i n b found i n the IR data set are 
not s t a t i s t i c a l l y s i g n i f i c a n t and at the time of w r i t i n g have 
not been c o r r e l a t e d with any ongoing process i n the H e n g i l l 
area. 

5.2.4.2 Data recorded on the radio telemetered network 

Fi g . 5.21 i s a running b-value p l o t over the p e r i o d J u l y 
Oct. 1981. The v e r t i c a l a x i s i s b-value and covers the range 
0 . 5-2.0. A sample size of 100 was taken which r e s u l t s i n an 
u n c e r t a i n t y of ± 0.12 t o 0.22. The incremental number of 
earthquakes was 10. 

The Figure i s dominated by a f e a t u r e around mid September 
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which corresponds t o the swarm near K i r k j u f e r j u h j a l e i g a , Olfus. 
I n F ig. 5.22 events S of 64° N only are p l o t t e d separately. A 
sample size of 100 and an increment of 30 was taken since the 
data set was small (610 events). I n Table 5.2 the data p o i n t s 
p l o t t e d i n Fig. 5.22 are l i s t e d w i t h t h e i r u n c e r t a i n t i e s . I n 
Fig. 5.23 a l l the events of MlL >, -0.9 are p l o t t e d against time 
f o r the period of the swarm alongside the b-value. 

The b-value v a r i e s from 0.43 t o 1.15, i . e . over a range of 
0.72 u n i t s and the u n c e r t a i n t i e s vary from 0.08 t o 0.22. This 
i s a s t a t i s t i c a l l y s i g n i f i c a n t v a r i a t i o n . The p o s s i b i l i t y t h a t 
they could be due t o v a r i a t i o n s i n the l o c a t i o n t h r e s h o l d 
throughout the swarm was r u l e d out by p l o t t i n g separate 
frequency-magnitude diagrams f o r each day of the swarm. I n a l l 
cases the d i s t r i b u t i o n was l i n e a r f o r M I L > -0.9. I t can be 
seen from Fig. 5.23 and Table 5.2 t h a t p r i o r t o the swarm the 
b-value e x h i b i t e d was r e l a t i v e l y high (compared w i t h the r e s t of 
the H e n g i l l area) - about 0.85 + 0.17 but w i t h the onset of the 
swarm i t r a p i d l y decreased t o reach i t s lowest value of 0.43 ± 
0.08 towards the end of the 19th September. I t r a p i d l y 
increased on the f o l l o w i n g day and rose t o a high value at the 
end of the swarm (1.15 + 0.22). I t subsequently decreased t o a 
value of 0.81 + 0.16, a more "normal" value f o r the H e n g i l l area 
i n general. 

I n t e r p r e t e d i n terms of v a r i a t i o n i n stress w i t h i n the 
source region, these r e s u l t s i n d i c a t e t h a t the onset of the 
swarm accompanied an increase i n s t r e s s i n the source region. 
This s t r e s s was q u i c k l y released during the e a r l y p a r t of the 
swarm during whioh time most of the l a r g e s t events ooourred 
(1.5 < M < 2.2). The c o n t i n u a t i o n of the swarm r e s u l t e d i n a 
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f u r t h e r reduction of stress, and by the end of the swarm stress 
had again returned t o i t s former l e v e l . 

These changes i n b-value are i n a s i m i l a r s t y l e t o others 
reported f o r earthquake sequences ( R i k i t a k e , 1976) and are 
consistent with those predicted by theory (Section 5.2.1). 

T i m e f r o m - t o B " v a l u e E r r o r 

1 0 . 0 7 . 3 1 -- 1 6 . 0 9 . 3 1 - 0 . 3 5 0 . 1 7 
1 6 . 0 9 . 3 1 -- 1 3 . 0 9 . 3 1 - 0 . 33 0 . 1 7 
1 3 . 0 9 . 3 1 • - 1 9 . 0 9 . 3 1 - 0 . 6 3 0 . 1 2 
1 9 . 0 9 . 3 1 • - 1 9 . 0 9 . 3 1 - 0 . 5 0 0 . 1 0 
1 9 . 0 9 . 3 1 • - 1 9 . 0 9 . 3 1 - C .43 0 . 0 3 
1 9 . 0 9 . 3 1 • - 1 9 . 0 9 . 3 1 - 0 . 5 4 0 . 1 1 
1 9 . 0 9 . 3 1 -• 2 0 . 0 9 . 3 1 - 0 . 6 3 0 . 1 3 
2 0 . 0 9 . 3 1 • - 2 0 . 0 9 . 3 1 - Q.07 C.1? 
2 0 . 0 9 . 3 1 • - 2 0 . 0 9 . 3 1 - 0 . 9 J 0 . 1 7 
2 0 . 0 ^ . 3 1 • • 2 0 . 0 9 . 3 1 - 0 . 9 ? 0 . 1 ? 
2 0 . 0 7 . 3 1 -• 2 0 . 0 9 . 0 1 - 0 . 9 3 0 . 1 3 
2 0 . 0 9 . 3 1 -- 2 0 . 0 9 . 3 1 - 0 . 7 3 0 . 1 5 
2 0 . 0 9 . 3 1 -- 2 1 . 0 9 . 3 1 - 0 . 7 7 0 . 1 5 
2 1 . 0 9 . 3 1 -• 2 1 . 0 9 . 3 1 - 0 . 3 3 0 . 1 7 
2 1 . 0 9 . 3 1 • • 2 2 . 0 9 . 3 1 - 1 . 0 0 0 . 2 0 
2 2 . 0 9 . 3 1 -• 2 3 . 0 9 . 3 1 - 1 .15 0 . 2 2 
2 3 . C 9 . 3 1 -- 0 1 . 1 0 . 3 1 - 0 . 9<* c . n 
0 1 . 1 0 . 3 1 -• 0 3 . 1 0 . 3 1 - 0 . 3 1 0 . 1 6 

Table 5.2 Data po i n t s p l o t t e d i n Fig. 5.22 
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5.3 Summary of the r e s u l t s 

The temporal nature of the s e i s m i c i t y of the H e n g i l l area 
i s remarkable because of i t s continuous day t o day nature. I n 
t h i s respect i t contrasts w i t h a l l the neighbouring seismic 
areas. The c o n t i n u i t y of the a c t i v i t y i s most s t r i k i n g i n a 
20 km* area NW of Hveragerdi, but i s also observed f o r other 
p a r t s of the area. This f a c t i s the s i n g l e most important one 
t h a t f a c i l i t a t e d the design of the 1981 r a d i o telemetry 
monitoring p r o j e c t and guaranteed i t s success. Sequences of 
v a r i o u s types are superimposed on continuous background 
a c t i v i t y . 

A b-value of 0.74 ± 0.06 f o r the H e n g i l l area i s 
constrained by a large body of data. This i s low compared t o 
the value 1.0 u s u a l l y quoted f o r the g l o b a l average. Comparable 
b-value studies on the Reykjanes Peninsula y i e l d e d estimates of 
b of 0.85 t 0.07, 1.02 ± 0.07 and 0.75 + 0.11 and i n the 
i n t r a p l a t e Borgafjordur area of 1.09 + 0.06 and 1.06 + 0.06. 
The b-value f o r the H e n g i l l area i s t h e r e f o r e s i g n i f i c a n t l y 
lower than these. These values of b c a l c u l a t e d f o r Icelan d are 
roughly comparable w i t h b-values of 1.33 and 0.65 c a l c u l a t e d f o r 
the r i d g e and f r a c t u r e zone p o r t i o n s of the m i d - A t l a n t i c r i d g e 
r e s p e c t i v e l y , using Ms. 

Evidence has been discussed above t h a t b may be i n v e r s e l y 
r e l a t e d t o s t r e s s . I f t h i s i s the case then the c r u s t of the 
H e n g i l l area i n general may be more h i g h l y stressed than t h a t of 
the Reykjanes Peninsula and the Borgafjordur areas. Thi6 
enhanced s t r e s s l e v e l may be due t o thermal or t e c t o n i c e f f e c t s . 

H i s t o r i c maoroseismio data i n d i c a t e an upper magnitude 
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l i m i t of M J L = 6-6.5 f o r events i n Olfus and lower f o r the high 
temperature geothermal area N of 6 4 6 N. No s t a t i s t i c a l evidence 
f o r e i t h e r of these l i m i t s was found i n the i n s t r u m e n t a l l y 
recorded data, however, possibly because the sample time (53 
years) i s too short. The h i s t o r i c a l data thus suggest t h a t the 
South Iceland Seismic Zone of d e s t r u c t i v e earthquakes extends 
i n t o the H e n g i l l area i n Olfus, but does not encompass the high 
temperature geothermal area. 

I n v e s t i g a t i o n of l o c a l v a r i a t i o n s of b w i t h i n the area 
i n d i c a t e d elevated b-values f o r the M o s f e l l s h e i d i area and the 
deeper events i n general. This may i n d i c a t e lower stresses i n 
these areas. For a l l other subdivisions of the area b was 
s t a t i s t i c a l l y constant. I f these v a r i a t i o n s are stress induced 
then i t may be t h a t the strength of the o r u s t a l rooks deoreases 
w i t h depth beneath the H e n g i l l area, because of temperature 
e l e v a t i o n . The high b-value of M o s f e l l s h e i d i , r e l a t i v e t o the 
r e s t of the area, may i n d i c a t e t h a t the high s t r e s s regime 
associated w i t h the H e n g i l l area terminates a b r u p t l y on the W 
boundary of the f i s s u r e swarm. On M o s f e l l s h e i d i the s t r e s s 
regime i s more c h a r a c t e r i s t i c of t h a t observed on the Reykjanes 
Peninsula and i n the i n t r a p l a t e Borgafjordur area. 

Calcu l a t i o n s of running b-values show t h a t no s t a t i s t i c a l l y 
s i g n i f i c a n t v a r i a t i o n was detected over a 7 year p e r i o d a t a 
l o c a l instrument (IR) w i t h d e t e c t i o n t h r e s h o l d M I L « 0.3. 
However, s i g n i f i c a n t v a r i a t i o n s occurred d u r i n g a s i n g l e swarm 
i n the K i r k j u f e r j u h j a l e i g a , Olfus area i n Sept. 1981. One 
possible e x p l a n a t ion f o r these v a r i a t i o n s i s t h a t the source 
volume experienced a stress pulse accompanied by seismic 
a c t i v i t y . 



152 

CHAPTER 6 

6. FOCAL MECHANISMS 

6.1 Non-double couple f o c a l mechanisms 

6.1.1 I n t r o d u c t i o n 

I t i s generally assumed t h a t a l l earthquakes occur as a 
r e s u l t of shear s l i p on buried f a u l t s (the "double couple" 
source). Theory p r e d i o t s t h a t the P-wave r a d i a t i o n p a t t e r n 
generated by such movement would e x h i b i t equal areas of 
compression and d i l a t i o n when projected onto the f o c a l sphere. 
I t should be possible t o separate these areas of compression and 
d i l a t i o n by drawing two orthogonal great c i r c l e s on the f o c a l 
sphere, thus d i v i d i n g i t i n t o 4 "quadrants" - two congressional 
and two d i l a t i o n a l . One of the great c i r c l e s represents the 
f a u l t plane and the other i s named the " a u x i l i a r y plane". The 
widespread acceptance of t h i s theory and i t s use i n the r o u t i n e 
i n t e r p r e t a t i o n of earthquake r a d i a t i o n p a t t e r n s i s doubtlessly 
i n f l u e n c e d by the f a c t t h a t the great m a j o r i t y of data are 
consistent w i t h i t . 

A number of earthquake r a d i a t i o n p a t t e r n s have been 
described t h a t cannot be i n t e r p r e t e d simply i n terms of a double 
couple source. The anal y s i s of these events i s c o n t r o v e r s i a l . 
Because there are conceptual d i f f i c u l t i e s w i t h non-double couple 
sources, and also earthquakes . t h a t e x h i b i t such r a d i a t i o n 
p a t t e r n s are r a r e , many authors p r e f e r explanations f o r them 
t h a t i n v o l v e propagation e f f e c t s . Robson e t a l . (1966) 
described some examples of Japanese earthquakes whose 
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compressional f i e l d s p r o j e c t small c i r c l e s onto the f o c a l 
sphere. They suggested t h a t suoh a r a d i a t i o n p a t t e r n may be 
generated by a volumetric source t h a t conserves volume, the 
"compensated l i n e a r vector d i p o l e " (CLVD) source (see Section 
6.1.3). They f u r t h e r suggested t h a t such events may be 
t r i g g e r e d by the upward migration of »elts from the upper 
mantle. Evison (1963) suggested t h a t these events might be 
generated by r a p i d l y running phase t r a n s i t i o n s i n rock volumes. 
The CLVD has r e c e n t l y been invoked t o aooount f o r a sequenoe of 
large earthquakes at Mammoth Lakes, CA ( J u l i a n , 1983) and i t i s 
suggested t h a t they were generated by dyke i n j e c t i o n ( J u l i a n and 
Sip k i n , 1984; A k i , 1984). Other workers, however, p r e f e r 
explanations f o r these events i n terms of propagation e f f e c t s or 
m u l t i p l e events (e.g. Given et a l . , 1982; Wallace, 1984). 

Several r e p o r t s have been made of earthquake r a d i a t i o n 
p a t t e r n s from the m i d - A t l a n t i c Ridge and i t s c o n t i n u a t i o n onto 
the I c e l a n d i c landmass t h a t apparantly d i s p l a y non-orthogonal 
nodal planes (Sykes, 1967; Sykes, 1970; K l e i n e t a l . , 1977; 
Elnarsson, 1979). These events a l l d i s p l a y reduoed d i l a t i o n a l 
f i e l d s and could thus be i n t e r p r e t e d as e x h i b i t i n g an enhanced 
explosive component. However, because p o l a r i t y p l o t s from 
m i d - A t l a n t i c Ridge earthquakes are a l l lower hemisphere, 
explanations f o r t h e i r observed deviancy from double couple type 
may be found i n v o l v i n g path e f f e c t s e.g. the focusing of 
downgoing rays through a sub c r e s t a l magma chamber (Solomon and 
J u l i a n , 1974) or i n t e r f e r e n c e between P, pP and sP (Trehu e t 
a l . , 1981). L a t e r a l inhomogeneities on a very small scale were 
invoked by K l e i n e t a l . (1977) and Einarsson (1979) t o aooount 
f o r the non-double couple r a d i a t i o n patterns of small, l o o a l 
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earthquakes on the Reykjanes Peninsula, Iceland. 

6.1.2 The H e n g i l l events 

A foreknowledge of the s p a t i a l d i s t r i b u t i o n of the 
s e i s m i c i t y of the H e n g i l l area enabled the the deployment of the 
ra d i o telemetered network i n a c o n f i g u r a t i o n t h a t provided the 
optimum net geometry f o r f o c a l mechanism determinations. Well 
constrained r a d i a t i o n patterns were determined f o r 178 events. 
For 50% of these events the d i l a t i o n a l and compressional 
p o r t i o n s of the f o c a l sphere could not be separated by a p a i r of 
orthogonal great c i r c l e s . 

The p o s s i b i l i t i e s were considered t h a t these observations 
were a t t r i b u t a b l e t o instrument malfunction, d i s t o r t i o n due t o 
propagation path e f f e c t s or source complexities. I t was 
possible t o r u l e out the f i r s t two influen c e s . A s e r i e s of 
r e f r a c t i o n shots f i r e d both w i t h i n the area and at r e g i o n a l 
distances i n d i c a t e d consistent seismometer response and l a t e r a l 
c r u s t a l v e l o c i t y homogeneity t o w i t h i n 10% i n the upper few km 
(Section 7.2). Such small l a t e r a l v e l o c i t y inhomogeneities are 
i n s u f f i c i e n t t o account f o r the extreme deviancy from double 
couple type observed f o r the anomalous H e n g i l l events. A s u i t e 
of teleseisms recorded throughout the monitoring p e r i o d also 
i n d i c a t e d consistent seismometer response. I n a d d i t i o n , 
earthquakes e x h i b i t i n g double couple type r a d i a t i o n p a t t e r n s 
were detected interspersed s p a t i a l l y and temporally w i t h the 
non-double oouple events. I t was oonoluded that the "anomalous" 
r a d i a t i o n p a t t e r n s were generated by events w i t h souroe 
c o m p l e x i t i e s , i . e . t h a t they d i d not r e s u l t from shear s l i p on 
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f a u l t planes. 
The anomalous events are characterised by compressional 

r a d i a t i o n f i e l d s t h a t t y p i c a l l y occupy 80% of the f o c a l sphere, 
and correspondingly severely reduced d i l a t i o n a l f i e l d s 
( F i g . 6.1). The d i l a t i o n a l a r r i v a l s are of normal amplitude. 
These f a c t s imply t h a t the sources t h a t generate the events 
e x h i b i t a net explosive component ( i . e . a "volume increase"), 
and are thus not of the CLVD type. The i n t e r p r e t a t i o n of them 
favoured here i s t h a t t h e i r source mechanisms i n v o l v e f a u l t 
planes, but t h a t movement i s i n the d i r e c t i o n normal t o the 
f a u l t plane instead of p a r a l l e l t o i t as i s the case f o r a shear 
d i s l o c a t i o n , i . e . t h a t they may be approximated t o t e n s i l e 
cracks. The reasons why t h i s model i s taken are t h a t the 
observed anomalous r a d i a t i o n p a t t e r n s are very s i m i l a r t o t h a t 
p r e d i c t e d by theory f o r a t e n s i l e crack and also t h a t t h i s model 
i s a reasonable one i n an area such as H e n g i l l t h a t contains an 
a c c r e t i o n a r y p l a t e boundary and d i s p l a y s features o l e a r l y 
i n d i c a t i v e of a t e n s i l e s t r e s s regime (e.g. open? surface 
f i s s u r e s , g e o l o g i c a l o f f s e t s ) . 

6.1.3 A general representation of seismic sources 

Seismic sources may be described by a general 
r e p r e s e n t a t i o n t h a t i s not based on an assumption of source 
mechanism, but which i s r e a d i l y i n t e r p r e t a b l e i n terms of known 
source types. This r e p r e s e n t a t i o n i s known as the moment tensor 
r e p r e s e n t a t i o n of the source. The subject i s d e a l t w i t h i n 
depth by A k i and Richards (1980) and a s i m p l i f i e d i n t r o d u c t o r y 
treatment i s given by Foulger (1984). This s e o t i o n gives a 
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summary of the main p o i n t s . 
Consider a general seismic source having a body force 

equivalent given by couples alone. For 3 components of force 
and 3 possible arm d i r e c t i o n s , there are 9 generalised couples 
( F i g . 6.2). 

2 / ^ 2 / ^ 2 

1 I 

F i g . 6.2 The nine possible oouples t h a t are required t o ob t a i n 
equivalent forces f o r a gen e r a l l y o r i e n t e d displacement 
d i s c o n t i n u i t y i n a n i s o t r o p i c media (from Aki and 
Richards, 1980). 

The seismic moment den s i t y tensor m has 9 components equal 
t o the strengths of the & generalised couples: 
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m = mM mix ffil3 

mx\ m * 3 

m3l m 3 3 

The components of t h i s tensor are obtainable from the f a r f i e l d 
r a d i a t i o n p a t t e r n (Aki and Richards, 1980): 

u f l ( x , t ) - J ] " r * * G » M d l 

x 

where: 
u ^ ( x , t ) = displacement f u n o t i o n 
mp<£ = components of the moment density tensor 
G npn = the Green f u n c t i o n 
S_ = surface area 

I n order to desoribe seismic sources i n general, only the 
couples with force and arm i n the same d i r e c t i o n are needed 
( c a s e s ( 1 , 1 ) , (2,2) and (3,3) of F i g . 6.1). These are known as 
vector d i p o l e s . For example, i n the case of a shear source the 
the s e i s m i c moment density tensor i s of the form: 

m constant x 1 0 0 
0 0 0 
0 0 - 1 

i . e . the p r i n c i p a l moments are i n the r a t i o (1,0,-1). 

Because the sum of the p r i n c i p a l moments I s equal to zero, 
the shear souroe has no volumetric oomponent, i . e . i t has no 
net explosive or implosive component. I n c o n t r a s t , a pure 



159 

explosion has p r i n c i p a l moments i n the r a t i o (1,1,1) and i s a 
source t h a t e x h i b i t s a net "volume increase". The t e n s i l e crack 
may be considered t o be an elongated explosion, has p r i n c i p a l 
moments i n the r a t i o (X,X,X+2/*) [ X and /a. are the Lame 
constants] and thus also e x h i b i t s a net "volume Increase" (Aki 
and Richards, 1980). 

Computational proceedures have been developed t h a t enable 
l e a s t squares s o l u t i o n s f o r the p r i n c i p a l moments t o be 
c a l c u l a t e d from the f a r f i e l d r a d i a t i o n p a t t e r n (e.g. Randall 
and Knopoff, 1970; Langston, 1981). I n a l l cases the r a t i o of 
the p r i n c i p a l moments may be expressed i n the form: 

(a,b,c) 
A volumetric component ( i n the case of the source t h a t e x h i b i t s 
a net explosive or implosive meohanism, i . e . (a+b+o) ^ 0 ) may 
be e s p e c i a l l y d i f f i c u l t t o e x p l a i n because of the large 
c o n f i n i n g pressures encountered at depth i n the earth . Thus 
some authors avoid the problem by a r t i f i c i a l l y c o n s t r a i n i n g 
(a+b+c) = 0 i n t h e i r computations (e.g. J u l i a n , i n press) 

I n the case where a l l three p r i n c i p a l moments are non-zero, 
a three dimensional process i s i m p l i e d . The concept of the 
seismic moment de n s i t y tensor i s a u s e f u l one f o r considering 
such sources, since tensor representations of simple sources may 
be combined l i n e a r l y t o model complex sources. 

Where a+b+c « 0 and a,b,c are a l l non-zero, 
the source may always be decomposed i n t o a "volumetric 
component" and a p a i r of orthogonal double couples: 

(a,b,c) « (d,d,d) + (-{b-d},+<b~d},0) + (-{c-d},0,+{c-d}) 
where d = £(a+b+o) 
The orthogonal double couples are sometimes termed the "major" 



160 

and "minor" double couples (e.g. Barker and Langston, 1983). 
The "compensated l i n e a r vector d i p o l e " (CLVD) source has 

p r i n c i p a l moments i n the r a t i o (2,-1,-1). This i s thus an 
example of a three dimensional source t h a t conserves volume. 

6.1.4 The moment tensor representation of the non-double couple 
H e n g i l l events 

The preponderance of compressional a r r i v a l s i n d i c a t e s a net 
explosive oomponent and the narrow d i l a t i o n a l b e l t i n d i o a t e s 
p l a n a r l t y of the source. For these reasons the t e n s i l e orack 
was taken as the basis of a model. 

The seismic moment den s i t y tensor of a t e n s i l e crack i s 
(X, A,X+2/u.), which gives an all-compressive r a d i a t i o n p a t t e r n . 
I t d i f f e r s from a pure explosion only i n as much as the 
amplitude of the r a d i a t i o n i s not s p h e r i c a l l y symmetrical. The 
superposing of a s p h e r i c a l l y symmetrical implosion onto t h i s 
source would r e s u l t i n a source t h a t e x h i b i t s a d i l a t i o n a l b e l t : 

(X.X,X+2 /0 * (- ' IX+SXJ.-lX+SXJ.-lX+iXD « ( - J A , - 4 X.l3 * r S X ] ) . . . [ l ] 

Foulger and Long (1984) ( r e p r i n t enclosed i n pocket a t the 
back of t h i s t h e s i s ) and Foulger (1984) suggest t h a t the events 
are generated by the formation of t e n s i l e cracks i n the presence 
of r e s t r i c t e d pore f l u i d flow. Under these con d i t i o n s t h e r e i s 
a pore pressure drop i n the volume occupied by the new, v o i d . 
This pore pressure drop generates an o m n i d i r e c t i o n a l implosive 
pressure pul6e t h a t i s superimposed on the r a d i a t i o n p a t t e r n of 
the t e n s i l e crack and i s thus the meohanism t h a t generates the 
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d i l a t i o n a l f i e l d . The pressure d i f f e r e n t i a l i s subsequently 
equalised by aseismic d i f f u s i o n of the pore f l u i d . 

A source of t h i s type would e x h i b i t nodal surfaces t h a t 
t r a c e small c i r c l e s on the f o c a l sphere ( f o r a shear source the 
nodal l i n e s are great c i r c l e s ) . 

C a l c u l a t i o n Qf the seisffiiQ momeai density teaser £QZ the H e s g i l l 
sea-double couple events 

For a general seismic source: 

u 4 ( x , t ) = J/mp$*Gnf , ^ d l 

I n the frequency domain, t h i s reduces t o ( J u l i a n , i n press): 
3(w) = | T *(w) 

where u(w) i s the amplitude or mode of the seismlo wave 
Re f e r r i n g t o Fig. 6.3, 
g(w) i s a column vector whose elements are speotra of Green's 

f u n c t i o n . 
?(w) = [ g r r ( w ) g r # ( w ) g $ 0 W g r (,(w) g ^ ( w ) g ^ ( w ) ] 

For a homogenous, i s o t r o p i c medium, as f u n c t i o n s of departure 
angle i (zero=nadir) and departure azimuthJ , f o r p waves: 

g r r = cosH g r^= - s i n 2 i sin7 
g r^ - s i n 2 i cos J t*4m ~ e l n % ± sin27 
ge$ - s i n * i cos xJ g^= s i n x i s i n * J 

m ( w ) T i s a column yector of the 6 independent components of the 
moment tensor f o r a p o i n t souroe 

m(w) = Im r r(w) mr, (w) m&6 (w) mr̂  (w) (w) m ^ ( w ) ] 
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L-0 

. 6.3 Diagram i l l u s t r a t i n g the 
c a l c u l a t i n g the seismic 
H e n g i l l non-double couple 

co-ordinate system used i n 
moment d e n s i t y tensor f o r the 
events. 
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Consider the 6 ft plane. 

i = s i n i = 1 s i n 2 i - 0 cos i = 0 
|(w) = [0,0,oos lJ,0,-sin27,sin xJ] 

Let the d i l a t i o n a l components of the seismic moment density 
tensor be of amplitude x 
Then u(w) = [-x,0,-x,0,0,1] [0,0,eos xJ ,0,-sin 2j.ai.if J] 

- 0 + 0 -x cos xJ+ 0 + 0 + s i n x J 
at a node, u(w)=0 

i . e . x cos xJ = s i n x j T 
tan jf « y x 

f o r a t y p i c a l H e n g l l l e v e n t , J - 10° 
i . e . x - 0.03 

The moment density tensor f o r t h i s type of source i s t h e r e f o r e : 

m(w) = [-1,0,-1,0,0,30] 

and approximates t o a l i n e a r vector d i p o l e source. 

D e r i v a t i o n of the YfllMBfi equ&£i£B 
M̂ , the seismic moment, i s a fundamental parameter used t o 

measure the s t r e n g t h of an earthquake. For double oouple 
sources: 

M0= A ^ u 
where A = area of the f a u l t plane 

/U = r i g i d i t y modulus 
u = displacement 

thus: M0 = ycc x average s l i p x f a u l t area 

http://2j.ai.if
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For a t e n s i l e crack: 
M = V 0 0 

0 X 0 
0 0 X 

I f the H e n g i l l events are approximated t o a l i n e a r vector d i p o l e 
(th e case where S X - X , equation t i l ) , then 

M = V 0 0 
0 0 0 
0 0 0 

which reduces t o : 
M0 = 2/cV 

The r e a l data 
The hypothesis given above f o r the source mechanism of the 

H e n g i l l non-double couple events p r e d i c t s t h a t the nodal 
surfaces t r a c e small c i r c l e s on the f o c a l sphere. The r a d i a t i o n 
p a t t e r n s of the H e n g i l l events are constrained by a maximum of 
23 observations. In the case of the non-double oouple events, 
because of the very small range of the d i l a t i o n a l f i e l d , only 
r a r e l y d i d the number of d i l a t i o n a l a r r i v a l s exoeed 3. The 
nodal l i n e s are thus not constrained t o be small c i r c l e s by any 
one event. They are, however, w e l l constrained by composite 
events ( F i g . 6.1) and the great m a j o r i t y of the non-double 
couple events are consistent w i t h the model. For these reasons 
the events were i n t e r p r e t e d on t h i s basis. 
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6.2 The mode of s t r a i n release i n the H e n g i l l area 

6.2.1. Presentation of the data 

For completeness of documentation, a l l events f o r which 
reasonably good p o l a r i t y p l o t s were obtained are i l l u s t r a t e d i n 
Figs. A7.1 t o A7.14 i n Appendix 7. The minimum number of data 
p o i n t s used t o oonstrain any one s o l u t i o n i s 10. Where 
poss i b l e , a shear s o l u t i o n i s p r e f e r r e d . I n the oa6e of the 
t e n s i l e crack i n t e r p r e t a t i o n s , small o i r o l e s were f i t t e d t o the 
data manually using a se r i e s of s p e c i a l l y oonstruoted 
g r a t i c u l e s . The data have been d i v i d e d i n t o 12 groups t h a t are 
suggested by the e p i c e n t r a l d i s t r i b u t i o n (see Section 4.3.2). 
Each event i s l a b e l l e d by i t s o r i g i n time. The groups are 
N e s j a v e l l i r (N), M o s f e l l s h e i d i (M), the f i s s u r e swarm (F= a l l 
events w i t h i n the f i s s u r e swarm but not included i n any other 
group), S v i n a h l i d (S), Orustuholshraun ( 0 ) , A s t a d a f j a l l ( A ) , 
Klambragil (K), K y l l i s f e l l (KY), Laxardalur ( L ) , the c e n t r a l 
c l u s t e r (C- a l l events w i t h i n the c l u s t e r NW of Hveragerdi but 
not inoluded i n any other group), Grensdalur (G) and Olfus (0) 
(F i g . 6.7). 

For each group, a summary diagram i s also presented i n the 
form of a stereographic p r o j e c t i o n (see f o r example, F i g . A7.3). 
A l l the events associated w i t h the p a r t i c u l a r group f o r which an 
unambiguous i n t e r p r e t a t i o n could be made are represented on 
these,. For the shear s o l u t i o n s the pressure (P) axes and 
ten s i o n (T) axes are represented by open c i r c l e s and dots 
r e s p e c t i v e l y . For the t e n s i l e oraok s o l u t i o n s the planes of the 
oraoke (which, i n stereographio p r o j e c t i o n , d i s e o t the 
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d i l a t i o n a l b e l t s ) are represented by great c i r c l e s . The events 
f o r which no s o l u t i o n could be obtained or f o r which e i t h e r type 
of s o l u t i o n would f i t equally w e l l are not represented on the 
summary diagrams. The summary diagrams are displayed together 
i n F i g . 6.4. 

6.2.2 The t e n s i l e crack events 

Examination of Fig. 6.4 i n d i c a t e s t h a t most of the t e n s i l e 
crack events occurred on near v e r t i c a l planes. The greatest 
hade measured was 40° . The dominant d i r e c t i o n of s t r i k e was 
about N 35°E. This i s i l l u s t r a t e d i n Fig. 6.5 which shows a 
smoothed p l o t of the o r i e n t a t i o n of crack s t r i k e s . The w i d t h of 
the d i l a t i o n a l b e l t v a r i e d but was never l a r g e r than 60°. I f 
the t e n s i l e crack i n t e r p r e t a t i o n i s c o r r e c t , t h a t the d i l a t i o n a l 
b e l t i s generated by a pressure drop i n the pore f l u i d a t the 
i n s t a n t of f r a o t u r i n g i t would be expeoted t h a t the width of the 
b e l t would be dependent on the magnitude of the pressure drop. 
The width of the d i l a t i o n a l b e l t might then be governed by suoh 
f a c t o r s as the type and phase of the pore f l u i d and the p o r o s i t y 
of the rock, t h a t would i n f l u e n c e the speed of pore f l u i d f l o w. 

I t would be expected t h a t t e n s i l e cracks would form normal 
t o the d i r e c t i o n of l e a s t compressive s t r e s s ( i . e . g r e a t e s t 
t e n s i o n ) . Hence the d i r e c t i o n of greatest compressive s t r e s s 
would l i e i n the crack plane. This i m p l i e s a d i r e c t i o n 
approximately h o r i z o n t a l N 125°E f o r the l e a s t compressive 
s t r e s s (CTj) i n the depth range 2 - 6 km (see Seotlon 6.2.8). 
The s t r i k e and hade of surfaoe extensional features i n d i c a t e s an 
o r i e n t a t i o n of h o r i z o n t a l N 115°E f o r the l e a s t compressive 
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F i g . 6.4 Stereographic summary diagrams f o r f o o a l mechanism data 
groups (see Fig. 6.7 f o r l o c a t i o n s ) . O = P axes, • = T 
axes of shear s o l u t i o n s , great c i r c l e s represent planes 
of t e n s i l e crack s o l u t i o n s . 
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s t r e s s ( h o r i z o n t a l and normal t o the o r i e n t a t i o n of t h e f i s s u r e 
swarm). I t i s t h e r e f o r e possible t h a t <T3 r o t a t e s d e x t r a l l y w i t h 
depth but i t i s also possible t h a t there i s a oomponent of 
double couple mechanism i n some of the t e n s i l e crack events. 
This would have the e f f e c t of b i a s i n g the apparent o r i e n t a t i o n 
of cr 3 dext r a l l y . 

The i m p l i c a t i o n s of the f i n d i n g s described above are f a r 
reaching. I t i s reoognlsed t h a t f i s s u r e opening can ooour at 
the surface and near i t slnoe the overburden pressure i s zero or 
small but such f i s s u r i n g i s not gen e r a l l y considered l i k e l y t o 
extend very deep since at great depth the c o n f i n i n g pressure i s 
very l a r g e . That such a process i s ongoing i n the H e n g i l l area, 
down t o depths of 6 km where c o n f i n i n g pressures of about 1.5 
kbar would be expected, i m p l i e s t h a t a very strong t e n s i o n a l 
s t r e s s regime i s superimposed onto, and outweighs, the 
compressional f i e l d generated by the overburden. Plate 
movements are an obvious process t h a t could generate such a 
t e n s i o n a l stress f i e l d . 

6.2.3 The shear events 

The s o l u t i o n s obtained e x h i b i t e d f a u l t i n g which, i n 
general, ranged from s t r i k e s l i p on near v e r t i c a l NS or EW 
or i e n t a t e d planes t o normal d i p s l i p movement on NE o r i e n t a t e d 
planes. The normal movements i n d i c a t e subsidence and subsurface 
f a u l t i n g on planes w i t h a s i m i l a r o r i e n t a t i o n t o f a u l t planes . 
observed a t the surface. The P axes are o r i e n t a t e d 
p r e f e r e n t i a l l y about N 45°E (see Figs. 6.5 and 6.6). They are 
o f t e n olose t o h o r i z o n t a l but range through t o v e r t i c a l 
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F i g . 6.6 Plot of P - and T - axes of a l l shear events i n 
stereographio p r o j e c t i o n . O - p axes, # - T axes. 
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( F i g . 6.6). The T axes are normal to the P axes, and u s u a l l y 
c l o s e to h o r i z o n t a l . Although the P and T axes of the double 
oouple events are not e x a c t l y equivalent to the d i r e c t i o n s of 
gre a t e s t and l e a s t compressive s t r e s s (see Section 6.2.7), they 
ne v e r t h e l e s s imply an approximately h o r i z o n t a l NW or i e n t a t i o n of 
the d i r e c t i o n of l e a s t compressive s t r e s s , <T*3 , and v a r i a t i o n 
from h o r i z o n t a l , approximately NE, to v e r t i c a l for the d i r e c t i o n 
of g r e a t e s t compressive s t r e s s <T\ . 

6.2.4 Events for which no s o l u t i o n could be obtained 

Approximately 10% of the events did not f i t e i t h e r type of 
s o l u t i o n . These events a l l ex h i b i t e d reduced d i l a t i o n a l f i e l d s , 
and may have been due to sources that combined both normal and 
shear movement. No attempt was made to f i t nodal l i n e s to these 
events. Because the shape of the nodal l i n e s of many of the 
t e n s i l e crack and double oouple events are poorly constrained i t 
i s p o s s i b l e that some of these events a l s o oontain components of 
both types of movement. 

6.2.5 S p a t i a l v a r i a t i o n s i n mechanism 

Table 6.1 i s a breakdown of events of d i f f e r e n t type i n the 
data groups depicted i n F i g . 6.4. From t h i s t a b l e i t can be 
seen that the s i z e s of the data groups vary from 45 events f or 
Klambragil (K) to only 5 for M o s f e l l s h e i d i (M). Also the 
proportion of double couple to t e n s i l e craok s o l u t i o n s i s 
v a r i a b l e . These v a r i a t i o n s are mapped i n F i g . 6.7. A c i r c l e i s 
drawn i n the l o c a t i o n of each data group and the proportion of 
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F i g . 6.7 Proportion of t e n s i l e crack events represented as 
proportion of c i r c l e s f i l l e d for the data groups 
depicted i n F i g . 4.4. 
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events that are unambiguously t e n s i l e craok i s equal to the 
proportion of the c i r c l e f i l l e d . 

number 
of shear 
events 

number 
of t . c . 
event 

number 
with no 
s o l u t i o n 

T o tal 

Klambragil 
F i s s u r e swarm 
K y l l i s f e l l 
N e s j a v e l l i r 
C e n t r a l d u s t e r 
A s t a d a f j a i l 
Grensdalur 
S v i n a h l i d 
Orustuholshraun 
M o s f e l l s h e i d i 
Olfus 
Laxardalur 

13 
1 
5 
5 
8 
6 
7 
4 
4 
4 

31 
6 

26 
11 
5 
5 
8 
5 
3 
2 
2 
1 

6 
4 
2 

3 
1 

45 
16 
12 
10 
19 
12 
10 
6 
6 
5 

31 
6 

t o t a l s 94 68 16 178 

Table 6.1 Breakdown of events with d i f f e r e n t fooal mechanisms i n 
the s p a t i a l data groups. 

I t can be seen that t e n s i l e crack s o l u t i o n s occur 
p r e f e r e n t i a l l y i n *ke c l u s t e r NW of Hveragerdi and the f i s s u r e 
swarm, i . e . the high temperature geothermal area. I n the 
Grensdalur (G). M o s f e l l s h e i d i (M). Laxardalur ( L ) and Olfus ( 0 ) 
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a r e a s , whioh are p e r i p h e r a l to or outside the high temperature 
a r e a t e n s i l e oraok type events are s u b s i d i a r y or absent. The 
t r a n s i t i o n from t e n s i l e crack type to shear type s t r a i n r e l e a s e 
i s abrupt on the W boundary of the f i s s u r e swarm. There i s thus 
a c l e a r i n d i c a t i o n that the t e n s i l e crack type events are 
a s s o c i a t e d with some deep process a s s o c i a t e d with the high 
temperature geothermal area. 

In the case of the shear events, the data group for Olfus 
(O) e x h i b i t s p r i m a r i l y s t r i k e s l i p movement whereas events that 
e x h i b i t a large normal component of f a u l t i n g are confined to the 
area N of 64°N ( F i g s . A7.1 to A7.14) 

F i g . 6.8a i l l u s t r a t e s depth d i s t r i b u t i o n for the t e n s i l e 
crack and the double couple data groups. For the depth 
d i s t r i b u t i o n the data are divided into 3 s e t s representing 
d i f f e r e n t p a r t s of the area. The depth d i s t r i b u t i o n for 
Klambragil shows s i m i l a r ranges for both types of event except 
that the t e n s i l e crack events extend to greater depths. The 
s e i s m i c i t y i n t h i s small area i s a l s o shallower than tha t of the 
r e s t of the high temperature area. The depth d i s t r i b u t i o n for 
a l l areas except Klambragil and Olfus shows a d e f i n i t e tendency 
f o r the t e n s i l e crack events to ocour a t greater depths than the 
double couple events. I t i s p o s s i b l e that the t e n s i o n a l s t r e s s 
f i e l d t h a t enables t e n s i l e crack formation i s strongest i n the 
deeper part of the s e i s m i c zone and tha t s t r a i n i s 
p r e f e r e n t i a l l y r e l e a s e d by shear movements at shallower depth. 
The d i s t r i b u t i o n of double couple , events i n Olfus shows the 
g r e a t e r depth range of events i n t h i s part of the area, i n 
agreement with the observations desoribed i n Section 4.3.2.7. 
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events for the Klambragil and Olfus data groups and a l l 
other areas. (b) Magnitude (Mj, ) d i s t r i b u t i o n s of 
t e n s i l e crack and shear events, e n t i r e data s e t . 
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6.2.6 Magnitude v a r i a t i o n s i n mechanism 

The plot of magnitude d i s t r i b u t i o n ( F i g . 6.8b) shows that 
the shear events occupy the range - 2.0 <. M r L * 2.2 and the 
t e n s i l e crack events -2.0 « MIL < 1.4. Thus for the s e t of 
events for which s o l u t i o n s were obtained (representing 3 months 
recording) the l a r g e s t shear event was 0.8 magnitude u n i t s 
l a r g e r than the l a r g e s t t e n s i l e crack event. For t h i s data s e t 
95% of the seismic s t r e s s r e l e a s e was therefore by shear f a i l u r e 
and 5% by t e n s i l e crack f a i l u r e . 

The swarm that occurred i n the K i r k j u f e r j u h j a l e i g a , Olfus 
area 19th-22nd Sept. 1981 i s not included i n the data s e t s i n c e 
i t was located too f a r outside the tape network for the 
r a d i a t i o n patterns to be w e l l constrained. Because of t h i s , the 
data presented i n F i g . 6.8 are a t y p i o a l 3-month sample as 
regards number of events (Seotion 5.2.2.2). 

These observations are i n agreement with the hypothesis 
that t e n s i l e crack type events are l i m i t e d to small magnitudes 
and thus account for only a very small percentage of the t o t a l 
s e i s m i c s t r a i n energy r e l e a s e of the H e n g i l l area. However the 
recording period of 3 months was too short to provide d e f i n i t e 
proof of t h i s . 

6.2.7 I m p l i c a t i o n s for f a u l t plane determination for the shear 

events. 

That the shear and t e n s i l e oraok events are i n t e r s p e r s e d i n 
the same volume of rock, i s demonstrated by the depth 
d i s t r i b u t i o n . Also both types of event may occur i n a s i n g l e 
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sequence (e.g. the 810905 sequence i n the A s t a d a f j a l l area, 
F i g . A7.14). This may be explained by the process i l l u s t r a t e d 
i n F i g . 6.9. 

The opening of t e n s i l e cracks c l o s e together r e s u l t s i n the 
b u i l d up of s t r e s s i n the intermediate rock volume whioh i s then 
r e l e a s e d by shear f a i l u r e on a plane connecting the cracks 
( H i l l , 1977). For t e n s i l e cracks forming at the same depth 
( i . e . with h o r i z o n t a l separations only) s t r i k e s l i p earthquakes 
would be generated. For t e n s i l e craoks forming at d i f f e r e n t 
depths ( i . e . with v e r t i c a l separations) earthquakes with a 
normal component of shear movement would be generated. S t r i k e 
s l i p shear f a u l t i n g p r e f e r e n t i a l l y occurs on e i t h e r NS or EW 
o r i e n t a t e d planes (Section 6.2.3). These two a l t e r n a t i v e s are 
i l l u s t r a t e d i n F i g . 6.9. I t can be seen that the r e l e a s e of 
shear s t r e s s on EW orientated v e r t i c a l planes Implies a l e f t 
l a t e r a l t e n s i l e crack configuration, and movement on NS 
orientated v e r t i c a l planes implies a r i g h t l a t e r a l t e n s i l e oraok 
configuration. 

According to McKenzie (1969), for a f r e s h break i n 
homogeneous rock the d i r e c t i o n of greatest compressive s t r e s s 
( CT, ) l i e s between the P-axis of the shear f o c a l Mechanism 
s o l u t i o n and the f a u l t plane (see F i g . 6.10). I n the case of 
the H e n g i l l events the P axes of the shear events are 
p r e f e r e n t i a l l y orientated about N 45° E whereas the o r i e n t a t i o n 
of the t e n s i l e crack events i n d i c a t e s an average h o r i z o n t a l 
d i r e c t i o n of about N 35° E for the greatest compressive s t r e s s 
i n the depth range of the events ( S e c t i o n s 6.2.2 and 6.2.3 and 
F i g . 6.5). With t h i s information, and from i n s p e c t i o n of 
F i g . 6.10 i t may be deduced that i n the case of the s t r i k e s l i p 
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6.9 Schematic diagram of t e n s i l e crack opening and 
accompanying shear s e i s m i c i t y on planes connecting the 
cracks. CTJ and <TS s i g n i f y the great e s t and l e a s t 
compressive s t r e s s e s r e s p e c t i v e l y . 
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shear events, the plane of f r a c t u r e w i l l be the »ore n o r t h e r l y 
s t r i k i n g plane, and a r i g h t l a t e r a l t e n s i l e crack configuration 
i s implied. The s t r i k e s l i p shear s e i s r a i c i t y a s s o c i a t e d with 
the high temperature geothermal area therefore i n d i c a t e s that 
r i g h t l a t e r a l movement on northerly s t r i k i n g planes i s the most 
common mode of f a u l t i n g . 

I t can be seen from F i g . 6.9 that i f f r a c t u r i n g of t h i s 
nature occurred i n a zone, then the o r i e n t a t i o n of the e n t i r e 
a c t i v a t e d zone would be intermediate between that of the t e n s i l e 
cracks and the shear f a u l t planes. As has been described above 
t h i s s i t u a t i o n i s observed at the surface i n the H e n g i l l area. 
The trend of surfaoe f a u l t i n g i s N 25° E, intermediate between 
the NS s t r i k i n g f a u l t plane t y p i c a l of the double oouple f o c a l 
mechanism s o l u t i o n s and the N 35° E s t r i k e t y p i c a l l y e x h i b i t e d 
by the t e n s i l e crack events. This i s a strong i n d i c a t i o n that 
the deduction of f a u l t plane made above i s c o r r e c t . The P and T 
axes of the double couple events and the or i e n t a t i o n of the 
t e n s i l e cracks and surface features are thus a l l c o n s i s t e n t with 
the same s t r e s s f i e l d . 

I f i t i s assumed that the mode of f a u l t i n g observed for the 
high temperature geothermal f i e l d extends S i n t o the Olfus a r e a 
then t h i s i m p l i e s that f a u l t i n g there i s r i g h t l a t e r a l s t r i k e 
s l i p on NS orientated planes. T h i s i s c o n s i s t e n t with the mode 
of f a u l t i n g observed for l a r g e d e s t r u c t i v e earthquakes i n the 
South I c e l a n d Seismic Zone, of which Olfus forms the westernmost 
part ( E i n a r s s o n et a l . , 1981; Einarsson and E i r i k s s o n , 1982). 
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6.3 Summary of the r e s u l t s 

Good c o n s t r a i n t was obtained for the r a d i a t i o n patterns of 178 
small earthquakes located within the He n g i l l area. Of these, 
50% were i n t e r p r e t a b l e as demonstrating shear movement on f a u l t 
planes, 40% as movements normal to the f a u l t plane ( t e n s i l e 
c r a c k s ) and 10% did not f i t e i t h e r i n t e r p r e t a t i o n , and may have 
been intermediate events. 

P r e f e r e n t i a l o r i e n t a t i o n of the d i l a t i o n a l f i e l d s of the 
t e n s i l e crack events i n d i c a t e s a d i r e c t i o n of h o r i z o n t a l 
N 125° E for the l e a s t compressive s t r e s s ( O3) i n the sei s m i c 
volume. That these events occur at depth i n the earths orust 
i n d i c a t e s that (Tj must be negative and large enough to outweigh 
the overburden pressure of s e v e r a l kilometers of rook. The 
shear events observed i n d i c a t e s t r i k e s l i p and normal movements 
and an o r i e n t a t i o n of the axes of p r i n c i p a l s t r e s s c o n s i s t e n t 
with that demonstrated by the t e n s i l e crack events. 

The t e n s i l e crack events were confined to the high 
temperature geothermal area. The r a t i o of t e n s i l e craok type 
events to shear events was great e s t i n the i n t e r i o r of the high 
temperature area where the heat l o s s i s highest, and was lower 
i n p e r i p h e r a l areas. Outside the high temperature area f a u l t i n g 
was almost e n t i r e l y shear. The t e n s i l e oraok events i n d i c a t e a 
strong t e n s i o n a l s t r e s s regime, but t h e i r occurrence a l s o 
appears to be dependent on some high temperature geothermal 
process. Normal shear f a u l t i n g was almost absent i n O l f u s . The 
events for which f o c a l mechanism s o l u t i o n s were obtained 
occupied the depth range 2 - 6 km. There was a tendency f or the 
t e n s i l e crack type events to occur at greater depth than the 
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shear events beneath the high temperature geothermal area. T h i s 
may i n d i c a t e that the conditions under which t e n s i l e crack type 
events form occur p r e f e r e n t i a l l y at greater depth w i t h i n the 
se i s m i c volume. The Klambragil data group e x h i b i t s a c t i v i t y at 
anomalously shallow depth and a very high proportion of t e n s i l e 
crack type events. The s t r i k e s l i p shear events of Olfus occur 
to greater depths than earthquakes occurring N of 64°N. 

During the 3 month recording period t e n s i l e crack type 
events were confined to small magnitudes and accounted f or only 
5% of the seismic s t r e s s r e l e a s e . This i s co n s i s t e n t with the 
hypothesis, but not proof that such events are confined to small 
magnitudes. 

The t e n s i l e crack events were i n t e r s p e r s e d with shear 
events i n space, and a l s o the two types were seen together i n 
sequences. I t was conoluded that the shear events represented 
movements on f a u l t planes connecting the t e n s i l e cracks, a 
process o r i g i n a l l y hypothesised by H i l l (1977). The deduotion 
of the d i r e c t i o n of l e a s t compressive s t r e s s from the 
o r i e n t a t i o n of the t e n s i l e cracks, allowed the f a u l t plane of 
the s t r i k e s l i p shear events to be i d e n t i f i e d as p r i m a r i l y the 
NS s t r i k i n g one. I n the case of the mixed earthquake sequences 
t h i s i m p l i e s that a c t i v i t y occurs on r i g h t l a t e r a l l y arranged en 
echelon t e n s i l e cracks connected by NS orientated shear f a u l t 
planes. The combined trend of the whole a c t i v a t e d zone would 
then be expected to be more northerly than that of the t e n s i l e 
c r a c k s . T his i s c o n s i s t e n t with observations of the trend of 
sur f a c e t e c t o n i c f e a t u r e s . 

E x t r a p o l a t i o n of these deductions to the Olfus area 
i n d i c a t e s that the type of f a u l t i n g there may be r i g h t l a t e r a l 



183 

s t r i k e s l i p on NS orientated planes. This i s c o n s i s t e n t with 
the mode of f a u l t i n g of the South Ice l a n d Seismic Zone. 
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CHAPTER 7 

7. TELESEISMS AND EXPLOSIONS 

7.1 Teleseisms 

7.1.1 Introduction 

Teleseismio a r r i v a l s approaoh recorders at steep angles, 
and henoe sample the orust beneath a network at much greater 
depths than l o c a l or regional sources. Their r e l a t i v e a r r i v a l 
times may be interpreted i n terms of l a t e r a l and v e r t i c a l 
v e l o c i t y v a r i a t i o n s . This i s known as the method of r e l a t i v e 
delays (Long and M i t c h e l l , 1970). The s t r u c t u r e s of a number of 
large regions have been studied using t h i s method e.g. E a s t 
A f r i c a (Savage, 1979) and I c e l a n d (Tryggvason, K. et a l . , 
1984). I t has a l s o been applied on a smaller s c a l e to a number 
of v o l c a n i c areas containing geothermal prospeots (see Poulger, 
1982. for review). However, t e l e s e i s m i o waves t y p i o a l l y have 
wavelengths of s e v e r a l km, which l i m i t s the soale of s t r u c t u r e s 
that they can resolve. The c o l l e c t i n g and processing of t h i s 
type of data has now become routine proceedure (Stauber and 
I y e r , 1983). 

Where the data are of s u f f i c i e n t q u a l i t y an "Aki i n v e r s i o n " 
may be performed (Aki et a l . , 1977). The volume of i n t e r e s t i s 
d i v i d e d up i n t o blocks and the observed t e l e s e i s m i c delays 
modelled by varying the v e l o o i t y i n eaoh block. T h i s has been . 
aohieved for s e v e r a l areas inoluding Yellowstone (Iyer, 1979) 
and the Coso Hot Springs. C a l i f o r n i a (Reasenberg et a l . , 1980). 
A number of other studies have been perfomed and simple 
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i n t e r p r e t a t i o n s presented, often involving zones of p a r t i a l melt 
or magma chambers. For Long Valley, C a l i f o r n i a , Steeples and 
I y e r (1975) modelled a magma chamber 14 km i n diameter, with 
v e l o c i t y contrast of 15% on the b a s i s of r e l a t i v e delays of up 
to 0.3 sec. In the Geysers-Clear Lake area, C a l i f o r n i a , delays 
of about 1 sec were considered to i n d i c a t e a magma chamber with 
a core of severely molten rock extending down to a depth of 
20 km ( I y e r et a l . , 1979). 

During the 90 day period of recording on the He n g i l l radio 
telemetered seismometer network i n 1981, 21 w e l l recorded 
t e l e s e i s m s were monitored y i e l d i n g a data set containing 328 
a r r i v a l times. Because the time a v a i l a b l e for modelling these 
data was limited, work did not proceed further than reducing and 
co r r e c t i n g the raw data and producing a simple q u a l i t a t i v e 
i n t e r p r e t a t i o n . 

7.1.2 Delay measurement 

Paper playouts of the te l e s e i s m i o records were made on a 
s c a l e of 5 cm:l sec. I n order to measure the r e l a t i v e onsets of 
the f i r s t P a r r i v a l as acc u r a t e l y as possible, a " t y p i c a l " P 
waveform was s e l e c t e d for each event. This was tra c e d onto 
transparent paper and the f i r s t a r r i v a l marked. The t r a c i n g was 
then superimposed onto the waveforms reoorded at a l l the other 
s t a t i o n s for that event and the picking of the r e s t of the f i r s t 
a r r i v a l s aided by comparison of the t o t a l waveform. The 
absolute a r r i v a l times of the f i r s t P-wave onsets at the 
s t a t i o n s were thus measured. This pioking method i s reported by 
Corbishley (1969) and Savage (1979) to give the best acouraoy. 
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The t h e o r e t i c a l a r r i v a l times of the events at the s t a t i o n s 
were c a l c u l a t e d using programme MANETA (Savage, 1979) (see 
Section 3.3.2). Source l o c a t i o n s were taken from the 
Preliminary Determination of Epicenter (PDE) l i s t i n g s of the 
U.S. Coast and Geodetic Survey (USCGS). I n order to c o r r e c t 
for the s t a t i o n s height above datum the average v e l o c i t y of the 
c r u s t above sea l e v e l was required. A v e l o c i t y of 3.0 km s e c ' 
was used s i n c e t h i s was the value obtained by Palmason (1971) 
for the surface l a y e r i n the area S of L. Thingvallavatn 
( P r o f i l e 42) and was shown to be a reasonable average by 
r e f r a c t i o n shots f i r e d i n 1981 (see Section 7.2 and Appendix 4. 
The "raw delay times" were then obtained by su b t r a c t i n g the 
c a l c u l a t e d t h e o r e t i c a l a r r i v a l times from the observed. 

According to Long and M i t c h e l l (1970), each raw delay time 
may be expressed as the sum of s i x terms: 

T - S + T 0 + T t + T b + T^ + e 

where 
T i s the raw delay time 
S i s the delay due to m a t e r i a l with anomalous v e l o c i t y 

beneath the s t a t i o n -
T 0 a r i s e s from e r r o r s i n the earthquake fooal data, 
T e i s the delay due to m a t e r i a l with anomalous v e l o o i t y 

beneath the source, 
T t i s the e r r o r due to inacouraoies i n the t r a v e l time t a b l e s 

and c a l c u l a t i o n s , 
T^ i s the instrumental delay for whioh c o r r e c t i o n may be made, 

and 
e i s the e r r o r due to misreading and poor timing of the 
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seismogram. 
Th i s may be expressed as: 

T - S + E 
where 

E i s a composite e r r o r term (= T 0 + T c + T t + T^ + e) 

For a s i n g l e event, the value E w i l l be approximately the 
same at a l l s t a t i o n s , beoause for a very d i s t a n t event the 
source to s t a t i o n path i s v i r t u a l l y the same except for d i r e c t l y 
beneath the s t a t i o n network. S w i l l vary from s t a t i o n to 
s t a t i o n due to v e l o c i t y anomalies d i r e c t l y beneath the s t a t i o n 
array. Each event w i l l be associated with a d i f f e r e n t E value. 
The S-value p r o f i l e across the s t a t i o n network w i l l a l s o vary 
for the d i f f e r e n t events because the events approach the 
s t a t i o n s from d i f f e r e n t azimuths and angles and hence sample 
d i f f e r e n t portions of the volume beneath the s t a t i o n a rray. 

In order to c a l o u l a t e S-values, i . e . the delays a s s o c i a t e d 
with anomalous material d i r e c t l y beneath the s t a t i o n s , the 
programme SEPD (Savage, 1979) was used (see Seotion 3.3.2). 
This programme c a l c u l a t e s l e a s t - s q u a r e s values for the e r r o r 
terms E and the s t a t i o n delays S. An a r b i t r a r y zero was 
declared f or the s t a t i o n delay at KDN ( F i g . 7.3). I n order to 
examine azimuthal v a r i a t i o n i n the s t a t i o n delays, the events 
were grouped according to geographical l o c a t i o n and separate 
c a l c u l a t i o n s made for each group. 

7.1.3 Disoussion of the r e s u l t s 

F i g . 7.1 i s a stereographic plot of the world c o a s t l i n e s 
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F i g . 7.1 Plot of world c o a s t l i n e s and t e l e s e i s m l o c a t i o n s i n 
stereographic p r o j e c t i o n centred on the H e n g i l l area. 
• represents upper hemisphere epioentre, & represents 
lower hemisphere epioentre. 
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centred on He n g i l l , and drawn out to 90°. The l o c a t i o n s of a l l 
the t e l e s e i s m s used i n t h i s study are plotted. Lower hemisphere 
ep i c e n t r e s are indicated by cr o s s e s . These events are a l l i n 
the T o n g a - F i j i area. The epicentres f a l l roughly i n t o four 
groups :-

- Europe and W As i a 
- Japan - K u r i l e s 
- West In d i e s - A t l a n t i c 
- Tonga - F i j i 

I n the case of the l a t t e r two groups, P-wave onsets were 
poor. 

The angles of incidence of the incoming rays v a r i e d from 
32° to 10° with increase i n e p i c e n t r a l distance, but was, for 
the majority of rays, i n the region 27° to 15°. This i s 
i l l u s t r a t e d i n F i g . 7.2. 

i n Table 7.1 the r e l a t i v e s t a t i o n delays are l i s t e d , 
c a l c u l a t e d using a l l events equally weighted. As i s mentioned 
above, an a r b i t r a r y zero was assigned to KDN, t h i s s t a t i o n being 
p e r i p h e r a l to the main area of i n t e r e s t . Because of t h i s 
a r b i t r a r y zero, the error associated with each s t a t i o n delay 
does not i n d i c a t e s i g n i f i c a n c e (or I n s i g n i f i c a n c e ) i n that delay 
i n an absolute sense, but only r e l a t i v e to the other s t a t i o n s . 

F i g . 7.3 i s a contoured plot of the delays l i s t e d i n Table 
7.1. The f e a t u r e s displayed by t h i s Figure r e f l e c t some kind of 
average s t r u c t u r e for the volume beneath the s t a t i o n a r r a y down 
to indeterminate depth, s i n c e the d i f f e r e n t rays used to 
c a l c u l a t e each r e l a t i v e s t a t i o n delay sampled s l i g h t l y d i f f e r e n t 
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F i g . 7.2 WE c r o s s s e c t i o n of the H e n g i l l area showing the range 
of angles of incidence of the t e l e s e i s m i c ( l i n e s ) and 
regi o n a l explosion (arrows) rays. 
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S t a t i o n Delay time no. of e r r o r 
Name (seo) events (seo) 

+ 
BBL 0.01 9 0.03 
BHU -0.12 15 0.02 
BSL -0.04 12 0.02 
BVA -0.06 13 0.02 
BLA -0.05 10 0.02 
BEN -0.03 14 0.02 
BMO -0.04 17 0.05 

KST 0.07 13 0.03 

KDN 0.00 21 0.02 
KKL -0.04 18 0.02 
KDL -0.04 14 0.02 
KDA -0.05 19 0.02 
KM I 0.09 15 0.01 

KHE -0.04 14 0.02 

KHA 0.03 16 0.02 

KKA -0.02 14 0.03 

KSA -0.08 10 0.02 

LBO 0.07 9 0.02 

LDY -0.02 17 0.02 

LLA 0.02 15 0.01 

LGR -0.04 11 0.02 

LDJ -0.04 17 0.02 

LKA -0.09 15 0.02 

Table 7.1 R e l a t i v e t e l e s e i s m i c delays c a l c u l a t e d using a l l 21 

events 
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Delay contours are at i n t e r v a l s of 0.05 sec. 
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portions of the volume ( F i g . 7.2). I t should a l s o he borne i n 
mind that the s c a l e of resolvable s t r u c t u r e s i s l i m i t e d by the 
wavelength of the incoming rays, which i s about 6 km i n t h i s 
case. 

The broad picture that emerges from F i g . 7.3 i s that 
p o s i t i v e delays (= low v e l o c i t y (Vp)) are a s s o c i a t e d with 
N e s j a v e l l i r , Hengill and Olfus r e l a t i v e to Husmuli (see 
F i g . 2.3) and the area N of Hveragerdi ( r e s p e c t i v e l y W and E of 
H e n g i l l ) . The maximum r e l a t i v e delay i s associated with KMI, 
d i r e c t l y S of Hengill, which i s about 0.2 ± 0.03 sec slow 
compared with BHU to the W and LKA to the E. The gradient of 
the delay contours i s steeper to the W than to the E. The shape 
of the p o s i t i v e delay anomaly associated with KMI i s not w e l l 
constrained to the N because no s t a t i o n s were deployed on or to 
the N and E of Hengill, but i t does not extend as f a r N as the 
s t a t i o n LDY. Passing further N to s t a t i o n LBO, N of 
N e s j a v e l l i r , the delay i s seen to increase again. I t i s 
p o s s i b l e that a low v e l o c i t y anomaly i s a s s o c i a t e d with H e n g i l l 
that i s cut off from a more northerly anomaly of unknown extent 
i n the f i s s u r e swarm that extends l i t t l e f a r t h e r S than L. 
Thingvallavatn. That the p o s i t i v e anomaly ass o c i a t e d with KMI 
does not extend very f a r S i s f a i r l y w e l l constrained by the 
s t a t i o n s BLA and KHE. The areas of r e l a t i v e l y e a r l y a r r i v a l s to 
the W and E of Hengill are constrained by 2 and 3 s t a t i o n s 
r e s p e c t i v e l y . 

I t was found that t h i s pioture remained constant i f the 
data set was narrowed down to the best a r r i v a l s only, or 
subdivided into azimuthal groups. Thus i t very l i k e l y shows 
r e a l r e l a t i v e a r r i v a l time v a r i a t i o n s over the H e n g i l l area that 
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are of the soale of the resolving l i m i t of the seismic waves ( 6 
km diameter). 

I n F i g . 7.4 the r e l a t i v e delays associated with d i f f e r e n t 
azimuths have been plotted for each s t a t i o n . P o s i t i v e delays 
(low Vp) r e l a t i v e to the a r b i t r a r y zero are plotted as ( t h i c k ) 
s o l i d l i n e s and negative delays (high Vp) as ( t h i c k ) dashed 
l i n e s . The lengths of these "delay l i n e s " are proportional to 
the s i z e of the r e l a t i v e delays and represent a v e l o c i t y 
contrast of approximately + 10%. The lengths of the ray paths 
drawn ( t h i n l i n e s ) are the pro j e c t i o n onto the surface of the 
ray paths down to approximately 10 km. 

In order to constrain the depth of the s t r u c t u r e s causing 
the r e l a t i v e delays, azimuthally separated delays must be 
examined where ray paths oross, and attempts made to maximise 
consistency i n the data by varying the depth of the delay l i n e s . 
I n F i g . 7.4 the mid points of the delay l i n e s are projected at 5 
km depth. P r o j e c t i o n at greater depths would r e s u l t i n the mid 
points of the delay l i n e s migrating outwards from the s t a t i o n 
along the ray paths. 

I t can be seen by inspection of F i g . 7.4 that f a i r l y good 
consistency of the data i s displayed. I n the region of the KMI 
p o s i t i v e anomaly, rays approaching BSL and BEN from the E 
e x h i b i t p o s i t i v e delays r e l a t i v e to those from the N and SW. 
Rays approaching s t a t i o n s LDJ and LKA from the SW, and KDA and 
KKL from the N e x h i b i t p o s i t i v e delays whereas those from other 
azimuths e x h i b i t .negative delays. This may be an i n d i c a t i o n 
that the negative anomaly i n the area N of Hveragerdi does not 
extend much f a r t h e r W than the s t a t i o n s LDJ and LKA. 

I t can a l s o be seen from F i g . 7.4 that a progressive 



195 

1 • / JHD-JEO-8715-GRF 
L b I NGVfcLLIR 

/ 
84 0 8 0 9 4 9 0D 

\ 
/ 

L L A 

L BO 

/ 

B MO 

\ LDY 

/ 
/ 

;' 
1 • 

J * •J 

• 

HENGILL LG -

BVA LKA 
\ 

4 , / I 
\ / I 

-

/ BHU 

B S L 

1 1 

: 
r ' KMI 

KK A 
t K HE / * BB L / 

/ 

KSA / I 
\ 

i 
KK A 

• 

1 

t 

lower than average v p 
K HA 

/ / higher tnan average V 

KST 5 km 

O L F U S A 

7.4 Azimuthal plot of teleeeimio delays. Thin l i n e s are 
the surface p r o j e c t i o n of ray paths down to 10 km 
depth. Thick l i n e s represent r e l a t i v e t e l e s e i s x n i c 
delays, and are the surface p r o j e c t i o n of the ray paths 
that would give r i s e to the observed delays assuming a 
10% v e l o c i t y anomaly. 



196 

i n c r e a s e of the p r o j e c t i o n depth of the delay l i n e s would not 
s i g n i f i c a n t l y change the consistency of the data u n t i l about 15 
km depth, when d e t e r i o r a t i o n would begin. This i s most e a s i l y 
seen i n the area of the KMI p o s i t i v e anomaly because of i t s 
l i m i t e d a r e a l extent. 

There i s a l s o the p o s s i b i l i t y that the anomalies apparent 
i n the data r e s u l t from s t r u c t u r e s at d i f f e r e n t depths. I f 
v a r i a t i o n i n the r e l a t i v e depths of the anomalous s t r u c t u r e s i s 
a l s o allowed then i t becomes p r a c t i c a l l y impossible to place any 
depth c o n s t r a i n t on them. However, i f i t i s assumed that the 
anomalous s t r u c t u r e s are a l l at approximately the same depth, 
then i t may be concluded that they are l i k e l y to be shallower 
than 15 km. 
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7.2 Explosions 

7.2.1 Introduction 

R e f r a c t i o n studies have not been widely applied i n the 
f i e l d of geothermal prospecting since large v e l o c i t y c o n t r a s t s 
do not r e s u l t from temperature v a r i a t i o n s of a few hundred 
degrees at low temperatures. However during the period of 
deployment of the radio telemetered network a number of 
explosions were made i n order to i n v e s t i g a t e possible l a t e r a l 
v a r i a t i o n s i n v e l o c i t y s t r u c t u r e within the Hengill area. These 
shots were a l s o intended to provide sources of known o r i g i n time 
and l o c a t i o n that might be used to t e s t the accuracy of the 
l o c a t o r proceedure. 

F i v e explosions were made. Three of these were looated 
w i t h i n the H e n g i l l area, and two at more d i s t a n t s i t e s . They 
were, r e s p e c t i v e l y , the Olfus, Djaknapollur, Thingvallavatn, 
Graenavatn and Reykjavik explosions. Their coordinates are 
given i n Table 7.2 ( r e f e r to F i g s . 2.1 and 3.1). 

7.2.2 Delay measurement 

The c r u s t a l model used to l o c a t e the l o c a l earthquakes, 
r e f e r r e d to here as the Hengill-South I c e l a n d c r u s t a l model, i s 
an average model that f i t s the observational data of a number of 
r e f r a c t i o n p r o f i l e s made i n the. H e n g i l l area and South Ioeland 
by Palmason (1971). I t contains four l a y e r s with l i n e a r 
v e l o c i t y gradients over a constant v e l o c i t y halfspace, and i s 
documented i n d e t a i l i n Appendix 4. 
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I n order to t e s t the locator procedure for accuracy the 3 
l o c a l explosions were located using the Hengill-South I c e l a n d 
model and HYPOINVERSE. The e r r o r s i n the c a l c u l a t e d epicentres 
were 400 m, 320 m and zero. These r e s u l t s give some idea of the 
accuracy of the earthquake l o c a t i o n s discussed i n Section 4.3.2. 
However, i f i t i s assumed that the majority of the err o r i n the 
earthquake l o c a t i o n s i s due to the departure of the r e a l c r u s t a l 
s t r u c t u r e from the model, then the r e l a t i v e l o c a t i o n s of events 
i n a small area w i l l not he s i g n i f i c a n t l y affected, only the 
absolute l o c a t i o n of the group. 

A l l f i v e explosions were located a second time, using the 
true l o c a t i o n as a t r i a l hypocenter and the true o r i g i n time. 
The f i r s t i t e r a t i o n of the programme was printed out (see 
Appendix 4) which l i s t e d c a l c u l a t e d t r a v e l times to a l l the 
s t a t i o n s from the true locations, and the d i f f e r e n c e s between 
these and the observed t r a v e l times. These delays give 
information about the departure of the Hengill-South I c e l a n d 
c r u s t a l model from the true Hengill c r u s t a l s t r u c t u r e . 
HYPOINVERSE does not take aocount of s t a t i o n s height above sea 
l e v e l , thus the t r a v e l time r e s i d u a l s were corrected U6ing the 
equation: 

T h Cos i 
V 

where T (se e s ) i s the c o r r e c t i o n f a c t o r 

h (km) i s the s t a t i o n s height above sea l e v e l 

i (deg) i s the emergence angle 

V (km sec""1) i s the v e l o c i t y of the surface l a y e r 
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For the three l o c a l explosions, 59 t r a v e l times were 
measured. 

explosion co-ordinates HYPOINVERSE er r o r i n 
loc a t i o n l o c a t i o n 

shot-
r e c i e v e r 
dist.(km) 

Olfus 

Djaknapollur 

Thingvallavatn 

Graenavatn 

Reykjavik 

63N56.27' 

21W09.507 

64N05.17" 

21W10.10' 
64N09.07' 
21W11.40' 
63N53.05' 
22W03.40' 
64N11.07' 
21W51.12' 

63N56.39' 
21W09.18' 
64N05.02' 
21W09.92' 
64N09.07' 
21W11.40' 

400m to NE 

320m to SE 

none 

0.3-22.8 

0.2-16.1 

3.7-20.5 

32.9-54.5 

22.1-43.6 

Table 7.2 Co-ordinates of explosions, looatlon e r r o r s and 
e p i c e n t r a l distances. 

I n order to examine l a t e r a l v a r i a t i o n s i n c r u s t a l s t r u c t u r e 
within the area, a ray diagram i s presented i n F i g . 7.5. I n 
t h i s Figure the ray paths are projected onto the surface as t h i n 
l i n e s . P o s i t i v e delays, ( i . e . l a t e a r r i v a l s , i n d i c a t i n g Vp 
lower than defined i n the Hengill-South I c e l a n d c r u s t a l model) 
are i n d i c a t e d by t h i c k l i n e s placed at the mid point of the ray 
path, with length proportional to the s i z e of the delay. 
Negative delays ( i . e . e a r l y a r r i v a l s , i n d i c a t i n g Vp higher than 
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defined i n the H e n g i l l - South Ic e l a n d c r u s t a l model) are 
i n d i c a t e d by t h i c k dashed l i n e s . F i g . 7.5a shows the delays 
measured for the 3 l o c a l explosions. 

I n the case of the two regional explosions, the v e l o c i t y 
s t r u c t u r e of the c r u s t between the shots and the Hengill area i s 
known to be d i f f e r e n t from that defined i n the Hengill-South 
I c e l a n d model. For the Graenavatn explosion, t h i s r e s u l t e d i n 
systematic e a r l y a r r i v a l of the waves by about 0.30 sec at the 
s t a t i o n s of the network. In order to c o r r e c t for t h i s a 0.30 
sec delay was added to a l l delays c a l c u l a t e d , which gave an 
average delay of zero for the s t a t i o n s that recorded the shot. 
I n the case of the Reykjavik explosion, waves reoorded a r r i v e d 
at the s t a t i o n s progressively e a r l i e r with i n c r e a s i n g dlstanoe 
from the shot point. Hence a c o r r e c t i o n was made to the 
a r r i v a l s that was proportional to distance. The r e l a t i o n s h i p 
used was: 

c o r r e c t i o n ( s e c ) = 1.52 - 0.0243 x e p i c e n t r a l distance (km) 

T h i s r e l a t i o n s h i p i s a l e a s t squares l i n e a r f i t to the 
observational data, and y i e l d e d a c o r r e l a t i o n o o e f f i o l e n t of 
0.84 (see F i g . 7.6). The 1.52 sec threshold i s a r b i t r a r y s i n c e 
the shot i n s t a n t was not recorded for t h i s explosion. 
A p p l i c a t i o n of c o r r e c t i o n f a c t o r s c a l c u l a t e d by t h i s formula 
gave an average delay of zero for the s t a t i o n s that recorded the 
shot. 

The c o r r e c t e d delays are plotted i n F i g . 7.5b. I n 
examining F i g . 7.5, i t should be borne i n mind that the delays 
from the 3 l o c a l shots, the Graenavatn shot and the Reykjavik 
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shot are r e l a t i v e to 3 d i f f e r e n t o r u s t a l models and t h e i r 
magnitudes are thus not d i r e c t l y comparable. However, the 
v a r i a t i o n i n the delays over the area within each of the 3 data 
groups are comparable. 

7.2.3 Discussion of the r e s u l t s 

The Hengill-South Ioeland c r u s t a l model prediots that the 
depth of penetration of seismio rays inoreases with inoreasing 
ray path length i n the manner shown i n Fig. 7.7. This Figure 
shows the maximum depth of penetration against source-reciever 
distance. This penetration depth would be achieved beneath the 
mid point of the ray path. The majority of the ray path w i l l 
pass through the crust at shallower depths than the maximum. At 
shot - r e c e i v e r distances greater than 4.5 km the rays w i l l 
penetrate deeper than 1 km and i n the range 9-25 km the depth of 
penetration w i l l be 2.5 - 3.5 km with a considerable portion of 
the ray path f a l l i n g i n t h i s depth range. The regional shots, 
that were 22 55 km d i s t a n t from the reoe l v e r s penetrated up to 9 
km depth, though not beneath the Hengill area. Approximate path 
t r a j e c t o r i e s for the explosions are shown as arrows i n the 
v e r t i c a l c r o s s s e c t i o n of F i g . 7.2. 

I t can be seen i n F i g . 7.5a that for the l o c a l shots the 
negative delays (Vp higher than average) mostly c l u s t e r i n the 
area to the N of Hveragerdi, whereas p o s i t i v e delays, sometimes 
r e l a t i v e l y l a r g e , are r e s t r i c t e d to Olfus, the f i s s u r e swarm and 
the area to the N and NE of H e n g i l l . This strongly i n d i c a t e s 
the presenoo of a body N of Hvoragerdi that e x h i b i t s higher 
seismio v e l o c i t i e s than those of the surrounding areas. Beoause 
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of the great v a r i a t i o n i n the shot-receiver path lengths, firm 
depth c o n s t r a i n t cannot be placed on t h i s body by the s i m p l i s t i c 
treatment of the data presented here. However, i t can be s a i d 
that the majority of the rays penetrated the c r u s t i n the range 
1-3.5 km, and the f a c t that great consistency i s displayed 
despite the v a r i a t i o n i n penetration depth strongly i n d i c a t e s 
that the anomaly encompasses t h i s depth range. 

I n the case of the regional event delays i l l u s t r a t e d i n 
F i g . 7.5b a s i m i l a r pattern i s observed. Rays recorded at the 
s t a t i o n s immediately N of Hveragerdi appear to have an enhanced 
apparent v e l o c i t y r e l a t i v e to those recorded at s t a t i o n s i n 
Olfus, the f i s s u r e swarm and the areas to the N and NE of 
He n g i l l . I n addition, a high apparent v e l o c i t y i s displayed by 
rays recorded by the s t a t i o n s W of the f i s s u r e swarm, e s p e c i a l l y 
those i n the Husmuli area. The data are again highly 
c o n s i s t e n t . 
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7.3 Synthesis 

A s u p e r f i c i a l perusal of r e l a t i v e P-wave a r r i v a l time data 
from t e l e s e i s m i c sources and l o c a l and regional explosions 
i n d i c a t e s a consistent pattern of delays over the H e n g i l l area. 
Seismic v e l o c i t i e s i n the area to the N of Hveragerdi and the 
Husmuli area are high r e l a t i v e to the r e s t of the area and 
e x c e p t i o n a l l y low v e l o c i t i e s are associated with bodies of rock 
beneath N N e s j a v e l l i r , Hengill and Olfus. That t h i s general 
pattern i s exhibited by a l l the data s e t s suggests that the 
bodies associated with these v e l o c i t y oontrasts may extend from 
near surface to several kilometers depth. 

The l o c a l and regional explosion data indioate that 
v e l o c i t i e s vary from the average by + 5% i n the upper few 
kilometers. I n the case of the t e l e s e i s m i c data higher v e l o c i t y 
c o n t r a s t s are required at depth i f the whole anomaly i s to be 
accommodated i n the upper 10 km or so of c r u s t . V e l o c i t y 
v a r i a t i o n s of + 10% from the average at depth were taken i n the 
model presented here. 

A suggested i n t e r p r e t a t i o n of these data i s shown i n 
F i g s . 7.8 and 7.9 whioh are. r e s p e c t i v e l y , a WNW oross seotion S 
of H e n g i l l and a SSW cross s e c t i o n l o n g i t u d i n a l along the 
f i s s u r e swarm (see F i g . 7.3). The v e l o c i t y i n the depth range 
0-2 km i s allowed to vary by + 5% and that i n the range 2-10 km 
by + 10%. V e l o c i t y gradations doubtless occur, but are not 
shown i n these s i m p l i s t i c cross s e c t i o n s . The main features 
e x h i b i t e d are: 

( a ) A 'chimney' of low v e l o c i t y m a t e r i a l beneath H e n g i l l , 
flanked to the W and E by high v e l o c i t y bodies. The low 
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v e l o c i t y chimney may widen with i n c r e a s i n g depth, and 
u n d e r l i e the area to the E ( i . e the area N of Hveragerdi). 

(b) The low v e l o c i t y body as s o c i a t e d with H e n g i l l i s not 
continuous along the f i s s u r e swarm but disappears i n the 
area between Hengill and L. Thingvallavatn. 

Because the s i z e s of the bodies e x h i b i t i n g anomalous 
v e l o c i t i e s could not be resolved, neither oould the absolute 
v e l o c i t y c o n t r a s t s . The model presented above i s one p o s s i b l e 
model that could aooount for the observations. Smaller bodies 
(not l e s s than 6 km i n diameter at depth) and l a r g e r v e l o c i t y 
c o n t r a s t s would a l s o produce the same delay data. 
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CHAPTER 8 

8. SYNTHESIS 

8.1 A s t r u c t u r a l model for the Hengill area 

8.1.1 Broad s t r u c t u r e as indicated by previous work 

The Hengill area contains an aooretionary plate boundary 
whose surface expression i s a swarm of open f i s s u r e s and f a u l t s 
that c r o s s e s the area with a trend of N 25°E. Contained within 
i t i s the 803 m high Hengill c e n t r a l volcano. The broad p i c t u r e 
that emerges from the a p p l i c a t i o n of many research methods to 
the H e n g i l l area involves an e x t i n c t v o l c a n i c centre (the 
Grensdalur v o l c a n i c centre) located i n the area N of Hveragerdi, 
and an a c t i v e one beneath Hengill (the H e n g i l l v o l c a n i c c e n t r e ) . 
Volcanic a c t i v i t y i s thought to have been t r a n s f e r r e d from the 
Grensdalur centre to the Hengill centre e a r l y i n the Bruhnes 
geomagnetic epoch, about 700,000 y r s ago. 

On the N, E and S slopes of Hengill an area of hot springs 
and fumaroles i s observed, which extends to the SE encompassing 
the whole area between He n g i l l and Hveragerdi. Geochemical, 
hydrological and borehole s t u d i e s i n d i c a t e that the geothermal 
area i s hotte s t i n the v i c i n i t y of H e n g i l l and cooler to the SE. 
The area i s not symmetrical about the f i s s u r e swarm as might be 
expected i n a spreading environment : the Mos f e l l s h e i d i area to 
the W i s topographically d i s t i n c t from the area to the E, and i s 
a l s o devoid of geothermal manifestations. To the E of the 
f i s s u r e swarm the low, f l a t Olfus lowlands S of 64°N oontrast 
with the rugged topography of the area N of 64°N. 
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8.1.2 The transverse s t r u c t u r e 

A tr a n s v e r s e s t r u c t u r e that runs from Mo s f e l l s h e i d i i n the 
W, SE to I n g o l f s f j a l l has long been recognised. I t i s 
orientated approximately normal to the f i s s u r e swarm, t r a n s e c t s 
H e n g i l l and passes through the Grensdalur area. From NW to SE 
i t i s delineated by h y a l o c l a s t i t e ridges, f i s s u r e s , e r o s i o n a l 
features ( K y r g i l and Klambragil), a topographical high 
(Olkelduhals) and changes i n surface f a u l t trends. I t i s 
proposed here that the Grensdalur system o r i g i n a l l y occupied the 
f i s s u r e swarm, but was transported off a x i s by the migrating E 
pl a t e . The transverse s t r u c t u r e marks the t r a j e c t o r y of 
migration of the Grensdalur volcanio centre and i s thus broadly 
analagous to the Greenland-Scotland Ridge whose s t r u c t u r e i s 
thought to be influenced by the migration of the I c e l a n d 
hotspot. 

The presence of a v o l c a n i c centre on an accretionary p l a t e 
boundary a f f e c t s the development of the area l o c a l l y i n two 
ways. F i r s t l y the l i n e a r s t r e s s f i e l d of the spreading p l a t e 
boundary w i l l be modified by the r a d i a l f i e l d a s s o c i a t e d with 
the v o l c a n i c centre (Ode, 1957; Muller and Pollar d , 1977). 
Secondly v o l c a n i c production both i n t r u s i v e and e x t r u s i v e may be 
enhanced i n the immediate v i c i n i t y of the centre, r e s u l t i n g i n 
the formation of a topographic high. 

A r a d i a l s t r e s s f i e l d a s s o c i a t e d with a c e n t r a l volcano may 
be modelled by a pr e s s u r i s e d , c i r c u l a r o r i f i c e (Ode, 1957). I n 
the case of the H e n g i l l area, t h i s i s superimposed onto a 
homogenous, l i n e a r , r e g i o n a l s t r e s s f i e l d a s s o c i a t e d with the 
p l a t e boundary. The maximum p r i n c i p a l s t r e s s t r a j e c t o r i e s 
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r e s u l t i n g from t h i s combination, and along which t e n s i o n a l 
features w i l l p r e f e r e n t i a l l y develop, are i l l u s t r a t e d 
schematically i n F i g . 8.1. From t h i s Figure i t may be seen that 
such a model predicts that t e n s i o n a l features orientated normal 
to the plate boundary would develop i n the neighbourhood of the 
c e n t r a l volcano. 

Whilst s t i l l a c t i v e the s i t e of the v o l c a n i c centre w i l l be 
marked by a topographic high. After e x t i n c t i o n i t s erosion w i l l 
contrast with that of the surrounding areas because of i t s 
contrasting structure. I n i t i a l l y i t w i l l erode down f a s t e r than 
the surrounding areas beoause of i t s greater e l e v a t i o n . I n 
l a t e r stages a f a s t erosion rate may be maintained by i t s 
elevated temperature, which speeds up chemioal decomposition and 
enables the process of progressive f r a c t u r i n g by the a c t i o n of 
groundwater (Section 8.1.3). This may r e s u l t i n the old 
v o l c a n i c centre being represented by a topographic depression i n 
i t s f i n a l stages. Erosional features associated with f a u l t s , 
f i s s u r e s and dykes w i l l mirror t h e i r trends, and hence may 
e x h i b i t a component p a r a l l e l to the old spreading d i r e c t i o n as 
w e l l as normal to i t . 

I t i s proposed here that i n the Hengill area. NW-SE 
orientated t e c t o n i c features have formed i n response to the 
modified s t r e s s regimes i n the neighbourhood of the voloanic 
centres. I n the NW these are recent t e c t o n i c features 
a s s o c i a t e d with the presently a c t i v e Hengill v o l c a n i c centre, 
and i n i t h e SE they are erosional features a s s o c i a t e d with the 
extinot Grensdalur volcanic centre. A high v o l c a n i c production 
r a t e i n the neighbourhood of the presently a c t i v e H e n g i l l centre 
has r e s u l t e d i n the build up of a topographic high whereas i n 
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F i g . 8.1 Pattern of maximum p r i n c i p a l s t r e s s t r a j e c t o r i e s caused 
by the addition of a r a d i a l and a l i n e a r s t r e s s system 
( a f t e r Ode, 1957). 

the case of the e x t i n c t Grensdalur v o l c a n i c centre erosion has 
been speeded up by geothermal processes and the centre i s marked 
by a topographic depression. Because the Grensdalur system i s a 
remnant v o l c a n i c centre that d r i f t e d off a x i s with the E p l a t e , 
and was replaced i n the same l o c a t i o n by the H e n g i l l oentre, i t s 
t r a j e c t o r y i s p a r a l l e l to the spreading d i r e c t i o n and oolinear 
with the transverse t e c t o n i c features of both v o l c a n i c centres 
described above. For t h i s reason the t r a n s v e r s e s t r u c t u r e s 
a s s o c i a t e d with the two v o l c a n i c centres are c o l i n e a r and form a 
s i n g l e , long, w e l l developed s t r u c t u r e . 

I n F i g . 8.2 a p o s i t i o n for the a x i s of t h i s s t r u c t u r e i s 
proposed based on the l o c a t i o n s of surface t e c t o n i c f e a t u r e s . 
I t s s t r i k e i s N 125°E. This i s p a r a l l e l to the d i r e c t i o n 
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of Olf i n f e r r e d by the t e n s i l e crack type earthquakes observed i n 
t h i s area (Section 6.2.2). A p o s i t i o n for the e x t i n c t 
Grensdalur v o l c a n i c centre i s a l s o suggested, based on the 
geological and geophysical evidence a v a i l a b l e . This i s 
represented by the SE c i r c l e i n F i g . 8.2, and encloses the 
Grensdalur topographic low. The c i r c l e i n d i c a t i n g the presently 
a c t i v e v o l c a n i c centre encloses the topographic high of Hen g i l l . 
The v o l c a n i c centres are given diameters of 5 km, based on the 
extent of t h e i r surface features. The a x i s of the transverse 
s t r u c t u r e connects t h e i r centres. As would be expected, 
v o l c a n i c a c t i v i t y a s sociated with the Grensdalur centre 
continued longest on i t s NW margin, i . e . on Tjarnahnukur, near 
Klambragil (see Section 2.2.1 and F i g . 2.3). 

8.1.3 Cooling rock 

I t has been proposed that the penetration of water into hot 
rock boundaries i s the mechanism by which heat i s removed from 
hot rock i n t r u s i o n s at depth ( L i s t e r , 1974; 1976; 1977; 1980). 
C i r c u l a t i n g groundwater causes rapid cooling, and small cracks 
form, continuously expanding the system of c i r c u l a t i o n channels 
and maintaining c l o s e contact between the groundwater and a 
r e t r e a t i n g hot rock boundary. This process can account for the 
very l a r g e heat l o s s e s observed over geothermal areas such as 
Yellowstone and Grimsvotn, Iceland, whioh oannot be explained by 
thermal conduction alone. Also d i r e a t observations of the 
Heimey, I c e l a n d l a v a flow indioate that t h i s process i s probably 
oocurring there (Bjornsson et a l . , 1980). That background small 
magnitude s e i s m i c i t y i s commonly observed i n geothermal areas i s 
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i n agreement with the hypothesis that the process may occur 
s e i s m i c a l l y (Ward et a l . , 1969; Ward and Bjornsson, 1971). 
Where f o c a l mechanism studies have been conducted, s t r a i n 
r e l e a s e i s generally observed to conform with regional t e c t o n i c s 
(Combs and Hadley, 1977; Majer and McEvilly, 1979; Walter and 
Weaver, 1980). 

The s e i s m i c i t y of the Hengill area at low magnitudes i s 
c o n s i s t e n t with t h i s p i c t u r e . I t i s unusual because of i t s 
p e r s i s t a n t day to day nature and c o r r e l a t e s p o s i t i v e l y with 
surface heat l o s s . The area s i t s a s t r i d e an accretionary plate 
boundary where strong extensional t e c t o n i c s are displayed and 
over the high temperature geothermal area the majority of events 
e x h i b i t t e n s i l e crack type f a i l u r e . Observations are consistent 
with the theory that these events are confined to small 
magnitudes. I n that case the larger magnitude events known to 
occur within the Hengill high temperature geothermal area may be 
shear type events associated with tectonlo movements. The 
s e i s m i c i t y of the Hengill area at low magnitudes thus e x h i b i t s 
c h a r a c t e r i s t i c s that are consistent with i t s being generated by 
the process of cooling contraction cracking due to the a c t i o n of 
c i r c u l a t i n g groundwaters on hot rock at depth. I t i s thus 
concluded that t h i s process i s occurring s e i s m i c a l l y i n the 
H e n g i l l area. 

The volume c a l c u l a t i o n 
The t o t a l thermal contraction of the hot rock volume 

beneath the H e n g i l l area can be estimated. The n a t u r a l heat 
l o s s of the H e n g i l l area i s estimated to be 350 MW (Bodvarsson, 
1951). I f a t t r i b u t e d to cooling rock the rate of volume 
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co n t r a c t i o n can be c a l c u l a t e d using the equation: 

AV = H X 

where AV i s the contraction r a t e , H i s the r a t e of heat 
l o s s , Jf i s the c o e f f i c i e n t of thermal expansion 
016.2 x ICf 6 K"1 ) , ̂  i s the d e n s i t y ( - 3 x 10 3 kg m~3 ) and Cp i s 
the s p e c i f i c heat of b a s a l t at oonstant pressure 
(^1.3 x 10 3 J kg"' K~' ). Application of t h i s equation to the 
H e n g i l l area gives a contraction r a t e of: 

AV = 4.5 X 10 4 m3 y H 

The approximate volume of the t e n s i l e cracks formed s e i s m i c a l l y 
can be c a l c u l a t e d from t h e i r l o c a l magnitudes using the 
r e l a t i o n s : 

log M0 - 15.1 4 1.7ML (Wyss and Brune, 1968) 
M0 - 2^V (Section 6.1.4) 

where M0 i s the seismic moment, ML i s l o c a l magnitude,^ i s the 
r i g i d i t y modulus and V i s the volume of the crack formed. 
F i g . 8.3 i l l u s t r a t e s the r e l a t i o n s h i p between magnitude and 
volume diagrammatically ( l i n e A). Also plotted i n t h i s Figure 
i s the r e l a t i o n s h i p corrected for the b-value of the H e n g i l l 
area ( l i n e B). This shows the volume created per year against 
magnitude. The r e s u l t i s f u r t h e r oorrected by assuming that 
only 5% of the s t r e s s was rele a s e d i n t e n s i l e oraok formation 
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( l i n e C) ( S e c t i o n 6.2.6). Because the r e l a t i o n s h i p i s 
logarithmic, the t o t a l volume produced by events up to a given 
magnitude i s of the order of that of the l a r g e s t event. 

The contraction required to produce the n a t u r a l heat l o s s 
i s p l o t t e d as a h o r i z o n t a l l i n e at V = 4.5 x 10^ m3 y"1 i n 
F i g . 8.3 ( l i n e D). I t can be seen that l i n e D i n t e r s e c t s l i n e C 
at magnitude M L = 6.3. This implies that events of up to about 
magnitude 6 must occur within the geothermal area i n order for 
the c o n t r a c t i o n predicted by the surface heat l o s s to be 
accommodated s e i s r o i c a l l y . 

I t has been argued i n Section 5.2.2.2 that a l l the l a r g e 
earthquakes occurring i n the H e n g i l l area are located outside 
the geothermal area. S e i s m i c i t y w i t h i n the geothermal area i s 
probably confined to r e l a t i v e l y low magnitudes. Also the 
l a r g e s t event observed with a t e n s i l e crack mechanism during the 
3 month recording period had a magnitude of M I L = 1.2, and there 
i s thus no evidence that t e n s i l e crack events occur with 
magnitudes greater than t h i s . The seismic r a t e of the 
geothermal area i s therefore i n s u f f i c i e n t to aooount for the 
required contraction r a t e . This suggests that only a very minor 
part of the volume change r e s u l t i n g from the heat l o s s occurs 
s e i s m i c a l l y . 

The i m p l i c a t i o n of these f a c t s i s that i f only a part of 
the c o n t r a c t i o n can be accounted for s e i s m i o a l l y then some, 
p o s s i b l y most, must proceed a s e i s m i c a l l y . A p o s s i b l e 
explanation for t h i s i s as follows: as heat i s removed by 
c i r c u l a t i n g f l u i d s , the rock contracts and t e n s i l e s t r e s s b u i l d s 
up. When t h i s reaohes the breaking strength of the rock i t 
f r a c t u r e s , forming a t e n s i l e oraok which provides a new path for 
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the f l u i d s and enables cooling to proceed more quickly. 
Contraction due to t h i s subsequent cooling w i l l be accommodated 
by aseismic widening of the i n i t i a l crack and seismic crack 
propagation. This prooess i s i l l u s t r a t e d schematically i n 
F i g . 8.4. I n some cases crack formation may t r i g g e r a seismic 
sequence, and some regional s t r e s s r e l e a s e occur a l s o . I n these 
cases mixed sequences may occur (Section 6.2.7, F i g . 6.9). 

8.1.4 Implications for the high temperature geothermal 
r e s e r v o i r . 

The s p a t i a l d i s t r i b u t i o n of the t e n s i l e crack type events 
may be looked upon as a map of r a p i d l y cooling volumes of rock 
that feed surface heat l o s s . I n F i g . 8.5 the t e c t o n i c s t r u c t u r e 
proposed for the Hengill area ( F i g . 8.2). i s plotted on a map of 
e p i c e n t r e s located during the 1981 radio telemetry p r o j e c t 
( c . f . F i g . 4.2). Most of the earthquake epicentres a s s o c i a t e d 
with the geothermal area l i e within the Grensdalur voloanic 
centre or on i t s proposed perimeter. From t h i s i t may be 
concluded that the greatest heat l o s s occurs from beneath the 
Grensdalur v o l c a n i c centre. I t i s proposed here that two major 
heat sources feed the geothermal area. One heat source i s 
r e l a t i v e l y hot and young and i s a s s o c i a t e d with the p r e s e n t l y 
a c t i v e H e n g i l l v o l c a n i c centre. The other i s cooler and older 
and i s associated with the e x t i n c t Grensdalur v o l c a n i c centre. 
I n F i g . 8.6 a s t r u c t u r e for the geothermal area i s suggested. 
The extents of the oores of the heat souroes feeding the 
geothermal r e s e r v o i r are outlined and are based on the teotonlo 
map of F i g . 8.2. The few hot springs and fumaroles that do not 
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Fig. 8.5 The double volcanic system and connecting transverse 
structure plotted on a map of tape data epicentres (see 
Fig. 2.2). 
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F i g . 8.6 Proposed s t r u c t u r e of the high temperature area. The 
extents of the cores of the heat sources feeding the 
geothermal f i e l d s are outlined and l a t e r a l subsurface 
flow i s i n d i c a t e d by arrows. 
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l i e d i r e c t l y above these heat souroes may be explained by 
l a t e r a l subsurface flow along f a u l t s or f i s s u r e s or they may be 
f u e l l e d by a d d i t i o n a l , minor heat sources unconnected to the two 
main ones at shallow depth. In general hypocentral depths l i e 
i n the range 2 - 6 km and t h i s may be an i n d i c a t i o n of the 
v e r t i c a l extent of the cooling contraction heat e x t r a c t i o n 
process. 

In Table 8.1 i s a suggested comparison of the two major 
geothermal systems. The two systems are d i s t i n c t and d i f f e r e n t 
i n many respects and i t i s to be expected that the properties of 
the two geothermal r e s e r v o i r s and t h e i r geothermal f l u i d s are 
al s o d i s t i n c t and d i f f e r e n t . 

I n addition to t h i s broad s t r u c t u r a l p i c t u r e , the d e t a i l e d 
s e i s m i c i t y throws l i g h t on smaller s c a l e features within the 
area. The small volumes demarcated by sub c l u s t e r s within the 
c e n t r a l c l u s t e r may be connected to p a r t i c u l a r l y good aq u i f e r s 
that allow e f f i c i e n t heat removal and thus encourage high 
s e i s m i c i t y . The NW-SE trend of earthquake epicentres observed 
i n the c e n t r a l c l u s t e r (see F i g s . 4.1 and 4.3) i s mirrored by a 
s i m i l a r trend i n the hot spring d i s t r i b u t i o n displaced 
approximately 1 km to the N (see F i g . 2.4). The heat that f u e l s 
t h i s NW-SE trend of hot springs i s thus probably being mined 
from the volume demarcated by the NW-SE trend of hypocentres. 
This i n d i c a t e s that geothermal f l u i d s may flow to the surface 
along an aquifer with a SW dip. This i s i l l u s t r a t e d i n F i g . 8.7 
which i s a tran s v e r s e cross s e c t i o n of t h i s trend (of F i g . 4.9). 
The feature e x h i b i t s a hade of 15° . I t contains the Klambragil 
(K) s u b c l u s t e r , a seis m i c zone of p a r t i c u l a r i n t e r e s t because of 
i t s high s e i s m i c r a t e , persistanee, unusually shallow depth 
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F i g . 8.7 SW-NE cross s e c t i o n of the transverse s t r u c t u r e 
i l l u s t r a t i n g hypooentres located on the 1981 radio 
telemetry network. The p o s i t i o n of a proposed f a u l t or 
f a u l t zone dipping SW with hade 15° i s i n d i c a t e d . 
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Hengill system 

1. Hot, p a r t i a l l y molten 
source 

2. P e r i o d i c magma i n j e c t i o n s 

3. Reservoir hot 
4. Good r e s e r v o i r "cap" 

5. Thick p i l e of rock over 
r e s e r v o i r 

6. Small surface heat l o s s 
r e l a t i v e to heat content 
of source 

7. P e r i o d i c r i f t i n g episodes 
forming f i s s u r e s 

8. Heat exchange maintained 
mainly from below by 
magmatic a c t i v i t y 

9. Geothermal swarms and 
microearthquake a c t i v i t y 
continuous but infrequent 

Table 8.1 Comparison of the Heng 
systems 

Grensdalur system 

1. Hot, s o l i d i f i e d source 

2. No pe r i o d i c magma 
i n j e c t i o n s 

3. Reservoir cool 

4. Poor, f i s s u r e d r e s e r v o i r 

"cap" 
5. Reservoir deeply eroded 

6. Large surface heat l o s s 
r e l a t i v e to heat content 
of souroe 

7. No p e r i o d i c r i f t i n g 
episodes 

8. Heat exchange maintained 
mainly from above by 
groundwater a c t i v i t y 

9. Geothermal swarms and 
microearthquake a c t i v i t y 
continuous and frequent 

11 and Grensdalur geothermal 
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(3.25-4.25 km) and high proportion of t e n s i l e crack type events. 
I t i s p o s s i b l e that t h i s subcluster demarcates a volume that i s 
d e l i v e r i n g a p a r t i c u l a r l y large amount of heat and that feeds 
the intense geothermal d i s p l a y s of Klambragil and Olkelduhals. 
This i s consistent with geochemical and geological evidence 
suggesting the presence of a t h i r d , minor heat source i n t h i s 
area ( F i g . 2.12). Since mislooation of the earthquake 
epicentres may be up to 400 m (Table 7.2) the estimated hade of 
the aquifer may be i n error by up to 6°. 

The proposed aquifer i s c o l i n e a r with the transverse 
s t r u c t u r e (Section 8.1.2). I t i s thus p o s s i b l e that the 
t r a n s v e r s e s t r u c t u r e i s a weak zone i n the c r u s t which i s 
exploited by the c i r c u l a t i n g groundwaters. The s t r u c t u r e i s 
observed to continue to the NW of Hengill i n the M o s f e l l s h e i d i 
area, an area that i s also s e i s m i c a l l y a c t i v e . Although no hot 
springs or fumaroles are observed i n the M o s f e l l s h e i d i area, and 
r e s i s t i v i t y soundings i n d i c a t e that i n general the geothermal 
r e s e r v o i r terminates abruptly on the W boundary of the f i s s u r e 
swarm ( F i g . 2.5) there may thus be an i n d i c a t i o n i n the seismic 
data that l o c a l l y the r e s e r v o i r extends 2 or 3 km to the NW of 
H e n g i l l along the transverse s t r u c t u r e . The f a c t that t e n s i l e 
crack type events are very s u b s i d i a r y on M o s f e l l s h e i d i may be an 
i n d i c a t i o n that no heat source un d e r l i e s that area and that i f 
the r e s e r v o i r extends beneath i t then i t must be fed by l a t e r a l 
flow from H e n g i l l . 

Other examples may be noted of imperfect c o r r e l a t i o n 
between s e i s m i c i t y and surface heat l o s s . No hot springs or 
fumaroles are observed i n the area of the NE-SW trend i n the 
c e n t r a l c l u s t e r ( F i g s . 4.1 and 4.3). Also no hot springs are 



228 

observed above the earthquake hypooentral zone i n N e s j a v e l l i r . 
Hot springs and fumaroles are, however observed S of the l a t t e r 
where no earthquakes were located. I t may be that these s e i s m i c 
volumes do represent heat sources, but that they are not 
o v e r l a i n by f r a c t u r e zones that enable v e r t i c a l flow of the 
geothermal f l u i d s . I n that case hot f l u i d s may flow short 
d i s t a n c e s l a t e r a l l y before emerging at the surface. I t i s a l s o 
p o s s i b l e that the two volumes mentioned above may be heat 
sources of low output. I n N e s j a v e l l i r the events were few and 
only 50% were of t e n s i l e crack type. I n the NE-SW trend of the 
c e n t r a l c l u s t e r the mode of f a u l t i n g changes from predominately 
t e n s i l e crack type at i t s SW end (the K y l l i s f e l l (KY) 
s u b c l u s t e r ) to s o l e l y shear type at i t s NE end (the Laxardalur 
( L ) s u b c l u s t e r ) . This may indicate the termination of the heat 
source to the NE. 

I t may be that continuous small magnitude s e i s m i c i t y i s 
only e x h i b i t e d by geothermal systems during a c e r t a i n stage of 
t h e i r l i f e t i m e s when the conditions of permeability, temperature 
and a v a i l i b i l i t y of groundwater are r i g h t . The reason why 
l i t t l e a c t i v i t y i s associated with H e n g i l l may be that the 
r e s e r v o i r i s much hotter than that a s s o c i a t e d with the 
Grensdalur system, the cap rock r e l a t i v e l y impermeable and 
surface heat l o s s r e l a t i v e l y small. The onset of sei s m i c 
a c t i v i t y i n the N part of N e s j a v e l l i r may mark the point a t 
which the temperature of the heat source f a l l s below a c e r t a i n 
c r i t i c a l value. The lack of s e i s m i c i t y a s s o c i a t e d with the hot 
springs immediately N of Hveragerdi may i n d i c a t e that these 
springs are fed by l a t e r a l flow from the Grensdalur system, 
which would a l s o be consi s t e n t with the r e s u l t s of borehole 
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measurements (Section 2.2.2). 

8.1.5 The 01fus lowlands 

E of the f i s s u r e swarm the aseismic b e l t about 64° N marks 
the boundary between the high temperature geothermal area and 
the Olfus lowlands. A low background of a c t i v i t y occurs S i n 
Olfus. I t may be that these events occur i n response to a 
general weakening of the c r u s t by the low temperature geothermal 
area i n Olfus (Section 2.2.2). Fooal mechanisms are i n t e r p r e t e d 
as i n d i c a t i n g r i g h t l a t e r a l s t r i k e s l i p movements on NS s t r i k i n g 
f a u l t s . I n that case the area may be d i s s e c t e d by f a u l t s with 
NS trend and not by a s i n g l e large EW trending f a u l t as might be 
predicted by s i m p l i s t i c plate t e c t o n i c considerations. I n 
p a r t i c u l a r the areas K i r k j u f e r j u h j a l e i g a ( K i ) i n the E and 
H j a l l i (Hj) i n the W e x h i b i t r e l a t i v e l y high s e i s m i c i t y 
( F i g s . 4.1 and 4.2) which may i n d i c a t e p a r t i c u l a r f a u l t s . This 
i n t e r p r e t a t i o n would suggest that the area would e x h i b i t NS 
uniformity and EW non-uniformity, i n agreement with the 
s t r u c t u r a l p i c t u r e that emerges from r e s i s t i v i t y i n v e s t i g a t i o n s 
of the low temperature geothermal area. 

8.1.6 Deep s t r u c t u r e 

The r e s u l t s of the t e l e s e i s m i c and explosion data i n 
general support the hypothesis presented above. The H e n g i l l and 
Grensdalur v o l c a n i c centres are s t r u c t u r a l l y d i s t i n c t i n the 
depth range 0 - 10 km, the former being a s s o c i a t e d with 
r e l a t i v e l y low v e l o c i t i e s and the l a t t e r with high v e l o c i t i e s . 



230 

The low v e l o c i t i e s may be due to young eruptives at shallow 
depth p o s s i b l y underlain by p a r t i a l melt, and the high 
v e l o c i t i e s denser, i n t r u s i v e , s o l i d i f i e d , r e l a t i v e l y cool 
m a t e r i a l . An abrupt s t r u c t u r a l change occurs on the W boundary 
of the f i s s u r e swarm - the low v e l o c i t y anomaly associated with 
the H e n g i l l c e n t r a l volcano does not extend beneath 
M o s f e l l s h e i d i . A s t r u c t u r a l change i s indicated about 64° N and 
r e l a t i v e l y low v e l o c i t i e s are associated with Olfus. 

b-value v a r i a t i o n s within the area a l s o i n d i c a t e that the 
M o s f e l l s h e i d i area i s t e c t o n i c a l l y d i s t i n c t from the f i s s u r e 
swarm and the areas E of i t . S i m i l a r b-values were, however, 
c a l c u l a t e d for the t e c t o n i c a l l y d i s s i m i l a r Grensdalur and Olfus 
areas. I t may be that the s i m i l a r l y high s t r e s s l e v e l s 
a s s o c i a t e d with each of these areas are due to d i f f e r e n t causes. 
Within the high temperature geothermal f i e l d high s t r e s s may be 
thermally induced and i n the Olfus area i t may be t e c t o n i c 
s t r e s s due to the presence of the W end of the South Ioeland 
zone of d e s t r u c t i v e earthquakes. 

8.1.7 I m p l i c a t i o n s for c r u s t a l a c c r e t i o n . 

The model presented above implies that the Grensdalur 
v o l c a n i c centre has migrated 7.5 km off a x i s i n a N 125°E 
d i r e c t i o n . This i n d i c a t e s a more southerly spreading d i r e c t i o n 
than the N 100°E d i r e c t i o n i n f e r r e d by Bjornsson (1983) from the 
o r i e n t a t i o n of the C h a r l i e Gibbs f r a c t u r e zone. I f an 
approximate age of 700,000 y r s i s assigned to the Grensdalur 
system (Bjornsson e t a l . , 1974) an average migration r a t e of 
about 1 cm yr~' i s indicated. T h i s may be taken as a very rough 
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estimate of the h a l f spreading rate of the Western Volcanic zone 
at t h i s point on the accretionary plate boundary i n Iceland. 

The spreading rate of the Reykjanes Ridge has been 
estimated to be about 1 cm yr" 1 (Talwani and Eldholm, 1977). 
Since the accretionary plate boundary i n the south of Iceland i s 
double (see F i g . 1.2) a spreading rate of approximately 1/2 
cm yr""1 might be a more r e a l i s t i c estimate for the Western 
Volcanic Zone. The discrepancy between t h i s and the geological 
estimate may a r i s e because the Grensdalur v o l c a n i c centre 
continued to be a c t i v e u n t i l i t had migrated s e v e r a l km away 
from the boundary. The geological estimate i s , however, of the 
same order as the kinematic estimate. This confirms that the 
Grensdalur v o l c a n i c centre was probably transported off boundary 
by plate movements and not that the accretionary pl a t e boundary 
jumped west. This conclusion would be i n keeping with the gross 
t e c t o n i c h i s t o r y of Iceland, which involves s o l e l y eastward 
ridge jumps. I t may thus be estimated that the Grensdalur 
v o l c a n i c centre l a y on the aocretionary plate boundary 
approximately 1.4 Ma ago. 
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8.2 Wider i m p l i c a t i o n s 

8.2.1 I c e l a n d i c geothermal areas 

I t has been suggested here (Section 8.1.3) that the 
continuous small magnitude background s e i s m i c i t y of the Hengill 
area i s as s o c i a t e d with rock volumes at depth that are cooling 
and contracting r a p i d l y under the action of c i r c u l a t i n g ground 
water and steam. Because the area s i t s a s t r i d e an acoretionary 
p l a t e boundary i t i s subject to a large t e n s i o n a l s t r e s s regime. 
F r a c t u r i n g i n t h i s environment r e s u l t s i n t e n s i l e crack 
formation. 

The a s s o c i a t i o n of continuous background small magnitude 
earthquake a c t i v i t y and I c e l a n d i c geothermal systems has long 
been recognised (Ward and Bjornsson, 1971). I t has been argued 
here that the anomalously high l e v e l of s e i s m i c i t y i n the 
He n g i l l area has much to do with the presence of a double (and 
therefore unusually l a r g e ) high temperature geothermal area. 
The background l e v e l of a c t i v i t y of the presently a c t i v e Hengill 
c e n t r a l v o l c a n o - f i s s u r e swarm-geothermal system alone i s not 
anomalous when compared with other I c e l a n d i c systems. The 
i m p l i c a t i o n of t h i s i s that the background s e i s m i c i t y of 
I c e l a n d i c geothermal areas i n general may mark the subsurface 
areas where heat i s being removed from hot rock by c i r c u l a t i n g 
groundwater f l u i d s . Imperfect c o r r e l a t i o n with surface heat 
l o s s may i n d i c a t e that some l a t e r a l flow of the geothermal 
f l u i d s occurs before they reach the surfaoe. Suoh l a t e r a l flow 
probably doen not occur over long distanoes. however, because of 
the very strong buoyancy forces a s s o c i a t e d with high temperature 
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f l u i d s . (The s p e c i f i c g r a v i t y of water £ above the c r i t i c a l 
temperature, for instance, i s about 0.3). The absence of 
s e i s m i c i t y need not n e c e s s a r i l y imply that the rocks i n that 
volume are not hot, but simply that they are not r a p i d l y oooling 
down (e.g. beneath H e n g i l l ) . 

The question i s a l s o r a i s e d as to whether t e n s i l e crack 
type s e i s m i c i t y does not occur i n other c e n t r a l volcano-fissure 
swarm-geothermal systems. I t i s i n t e r e s t i n g to note that a 
l a r g e proportion of the s o l u t i o n s obtained for events within the 
H e n g i l l f i s s u r e swarm were t e n s i l e crack type ( F i g . 6.4). To 
date, the only other earthquake study that has been done i n 
s u f f i c i e n t d e t a i l i n such an environment i s the work done at 
Reykjanes by K l e i n et a l . , (1977). That study a l s o revealed 
earthquake r a d i a t i o n patterns of a s i m i l a r type to the H e n g i l l 
t e n s i l e crack events. The f a c t that so many high temperature 
areas occur along the accretionary p l a t e boundary i n Iceland may 
w e l l be due to the f a c t that the strong t e n s i o n a l s t r e s s regime 
a s s o c i a t e d with the boundary causes the s t r e s s e s due to thermal 
c o n t r a c t i o n to be r e l i e v e d by the formation of t e n s i l e cracks, 
which are optimum for aquifer formation. 

Since I c e l a n d i c f i s s u r e swarm/geothermal systems a l s o l i e 
on or c l o s e to the a c c r e t i o n a r y p l a t e boundary, i t would be 
expected that periodic, t e c t o n i c episodes should a l s o occur, 
with accompanying s e i s m i c i t y . Where such episodes have been 
observed, the earthquake source mechanisms e x h i b i t predominately 
shear movements. This s e i s m i c i t y would be superimposed on the 
continuous, "geothermal" s e i s m i c i t y , but would d i s p l a y a 
c o n t r a s t i n g temporal d i s t r i b u t i o n . Sequenoes such as the 
Sept. 1972 swarm on Reykjanes, ( K l e i n et a l . , 1977) and the 
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Sept. 1981 K i r k j u f e r j u h j a l e i g a , Olfus swarm (Section 5.2.4.2) 
were sequences of t h i s type. I t i s appropriate to note that i n 
the case of the background a c t i v i t y that could prove use f u l as a 
geothermal prospecting t o o l a continuous temporal d i s t r i b u t i o n 
of a c t i v i t y would be a n t i c i p a t e d that would ensure the 
s u c c e s s f u l a q u i s i t i o n of a data set by a r e l a t i v l y short 
monitoring project. 

8.2.2 Dyke i n j e c t i o n on accretionary plate boundaries 

The observation of t e n s i l e crack formation at s e v e r a l 
kilometers depth i n the earth's c r u s t near to an accretionary 
p l a t e boundary has wider implications for the c r u s t a l a c c r e t i o n 
process. 

The a c c r e t i o n of the shallow c r u s t by dyke i n j e c t i o n i s 
i n d i c a t e d by offshore research, and the mechanism by which t h i s 
i s achieved has been observed at K r a f l a i n N I c e l a n d (Section 
1.2.3). Such a process must n e c e s s a r i l y involve large movements 
of c r u s t a l blocks i n the d i r e c t i o n normal to a f a u l t plane that 
i s i t s e l f orientated normal to the d i r e c t i o n of l e a s t 
compressive s t r e s s . To date, however, neither the formation of 
such f r a c t u r e s nor movements normal to them have been observed 
s e i s m i c a l l y . Although some large t e l e s e i s m i c f o c a l mechanisms 
with enhanced explosive components have been reported from the 
Mid A t l a n t i c Ridge, a c c r e t i o n a r y p l a t e boundaries g e n e r a l l y 
e x h i b i t normal d i p - s l i p shear f a u l t i n g (Section 6.1.1). Dyke 
i n j e c t i o n events i n the K r a f l a area are g e n e r a l l y accompanied by 
r e l a t i v e l y minor s e i s m i c i t y and much of the c r u s t a l widening i s 
a r e s u l t of the widening of p r e - e x i s t i n g f i s s u r e s . For example 
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during the July 1978 event 30 km of the plate boundary was 
r i f t e d and the cr u s t widened by up to 1 in. The l a r g e s t 
earthquake recorded during the swarm that accompanied t h i s event 
was of magnitude M I L = 4.1 (Bjornsson et a l . , 1979; Einarsson and 
Brandsdottir, 1980). 

I t i s proposed here that the formation of long f r a c t u r e s 
p a r a l l e l to the accr e t i o n a r y plate boundary i s achieved by 
cumulative small magnitude cooling contraction fraoture during 
i n t e r e pisodic periods of vo l c a n i c qulesenoe. This process may 
be short l i v e d where narrow dykes are i n j e c t e d , whioh cool 
quickly. These form sheet complexes where the i n d i v i d u a l dykes 
are separated by f r a c t u r e planes that are t h e i r cooled margins. 
This i s consistent with the observation that small magnitude 
background s e i s m i c i t y i s absent i n the f i s s u r e swarms away from 
c e n t r a l volcanoes (P. Einarsson, pers. comm.). At c e n t r a l 
volcanoes, however, where there i s a greater supply of magma, 
larg e heat l o s s e s may be maintained over long periods, and the 
cooling-contraction prooess be continuous. 

During dyke i n j e c t i o n events magma i n t r u s i o n proceeds along 
the f r a c t u r e planes that are the cooled edges separating the old 
dykes. These f r a c t u r e planes are connected by shear movements 
on planes j o i n i n g them and are widened a s e i s m i c a l l y to 
accomodate the dyke volume. The maintainance of a highly 
f r a c t u r e d and porous s t a t e by cooling contraction f r a c t u r i n g i n 
the volume of a c e n t r a l volcano f a c i l i t a t e s the upward migration 
and accumulation of magma and t h i s process may thus be a 
contributary factor i n the mechanism that perpetuates o e n t r a l 
volcannon. 
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T h i s concept may be summarised: 

A feature of c e n t r a l volcanoes and t h e i r a ssociated f i s s u r e 
swarm systems i s f r a c t u r e complexes that are zones of weakness 
i n the b r i t t l e c r u s t . Hot mantle mat e r i a l p r e f e r e n t i a l l y 
emplaces along those f r a c t u r e complexes and engineers t h e i r 
perpetuation by thermal s t r e s s e s . 
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8.3 Conclusions 

Seismological studies were conducted i n the H e n g i l l area i n 
the 7 year period 1978-1984. Local earthquake, t e l e s e i s m i c and 
explosion data were c o l l e c t e d and processed. The r e s u l t s are 
c o n s i s t e n t with a s t r u c t u r e involving an e x t i n c t v o l c a n i c centre 
i n the Grensdalur area and an a c t i v e one now underlying H e n g i l l . 
A t r a n s v e r s e s t r u c t u r e connects the two and represents the 
migration t r a j e c t o r y of the Grensdalur v o l c a n i c centre. 

The a c t i o n of cool c i r c u l a t i n g groundwater f l u i d s on hot 
rock at depth r e s u l t s i n the formation of cooling c o n t r a c t i o n 
cracks and accounts for the ongoing small magnitude s e i s m i c i t y 
observed over the geothermal area. I n the t e n s i l e s t r e s s regime 
of the accretionary plate boundary the type of f r a c t u r e formed 
i s t e n s i l e crack. Volume c a l c u l a t i o n s i n d i c a t e that aseismic 
f r a c t u r e opening occurs subsequent to formation. 

The s p a t i a l d i s t r i b u t i o n of l o c a l earthquake a c t i v i t y 
i n d i c a t e s that the two volcanic centres are the s i t e s of 
separate heat sources feeding d i s t i n c t geothermal f i e l d s . I t 
would be expected that the two f i e l d s e x h i b i t c o n t r a s t i n g 
r e s e r v o i r c h a r a c t e r i s t i c s . The transverse s t r u c t u r e may 
represent a f a u l t zone i n the c r u s t that i s an aquifer for 
geothermal f l u i d s . High l e v e l p e r s i s t a n t small magnitude 
earthquake a c t i v i t y such as that a s s o c i a t e d with the Grensdalur 
system i s p o s s i b l y only exhibited by geothermal systems at a 
c e r t a i n stage i n t h e i r l i f e t i m e . The low l e v e l background 
s e i s m i c i t y of the s t r u c t u r a l l y d i s t i n c t Olfus lowlands occurs on 
NS trending f a u l t s , possibly i n response to the low temperature 
geothermal area 
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The r e s u l t s of t e l e s e i s m i c and explosion r e l a t i v e v e l o c i t y 
s t u d i e s show that the two v o l c a n i c systems e x h i b i t v e l o c i t y 
anomalies that extend to approximately 10 km depth. High s t r e s s 
l e v e l s over the whole area may be due to both thermal and 
t e c t o n i c i n f l u e n c e s . 

The ongoing small magnitude s e i s m i c i t y that i s a feature of 
I c e l a n d i c high temperature geothermal areas thus demarcates 
volumes of rock that are rapidly cooling down and feeding the 
geothermal system. I t may therefore provide a geothermal 
prospecting t o o l . The formation of cooling contraction t e n s i l e 
cracks on accretionary plate boundaries o f f e r s an explanation 
for the mechanism of dyke i n j e c t i o n . 
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APPENDIX 1 

THE 1981 RADIO TELEMETRY PROJECT - FIELD LOGISTICS 

Qut s t a t i o n s 

I n a l l oases the out s t a t i o n equipment was checked before 
s e t t i n g o ff into the f i e l d . 

A hole up to 1 m deep and 1/2 m diameter was dug at each 
s i t e , with bedrook base. This was l i n e d with a 20 1 paint drum 
with 1/2 of i t s base cut out. The drums used were made of 
s t e e l , which was undesirable s i n c e metal objects can a f f e c t the 
functioning of the seismometer. Unfortunately t h i s f a c t d i d not 
come to our notice u n t i l a f t e r a l l the out s t a t i o n s had been set 
up. The seismometer was plaoed on the bedrock, and adjusted to 
the v e r t i c a l . Where necessary the bedrock was l e v e l l e d with a 
hammer and c h i s e l . The amplifier-modulator was stood i n the 
paint drum on the half-base. The drum was sealed with i t s l i d , 
and covered with a sheet of polythene. 

A 2 m length of metal water pipe was used as a mast and was 
held upright by 3 s t e e l wire guys. These were attached to the 
top of the mast by means of metal hooks, and to the ground to 
boulders or rock outcrops. The guy wires were f i x e d with cable 
clamps, and tightened with oable tensioners. I n order to 
prevent the mast from r o t a t i n g i n the wind, a 30 oxn length of 
angle i r o n was screwed to i t s base by an exhaust pipe c l i p , and 
boulders p i l e d onto t h i s "foot". 

The t r a n s m i t t i n g a e i ^ l a l was then clamped to the top of the 
mast. The transmitter, which was about the same s i z e as a beer 
can (but sometimes l e s s f u n c t i o n a l ) was placed i n a p l a s t i c bag 
and taped to the mast j u s t below the a e r i a l with the plugs 
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pointing downwards. This was to prevent r a i n water leaking into 
the t r a n s m i t t e r v i a the plug s e a l s . The equipment was then 
connected up. The a e r i a l was plugged into the transmitter, and 
the excess cable taped to the mast. The seismometer was plugged 
i n t o the amplifier-modulator. The amplifier-modulator was then 
connected to the transmitter by running the cable along the 
ground to the base of the mast, up the i n s i d e of the mast, out 
of the top, and down to the t r a n s m i t t e r . A branch cable 
connected a 12 v o l t lead a c i d battery to the transmitter. A l l 
cables on the ground were buried to camouflage them from sheep. 
Hence no v i s i b l e cables were within chewing reach. 

B a t t e r i e s used were 60-70 amp hr lead a c i d b a t t e r i e s . A 
type with a c a r r y i n g handle was used, which proved very u s e f u l 
when transporting them i n the f i e l d . The b a t t e r i e s were plaoed 
i n p l a s t i c bags and buried, to protect them from the weather and 
t h e f t . 

When a l l the equipment was i n s t a l l e d , the t e s t box was 
plugged into the amplifier-modulator and the gain adjusted. I t 
was adjusted so that the low frequency background noise (1-2 
sec. period) could be heard, but not high frequency wind and 
c u l t u r a l noise. The gains were set v a r i o u s l y a t 4, 5, 6, 7 or 
8. After recording commenced, however, i t was found that the 
audio response of the t e s t boxes was not the same as the 
response of the recording system as a whole. Several out 
s t a t i o n s had to be r e v i s i t e d and the gains increased by up to 3 
s e t t i n g s (Table A l . l ) . 
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gain s e t t i n g no. of s t a t i o n s no. of s t a t i o n s 
a t beginning at end of 
of recording recording 

4 2 
5 2 
6 5 3 
7 13 20 

8 1 

Table A l . l Gain s e t t i n g s of amplifier-modulators 

I t was concluded from t h i s experience that i t would have 
been better to have set a l l the s t a t i o n s on gain 7 to s t a r t 
with, and to have adjusted them a f t e r the f i r s t paper playouts 
were examined. 

Where time and circumstance allowed, the recording s t a t i o n 
was then v i s i t e d , the r e c e i v i n g a e r i a l and r e c e i v e r s e t up, and 
the s t a t i o n tested for transmission i n t e g r i t y by plugging the 
t e s t box into the r e c e i v e r . 

Recording s t a t i o n s 
2 m high masts accommodated the r e c e i v i n g a e r i a l s a t the 

recording s t a t i o n s . Up to 6 a e r i a l s were placed on eaoh mast, 
which was probably a l i t t l e too crowded. However, no problems 
with c r o s s t a l k were encountered as a r e s u l t of t h i s p r a c t i c e . 
The r e c e i v e r s were taped to the mast. Cables connecting the 
r e c e i v e r s to the tape recorders were shielded from sheep te e t h 
by passing them through a length of p l a s t i c water pipe. The 
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tape recorders were housed i n waterproof aluminium boxes and 
stood on wooden frames to f a c i l i t a t e l e v e l l i n g . Cables passed 
i n t o the boxes through a small hole cut i n the underside. A 
seismometer was i n s t a l l e d at each recording s i t e , and connected 
d i r e c t l y to the tape recorder. Power was supplied by 12 v o l t 
lead a c i d b a t t e r i e s - a 60-70 amp hr battery for the 
seismometer, and a 110 amp hr battery for the tape recorder. 

I n s t a l l i n g the equipment 
A c c e s s i b i l i t y was d i f f i c u l t i n the area. Out of 23 s i t e s , 

i t was p o s s i b l e to d r i v e up to 11 i n the Land Rover, 9 s i t e s 
were e s t a b l i s h e d and maintained by foot, and a paok horse was 
used for 3. For the recording s i t e s i t was imperative to s e l e c t 
l o c a t i o n s that could be driven r i g h t up to, because of the 
weight of the equipment and the great d i f f i c u l t y i n making 
r e p a i r s and adjustments i n the open. 

When the radio transmitting s t a t i o n s were e s t a b l i s h e d by 
foot, the equipment necessary was transported i n rucksacks, ( a 
t o t a l weight of about 30 kg per s t a t i o n ) . The work of 
e s t a b l i s h i n g the s t a t i o n f e l l n a t u r a l l y i n t o two parts - plaoing 
and l e v e l l i n g the seismometer, and e r e c t i n g the mast. Hence, i t 
was found convenient to have two people. The a d d i t i o n of an 
e x t r a person slowed the work and made i t more d i f f i c u l t , and 
when there were four people i t was impossible to get anything at 
a l l done. 

Theim mun ve r r gefast heimskra manna rad 
er f l e i r i koma saman. 
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A pack saddle and saddle bags were h i r e d for use with the 
horse. I t was po s s i b l e to pack equipment for two s t a t i o n s at a 
time. 

During recording, when s t a t i o n maintenance was l a r g e l y a 
matter of changing b a t t e r i e s , two wooden boxes with hooks were 
made, i n t o which the b a t t e r i e s f i t t e d . These could e i t h e r be 
hung onto a rucksack frame or onto the pack saddle. This solved 
the problem of the b a t t e r i e s s l i p p i n g about i n s i d e the paoks and 
s p i l l i n g a c i d . 

Operating the equipment 
Whilst recording was i n progress the work n a t u r a l l y divided 

i t s e l f i n t o two parts : 
a) changing out-station b a t t e r i e s . This represented about 30 

hours work per week. 
b) changing tapes and playing them back on the replay equipment. 

This a l s o represented about 30 hours work per week. 
Time spent on maintenance and administration v a r i e d 

g r e a t l y , but averaged of the order of 100 hours per week. 
B a t t e r i e s at out s t a t i o n s were ohanged at i n t e r v a l s of 20 

to 40 days, and recording s t a t i o n b a t t e r i e s more frequently. I t 
should be noted for future p r o j e c t s using t h i s equipment that 
there was a p o s s i b i l i t y of adjusting the power consumption of 
the t r a n s m i t t e r s , so i t would have been po s s i b l e to have lower 
power t r a n s m i t t e r s for the c l o s e s t a t i o n s . The reported range 
of the t r a n s m i t t e r s i s .200 kms. For the short distanoes 
involved i n t h i s projeot, s i g n a l s were r e l a t i v e l y so powerful 
that o r i e n t a t i o n of the transmitting and reoelving a e r i a l s was 
almost i r r e l e v a n t to reception. I n one case vandals turned the 
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r e c e i v i n g mast ( a t B l a k o l l u r ) through 90° but for none of the 
s t a t i o n s was reception a f f e c t e d . I n one or two cases masts f e l l 
down, but the s i g n a l was never l o s t . 

Explosions 
Detonations were made i n Olfus, Djaknapollur, 

Thingvallavatn, Graenavatn i n K r i s u v i k and outside Reykjavik 
harbour. 25 kg of dynamite were used for the l o c a l explosions 
and 50 kg i n Graenavatn. I t was found on playing back that 50 
kg was too l i t t l e at such a distance, so 100 kg was used i n 
Reykjavik harbour. 

M^nitQring of the data QQllQQtQ& QB tape 
During the recording period, a l l tapes were played back a t 

speed of 7 1/2M see"' ( i . e . 80 x recording speed). Malfunctions 
could thus be detected as quickly as possib l e . I t was found 
necessary to play back the whole tape sinoe some malfunotions, 
e.g. t r a n s m i t t e r s d r i f t i n g off frequency, occurred only part of 
the time, and these s t a t i o n s often sounded good when they were 
checked out at tape changes. By playing the whole tape back as 
soon as i t was changed, i t was possible to keep as up to date an 
overview of the functioning of the equipment as p o s s i b l e . At 
t h i s speed i t took about 1 hour to obtain a paper record of 
seven of the channels. 

Malfunctions 
Data l o s s i s oaloulated as follows as percentage l o s t 

recording time during the period 12th J u l y to 9th October. 
I t should be noted that tape recorder breakdowns were much 
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more damaging than radio l i n k and other f a i l u r e s , s i n c e up to 10 
s t a t i o n s were l o s t at a time i n such cases. 

% data l o s s 

4.9 
5.7 
3.2 

t o t a l 13.8 

To t a l recording time = 90 x 3 = 270 tape days. 
thus, the t o t a l data l o s s was equivalent to = 37.3 tape days 

"Other" malfunctions Included b a t t e r i e s running out, 
mechanical damage to tapes, a m p l i f i e r - modulator f a i l u r e , 
breakdown of i n s u l a t i o n between reoeiving a e r i a l and mast, 
vandalism, and c r o s s t a l k . 

No equipment was s t o l e n or damaged. There were 3 in s t a n c e s 
of vandalism: a battery was disconnected, a r e c e i v i n g mast 
rotated through 90 0 and a mast was collapsed. 

Data l o s s was very severe when recording f i r s t s t a r t e d , so 
some of the worst tapes were wiped and reused at the end of the 
p r o j e c t . 

The whole f i e l d p r o j e c t cost about $50,000. This f i g u r e 
i n c l u d e s a l l expenses a s s o c i a t e d with the 4 month f i e l d projeot, 
and one year's s a l a r y for one s c i e n t i s t . 

tape recorder breakdowns 
radio l i n k breakdown and d r i f t i n g 
other 
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APPENDIX 2 
HYPOCENTER LOCATOR AND PLOT SYSTEM (HLPS) 

HLPS i s a user system that permits the input, processing 
and a r c h i v i n g of earthquake data to be done by the giving of 
simple mnemonic commands. I t was necessary and d e s i r a b l e to 
design such a system for the following reasons : 

(1) I t enabled systemmatic processing to be performed s a f e l y by 
persons t r a i n e d or untrained i n computing a f t e r a very small 
amount of i n s t r u c t i o n . 

(2) I t speeded processing up. 
(3) Improvements i n computing f a c i l i t i e s and u t i l i t i e s oould be 

exploited as these beoame a v a i l a b l e simply by incorporating 
them i n t o the system, thus avoiding the need to r e t r a i n 
u s e r s . 

HLPS presently contains 20 VAX/VMS command f i l e s , each of 
which performs a p a r t i c u l a r data processing function by means of 
passing commands to the system and running Fortran programmes 
that are stored on a common d i r e c t o r y : 

INPUT and INPUT! f a c i l i t a t e the input and formatting of 
a r r i v a l time data. LOCATE runs the hypooentre l o c a t o r programme 
HYPOINVERSE and p r i n t s and s t o r e s output data. ADJUST permits 
the s e l e c t i o n of u n s a t i s f a c t o r y events for l o c a t i o n and t h e i r 
d e l e t i o n from the archive data f i l e s . DELETE permits the 
d e l e t i o n of events from the f i n a l a r chive data f i l e s . COMPRESS 
d e l e t e s unused d i s c spaoe. LIST accesses the data f i l e s and 
produces l i s t i n g s according to s p e c i f i c a t i o n . RANGE d i s p l a y s 
the range of events on d i s c . MICRQMAG and MACROMAG f a c i l i t a t e 
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the a d d i t i o n of magnitude data to the archive f i l e s . NEWTAPE 
i n i t i a l i s e s new archive tapes. SAVE copies arohive data from 
computer d i s c to tape, and RESTORE performs the inverse process. 
EMAP (earthmap), DMAP (depthmap) and TMAP (timemap) are 
epicentre/hypocentre p l o t t i n g u t i l i t i e s . BVALUE c a l c u l a t e s and 
p l o t s s i n g l e and running b-values. TTQEN generates t r a v e l t i m e 
t a b l e s for use with HYPOINVERSE. GITMAR s e l e c t s events from 
ar c h i v e on the b a s i s of marsden numbers. MAGSCALE c a l c u l a t e s 
l e a s t squares s t r a i g h t l i n e s for magnitude data. 

HLPS i s a v a i l i b l e i n PDP/RT-11 (Foulger and Olafsson, 
1980a, b) and VAX/VMS from the Geophysios D i v i s i o n , U n i v e r s i t y 
of I c e l a n d . 
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APPENDIX 3 
SEISMOMETER STATION LOCATIONS 

A l i s t of s t a t i o n l o c a t i o n s i s presented i n Tables A3.1 and 
A3.2. Stations with two l e t t e r code names are (or were) of the 
drum recorder type, and part of the I c e l a n d i c r e g i o n a l network, 
with the exception of HK (Krokur), see Section 3.2.4. Stations 
with 3 l e t t e r code names were s t a t i o n s of the radio telemetered 
network deployed i n 1981. 
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I HA L AT 1 

1 KL 6 3 . 5 5 . •> ~> 

2 RV 6 4 . 1 . . 2 3 2 2 . 
3 FJ 6 4 . . 7 7 
4 DJ 0 4 . 5 , 9 8 2 0 . 
5 K I 6 4 . 0 . . 2 6 —> -i 

. » • 

6 CJ 6 4 . • ̂ 5 2 0 . 
—» 
t LS 6 4 . 1 « . **o C '— • 
-i 
o RK 6 4 . 8 , JU 21 . 
9 6 3 . 5 0 . 3 9 2 2 . 

1 0 n v 6 4 . 1 B 23 ? . : . 

11 R H o 4 . .'5 . 4 0 21 . 
12 5U 6 4 . -* . 2 4 -> *•» 

~ . . 

1 3 riS 6 6 . i ! . J u 2 0 . 
1 4 AK 6 5 . 41 . . 2 0 13 . 
1 5 TN o 5 . 51 . . 9 2 
1 6 VA 6 4 . 1 . 0 9 21 , 
1 ? I R 6 4 . 2 . 51 21 . 
1 3 SL 6 3 . 5 6 . 63 -*> * 

C i • 
1 9 RL r 

OH m 
/ i . 6 1 21 . 

2 0 LV 6 4 . 1 2 , 93 2 3 . 
2 1 AR o 3 • 4 7 , y , 

u. >..•, . 
2 2 SE 6 3 . 3 2 . 9 4 1 9 . 
2 3 SK 6 3 . 2 7 , . 2 1 1 9 . 
2 4 S 6 4 . 42 . 6 0 21 . 
25 HV 6 4 . 52 . 1 0 1 
2 6 LA 6 4 . 10 . 9 0 1 9 . 
2 7 SF 6 3 . 3 0 . 0 0 1 3 . 
2 3 SH 6 3 . 23 . £ 5 2 0 . 
2 9 BV 6 4 . 5 . 1 ° . 
3 0 V r 1 2 . . 0 7 1 3 . 
3 1 St) 6 3 . 4 3 . 2 5 1 0 . 
3 2 KK 6 3 . 4 7 . . 1 0 1 8 . 
3 3 KV 6 3 . 5 8 . 60 1 6 . 
3 4 SA o 4 . 3 . . 0 9 2 0 . 
3 5 55 6 4 . 1 0 . , 7 6 1 * . 
3 6 HL 6 4 . u . .44 •n •» 

3 7 ST 6 4 . 12 . 6 3 21 . 
3 6 HG 6 4 . 1 . . 0 3 -> A 

L t a 3 9 HU 6 4 . 6 . . 9 3 21 . 
4 0 HH 6 4 . 2 , 08 21 . 
4 1 H3 6 3 . 56 . 5 9 21 . 
4 2 K< 6 4 . 5 . 9 4 21 . 

ON- • " * • " * PDLY1 3DLY1 HT 

0 . 0 1 0 . JO J . 0 0 1 7 5 
1 3 . 7 6 0 . 30 0 . 0 0 
3 4 . 57 0 . 0 0 0 . 0 0 
4 7 . 6 9 0 . 0 0 o . c o 
4 6 . 09 0 . 30 0 . 0 0 
5 6 . _> u 0 . 0 0 0 . 0 0 

*> U . -j o 0 . 0 0 
30 0 . 0 0 0 . 0 0 5 1 

3 9 . 1 7 0 . 0 0 0 . 0 0 3 0 
1 3 . ~. /• . c> 0 . )C 0 . 0 : 1 1 9 
" -7 J I a 

' *". 0 . J 0 0 . 0 0 1 0 
3 7 . 3 1 - u • t: U J « J' 

—» -»»> U . - J 0 . 4 4 2 0 
6 . - 0 . 0 5 - 0 . 0 9 2 4 

2 6 . 6 2 0 . 0 0 0 . 0 . 0 
5 0 . 0 . 0 0 0 . 0 0 1 3 7 
? ? 54 0 . 0 0 o . o c 3 0 0 

0 . 0? 0 . 0 0 0 . 0 0 0 0 0 
^ »• . 7 0 0 . 0 0 J • u u 
4 5 , 18 0 . 0 0 1 0 0 

o« ?0 0 . 1 0 0 . 1 8 0 9 0 
3 6 . 56 0 . 0 0 0 . 0 0 1 8 0 

80 0 . 6 0 1 . 0 7 0 5 0 
? *"* 0 0 0 . 0 0 o . c o 0 7 0 
3 4 . 1 0 0 . 1 0 0 . 1 0 6 4 0 
1 3 . . 4 0 0 . 0 0 0 . 0 0 4 3 0 
5 0 . 0 0 0 . 0 0 0 . 0 0 1 2 0 
1 7 , 6 0 0 . 0 0 0 . 0 0 1 2 0 

o , 4 3 0 . 0 0 0 . 0 0 5 6 0 
5 9 . 0 2 0 . 0 0 0 . 0 0 6 2 0 
3 7 . 3 0 0 . 4 6 0 . 3 2 2 0 0 

3 . 50 0 . 0 0 0 . 0 0 0 2 6 
2 6 . 3 0 0 . 0 0 0 . 0 0 0 3 0 
2 5 . 0 4 0 . 0 0 0 . 0 0 
~7 ! • 19 0 . 3 0 0 . 0 0 5 8 0 
Q 6 0 0 . 0 0 0 . 0 0 1 0 0 

2 9 . 1 0 - 0 . 1 2 - 0 . 2 1 2 1 0 
1 1 . 3 1 0 . 0 0 o . c o 8 0 
1 5 . 4 4 0 . 0 0 0 . 0 0 1 8 0 

3 . 46 0 . 0 0 0 . 0 0 1 0 0 
1 * . 16 0 . 0 0 0 . 0 0 4 0 

—» 0 1 0 . 0 0 o . c o 1 2 0 

Table A3.1 S t a t i o n l o c a t i o n s . NAME=name of s t a t i o n , 
LAT=latitude, LON=longitude, PDLYl=P-wave s t a t i o n 
delay, SDLYl=S-wave s t a t i o n delay, WT-station weight, 
HT=station height above s . l . 
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NAME LAT. LON. PDLYl S D L Y 1 HT 

45 H f 6 3 . 3 0 . 35 10 a 4 ^ . 2 0 0 . J 0 0 . 0 0 1 1 0 
44 HZ. £ :. 0 . 3 4 1 > • 4 0 . 9 0 0 . 3 0 D.G0 9 4 0 
45 U 6 4 . 2 3 . 9 0 1 ^ • 2 0 . 7 0 •j • >; o . c o 0 6 0 
4 6 W O L. o 4 . 3 . 0 3 21 • 2 2 . 1 2 i ~. n 

J • s u 0 . 0 0 3 3 0 
47 6n J 6 4 . 3 . 6 9 21 • 2 4 . '<6 U « J U 0 . 0 0 2 6 0 
4 8 <i> 4 • 2.2S 21 a 2 ^ . 0 1 0 . JC 0 . 0 0 3 1 0 
49 ->\t s r> v n 6 4 . 4 . Ot. £. i a 2 3 . 1 9 0 . 00 o . c o 2 3 0 
50 L3 u n c 4 . 0 . 3 6 ">1 • 21 . 6 1 o . o : o . c o 4 1 0 
51 3Er. 6 4 . 4 . 8 0 21 a C J m O .J 0 . 0 0 o . c o 2 6 0 
5 2 6 4 . 6 i> 'C 21 a 21 . 1 7 ' J . J J 0 . 0 0 3 2 0 
53 K3T o 3 . 5 6 . 3 3 21 . ^ . 1 9 0 . 3 0 j . en 5 
54 6 4 . 0 . 1 5 21 a j •? i 

G - O . J 0 0 . 0 0 1 8 5 
55 K:<L 6 ^ . "> r< < 

t- . w 1 21 a 1 f l 1 "V I V, • i J C«3 v 0 . ^ <J 2 8 0 
5 6 KDL o 4 . 1 . 7 2 21 a 1 3 . 3 0 u . 0 0 0 . 0 0 2 0 0 
5 7 KDA 6 4 . 2 . 6 5 21 • 1 I • 4 0 . 3 0 o . c o 3 5 0 
53 KM: 6 4 . 2 . 9 7 21 a 1 9 . 1 9 0 . 0 0 0 . 0 0 4 6 0 
59 KH £ 6 4 . 2 . 3 4 21 a 1 6 . 5 9 0 . 0 0 0 . 0 0 3 7 0 
6 0 KHA 6 3 . :> c- • t. 2 21 a 1 5 . £6 0 . DO o . c o 1 5 0 
6 1 KKA 6 3 . 5 9 . 9 0 21 a 1 5 . 1 7 O .JO 0 . 0 0 3 1 0 
6 2 KSA 6 4 . 1 . 3 5 21 a 0 . JG 0 . 0 0 3 9 0 
6 3 L 3 0 6 4 . 8 . 1 2 21 . 1 5 . 3 2 0 . 0 0 0 . 0 0 2 5 0 
6 4 LDY 6 4 . 6 . 4 c 21 a 1 6 . 3 9 0 . 0 0 0 . 0 0 3 8 0 
65 LLA 6 4 . 0 . 5 2 21 a 6 . 3 4 O .JO 0 . 0 0 1 3 0 
66 LoR 6 4 . 4 . 9 3 21 a 5 . 3 6 0 . 0 0 0 . 0 0 2 4 0 
67 LD J 6 4 . 5 . 2 3 21 a 9 . ^ 4 0 . 0 0 0 . 0 0 2 3 0 
68 LKA 6 4 . 4 . 4 0 21 • 1 1 . OS 0 . 3 0 o . c o 3 6 0 

Table A3.2 Station locations. 
Table Table A3.1 

Column headings as for 
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APPENDIX 4 
THE HENGILL - SOUTH ICELAND GRUSTAL MODEL 

The o r u s t a l model parameters are given i n Table A4.1. The 
depth column gives the depth to the top of each l a y e r , and the 
v e l o c i t y column gives the v e l o c i t y at the top of that l a y e r . 
The v e l o c i t y within each l a y e r i n c r e a s e s l i n e a r l y to that given 
for the top of the l a y e r beneath. Layer 5 i s a constant 
v e l o c i t y halfspace. 

L A Y t f t VEL DiPTH 
1 J « J J J u • 0 0 0 
c 3 . 0 . 4 0 0 
3 4. 3 0 0 1 . 2H0 

4 5 . aoo u • SOO 
5 7 • 0 0 3 1 0 . oOO 

Table A4.1 Hen g i l l - South Ice l a n d c r u s t a l model parameters. 

Th i s c r u s t a l model was derived by making a composite t r a v e l 
time plot of a l l f i r s t a r r i v a l s for explosion p r o f i l e s 35 - 42 
and L3, shot by Palmason (Palmason, 1971). These p r o f i l e s cover 
the H e n g i l l area and South Iceland. The program TTGEN ( K l e i n , 
1978) was then used to model t h i s data to f i n d a c r u s t a l 
s t r u c t u r e that f i t t e d the observational data ( F i g . A4.1). A 
halfspace v e l o c i t y of 7.0 km sec" 1 was used, based on the 
r e s u l t s of Angenheister et a l . (1980). 

A diagram of the velocity-depth p r o f i l e f or t h i s c r u e t a l 
model i s presented i n F i g . A4.2. 
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L a t e r a l Y&riations i n the c r u g t a i s t r u c t u r e within t i e area aad 
t h e i r e f f e c t QQ the hypscentrai l o c a t i o n s 

Examination of explosion data taken from Palmason (1971) 
i n d i c a t e d 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 w i t h i n the 
H e n g i l l area. P r o f i l e 42 was taken as i n d i c a t i v e of the 
v e l o c i t y s t r u c t u r e N of 64°N. P r o f i l e s L3, L4 and L5 were taken 
as r e p r e s e n t i t i v e of the area S of 64*N. P r o f i l e s L3, L4 and L5 
c o n s i s t e n t l y indicated lower v e l o c i t i e s than p r o f i l e 42. The 
i n d i c a t i o n of these data i s hence that the v e l o c i t i e s S of 64*N 
may be lower than those of the Hengill-South I c e l a n d c r u s t a l 
model, and those N of 64*N higher. 

The explosion data described i n Section 7.2 and l i s t e d i n 
Tables A4.2 - A4.6 i n d i c a t e an area of r e l a t i v e l y high 
v e l o c i t i e s to the N of Hveragerdi, surrounded by areas that 
e x h i b i t r e l a t i v e l y low v e l o c i t i e s . These r e s u l t s are hence 
c o n s i s t e n t with those of Palmason (1971). 

V a r i a t i o n s such as these, that may be up to 5% i n magnitude 
are u n l i k e l y to have a large a f f e c t on the e p l o e n t r a l 
determinations where s t a t i o n coverage i s good. However the 
c a l c u l a t e d hypocentral depth of an event i s h e a v i l y dependent on 
the a r r i v a l times measured at c l o s e s t a t i o n s . Hence v e l o c i t y 
v a r i a t i o n s i n the immediate v i c i n i t y of the event may not be 
c a n c e l l e d out and s i g n i f i c a n t l y d i s t o r t the f o c a l depth. 
Underestimation of the v e l o c i t y i n the hypocentral volume w i l l 
r e s u l t i n the c a l c u l a t i o n of erroneously small hypocentral 
depths. Conversely, i f the r e a l v e l o c i t i e s are lower than those 
defined i n the c r u s t a l model, hypooentral depths c a l c u l a t e d w i l l 
be too deep. I n the case of the H e n g i l l area the l o c a l v e l o c i t y 
v a r i a t i o n s described above have the e f f e c t t h a t hypocentres i n 
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the c e n t r a l c l u s t e r are a r t i f i c i a l l y shallowed and those i n the 
surrounding areas, including the f i s s u r e swarm and Olfus are 
a r t i f i c i a l l y deepened by up to 5%. 

P - w a v e velocity km sec 
0 1 8 i 0 

Depth 

km] 

8 

10 

II 

12 

13 

14 

15 

16 

F i g . A4.2 Velocity-depth p r o f i l e for the Hengill-South I c e l a n d 
c r u s t a l model. 
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YR MO DA ORIGIN LAT N LON W DEPTH R1S ERH ER2 GAP 
31- 8-12 1621 16.27 63 56.27 21 9.50 C.01 0.09 0.82 31.61 206 

STA DIST AZ:I AN P/S W SEC+CCOR 
KST 0.3 69 97 P 16.33 0.00 
KST 0.3 0 ? 97 P 16.33 0.00 
KHA 6.3 305 39 P 13.04 0.00 
HB 7.1 275 37 P 18.20 0.00 

KDN 7.6 19 35 P 13.17 0.00 
KKA 8.2 326 34 P 13.44 0.00 
Hb 8.9 351 32 P 18.50 0.00 

KSA 10.3 0 51 P 18.83 0.00 
HH 11.9 24 50 P 19.00 0.00 

KDA 12.1 349 30 P 19.03 0.00 
KKL 12.1 353 30 P 19.17 0.00 
3LA 12.4 308 30 P 19.37 0.00 
K HE 12.7 333 30 P 19.21 0.00 
IK 15.7 313 30 P 19.90 0.00 

BSL 16.2 321 30 P 19.33 0.00 
LGR 16.3 10 30 P 19.97 0.00 
LDJ 16.6 359 30 P 19.83 0.00 
BHU 18.6 313 30 P 20.19 0.00 
d EN 19.6 324 30 P 20.35 0.00 
LDY 19.9 343 30 P 20.39 0.00 
BMO 21 .6 335 30 P 20.63 0.00 
BVA 21 .7 316 30 P 20.67 0.00 
LLA 22.3 6 30 P 20.34 0.00 
SL 35.5 48 29 P 18.00 0.00 

(T03S 
0.06 
0.06 
1 .77 
1 .93 
1.90 
2.17 
2.23 
2.61 
2.73 
2.76 
2.90 
3.10 
2.94 
3.63 
3.56 
3.70 
3.56 
3.92 
4.03 
4.12 
4.41 
4.40 
4.57 
1 .73 

•TCAL -DLY 
0.03 0.00 
0.08 0.00 
1.77 0.00 
1.93 0.00 
2.03 0.00 
2.13 0.00 
2.23 0.00 
2.51 0.00 
2.78 0.00 
2.31 0.00 
2.32 0.00 
2.37 0.00 
2.91 0.00 
3.43 0.00 
3.52 0.00 
3.54 0.00 
3.60 0.00 
3.92 0.00 
4.09 0.00 
4.15 0.00 
4.45 0.00 
4.46 0.00 
4.65 0.00 
6.76 0.00 

= RES) WT 
-0.02 1.00 
-0.02 1.00 
0.00 1.00 
0.00 1.00 

- 0.13 1 . 0 0 
0.04 1 . 0 0 

-0.05 1.00 
0.10 1.00 

-0.05 1.00 
- 0.05 1.00 

0.08 1.00 
0.23 1 . 0 0 
0.03 1.00 
0.20 1.00 
0.04 1.00 
0.16 1 . 0 0 

-0.04 1.00 
0.00 1.00 

-0.01 1.00 
-0.03 1.00 
-0.04 1.00 
-0.06 1.00 
-0.08 1 . 0 0 
-5.03 0.00 

Table A4.2 Observed and c a l c u l a t e d t r a v e l times f o r Olfus 
explosion. (YR, MO, DA, ORIGIN)=date and time of 
explosion, (LAT », LON W, DEPTH)=co-ordinates and 
depth of explosion, (STA, DIST, AZM, AN)==station, 
distance from shot, azimuth and emergence angle, 
SEC=arrival time, TOBS=observed t r a v e l time, 
TCAL=calculated t r a v e l time, DLY=station delay, 
RES=travel time r e s i d u a l , WT=station weight. 
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YR MO DA ORIGIN LAT N LON *) DEPTH RMS ERH HRZ SAP 
81- 8-13 1645 1 5.30 64 5.17 21 10.10 C.01 0.09 0.23 31 .61 63 

STA DIST M'iA AN P/S W SEC+CCOR 
LDJ 0.2 — "7 J i 9 6 P 15.92 0.00 
LKA 1.5 213 79 P 16.41 0.00 
LGR 3 . 5 97 57 P 16.36 0.00 
KKL 4.4 131 45 P 16.93 0.00 
KD A 5.1 203 42 P 17.26 0.00 
HN 5.4 307 41 P 17.40 0.00 

KSA 6 . ? 176 39 P 17.51 0.00 
LLA 6 • 6 26 37 P 17.76 0.00 
LBO 6 . 0 3 2 3 37 P 1 7 . 3 7 0.00 
KDL 7.0 202 37 P 17.65 0.00 
KHE 7 . 5 226 36 P 17.77 0.00 
HG 7.8 138 35 P 17.30 0.00 
HH 7.8 136 35 P 17.90 0.00 

KMI 3.4 241 33 P 18.03 0.00 
3M0 9.4 239 31 P 13.35 0.00 
KDN 9.8 161 31 P 16.20 0.00 
BSL 10.6 243 30 P 13.38 0.00 
KKA 10 . 7 203 30 P 13.32 0.00 
BEN 11 . 0 267 30 P 13.43 0.00 
IR 11.3 244 30 P 18.50 0.00 

SHU 12.3 257 30 P 13.57 0.00 
SLA 12.9 227 30 P 18.79 0.00 
KHA 13.8 200 30 P 13.34 0.00 
BVA 1 4 . 7 267 30 P 1 9.09 0.00 
B3L 16.1 231 30 P 19.33 0.00 
SL »- J • u 75 29 P 1 9 . 5 0 0.00 
VA 33 . 5 257 29 P 22.00 0 . 0 0 

0.12 
0.61 
1 .06 
1.13 
1.46 
1 .60 
1 .71 
1.96 
2.07 
1.85 
1.97 
2.00 
2.10 
2.23 
2.55 
2.40 
2.53 
2.52 
2.63 
2.70 
2.77 
2.99 
3.04 
3.29 
3.53 
3.70 

•TCAL -DLY 
0.06 0.00 
0.49 0.00 
1.10 0.00 
1.35 0.00 
1.51 0.00 
1.57 0.00 
1 .74 0.00 
1.83 0.00 
1.39 0.00 
1.90 0.00 
2.00 0.00 
2.06 0.00 
2.08 0.00 
2.19 0.00 
2.37 0.00 
2.42 0.00 
2.55 0.00 
2.57 0.00 
2.63 0.00 
2.67 0.00 
2.34 0.00 
2.96 0.00 
3.10 0.00 
3.26 0.00 
3.50 0.00 
5.52 0.00 
6.43 0.00 

= RES) WT 
0.06 1.00 
0.12 1.00 
•0.04 1.00 
•0.22 1.00 
•0.05 1 . 0 0 
0.03 1 . 0 0 
•0.03 1.00 
0.08 1.00 
0.18 1.00 
0.05 1 . 0 0 
•0.03 1.00 
0.06 1.00 
0.02 1.00 
0.04 1.00 
0.18 1.00 
•0.02 1.00 
0.03 1.00 
0.05 1.00 
0.05 1.00 
0.03 1.00 
0.07 1.00 
0.03 1.00 
0.06 1 . 0 0 
0.03 1.00 
0.08 1.00 
•1 .32 0.00 
•0.23 1.00 

Table A4.3 Observed and c a l c u l a t e d t r a v e l times f or Djaknapollur 
explosion. Colu»n abbreviations as for Table A4.2. 
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YR MO D A O R I G I N L A T N L O N ti D E P T H R1S E R H E R Z GAP 
31- 3-13 21 1 15.4? 64 9.07 21 11 .40 C.01 0.07 0.46 31 .61 186 

STA DIST AZtf AN P/S W SEC+CCOR (TOBS -
L B O 3. 41 
L L A 4.2 104 

HN 5.2 220 
L D J 7.2 170 
L G R 3.9 149 
B M O 9.0 242 
K K l 11.7 175 
< DA 11.9 1i5 
B E N 12.7 Z32 
K M I 12.9 210 
K H E 13.2 199 
K S A 13.4 174 
K D L 13. r, 137 
3SL 14.Z 218 

HH 14.4 153 
B H U 14.3 223 

H G 14.9 179 
I R 15.2 217 

B V A 15.9 239 
K D N 17.1 166 
K K A 17.3 191 
B L A 13.1 203 
B B L 1 3 . 9 229 
K H A 20.5 191 

L V 22.0 71 
V A 34.9 245 

54 
43 
42 
36 
32 
32 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
2 ^ 

P 
P 
P 
P 
P 
P 
P 
p 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
p 
P 
o 

p 
p 
p 
p 
p 

16.70 0.00 
16.83 0.00 
16.90 0.00 
17.51 0.00 
17.84 0.00 
17.89 0.00 
13.17 0.00 
13.30 0.00 
16.43 0.00 
18.51 0.00 
18.48 0.00 
18.57 0.00 
13.57 0.00 
18.69 0.00 
18.70 0.00 
18.69 0.00 
18.70 0.00 
18.90 0.00 
19.03 0.00 
19.11 0.00 
19.14 0.00 
19.33 0.00 
19.51 0.00 
19.65 O.CO 
20.00 0.00 
2 2 . 0 0 O.OO 

1 .21 
1 .34 
1.41 
2.02 
2.35 
2.40 
2.63 
2.31 
2.94 
3.02 
2.99 
3.08 
^ . 0 8 
3 . 2 0 
3.21 
3.20 
3.21 
3.41 
3.54 
3.62 
3.65 
3.34 
4.02 
4.16 
4.51 
6.51 

T C A L - D L Y 
1.16 0.00 
1.30 0.00 
1.52 0.00 
1.94 0.00 
2.27 0.00 
2.29 0.00 
2.74 0.00 
2 . 7 9 0.00 
2.92 0.00 
2.96 0.00 
3.00 0.00 
3.05 0.00 
3.10 0.00 
3.18 0.00 
3.22 0.00 
3.23 0.00 
3.30 0.00 
3.34 0.00 
3.47 0.00 
3.67 0.00 
3.71 0.00 
3.85 0.00 
3.98 0.00 
4.25 0.00 
4.56 0.00 
6.65 0.00 

= R E S > WT 
0.05 1.00 
0.04 1.00 

-0.11 1.00 
0.08 1.00 
0.08 1.00 
0.11 1.00 

-0.06 1.00 
0.02 1.00 
0.02 1.00 
0.06 1.00 

-0.01 1.00 
0.03 1.00 

-0.02 1.00 
0.02 1.00 

-0.01 1.00 
-0.03 1.00 
-0.09 1.00 
0.07 1.00 
0.07 1.00 

-0.05 1.00 
-0.06 1.00 
-0.01 1.00 
0.04 1.00 

-0.09 1.00 
-0.05 1.00 
-0.14 1.00 

Table A4.4 Observed and c a l c u l a t e d t r a v e l times for 

Thingvallavatn explosion. Column abbreviations as 

for Table A4.2. 
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YR m DA 03IGIN LAT N 
51- 8-12 1915 16.52 63 53.05 

LON W DEPTH RMS ERH ERZ GAP 
22 3.40 G.01 0.26 15.45 31.61 316 

STA DIST AZ:I AN P/S W SEC+CCOR (TOBS -TCAL -DLY = RES) WT 

VA 13.3 35 30 P 20.50 0.00 3.93 3.33 0.00 0.10 1.00 
tJQL 32.9 53 29 P 22.91 0.00 6.39 6.33 0.00 0.06 1.00 
8 VA 35.3 53 29 P 23.01 0.00 6.49 6.80 0.00 -0.31 1.00 
SLA 36.6 60 28 p 23.33 0.00 6.31 6.93 0.00 -0.12 1.00 
BHU 37.0 57 23 P 23.21 0.00 6.69 7.00 0.00 -0.31 1 . 0 0 
HB 37.5 79 23 P 23.40 0.00 6.33 7.07 0.00 -0.19 1 . 0 0 
IR 37.5 62 23 P 23.60 0.00 7.03 7.09 0.00 -0.01 1.00 

BSL 38.3 61 2°. P 23.51 0.00 6.99 7.21 0.00 -0.22 1 . 0 0 
BEN 3 9 . 0 56 23 P 23.53 0.00 7.01 7.31 0.00 -0.30 1.00 
KHA 39.9 76 23 P 23.77 0.00 7.25 7.45 0.00 -0.20 1 . 0 0 
KMI 40.4 62 28 P 23.96 0.00 7.44 7.53 0.00 -0.09 1.00 
KKA 41 .3 72 23 P 23.93 0.00 7.46 7.67 0.00 -0.21 1.00 
KHE 41.8 65 28 P 24.04 0.00 7.52 7.76 0.00 -0.24 1.00 
BMO 42.7 53 23 P 24.11 0.00 7.59 7.90 0.00 -0.31 1.00 
HG 44. o 70 27 P 24.40 0.00 7.83 8.24 0.00 -0.36 1.00 

K DA 45.0 66 27 P 24.34 0.00 7.82 8.27 0.00 -0.45 0.92 
LDY 45.3 56 27 P 24.48 0.00 7.96 8.30 0.00 -0.34 1.00 
KKL 46.9 67 27 P 24.77 0.00 3.25 8.55 0.00 -0.30 1.00 
LDJ 4 9 . 0 62 26 D 25.01 O.GO S.49 3.37 0.00 -0.33 1.00 
LLA 54.5 53 26 P 25.90 0.00 9.33 9.68 0.00 -0.30 1.00 

Table A4.5 Observed and c a l c u l a t e d t r a v e l times for Graenavatn 

explosion. Coluan abbreviations as for Table A4.2. 
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0 DA ORIGIN LAT N LON W DEPTH RMS 
9-18 1713 55. 20 64 11 .07 21 51.12 C.02 0.98 
STA DIST AZM AN P/S W SEC+CCOR (TOBS -TCAL 
RK 5.8 207 40 P 57.80 0.00 2.60 1.65 

S 2 59.90 0.00 4.70 2.94 
VA 13.5 178 31 P 60.20 0.00 5.00 3.91 

BVA 22.1 122 31 P 4 0.00 0.00- 55.20 4.52 
BBL 24.3 132 30 P 4 0.00 0.00- 55.20 4.90 
BEN 25.1 117 30 P 4 0.00 0.00- 55.20 5.03 
BHU 25.3 122 30 P 4 0.00 0.00- 55.20 5.06 
BMO 25.5 108 30 P 4 0.00 o.oo- 55.20 5.10 
BSL 27.8 122 29 P 4 0.00 0.00- 55.20 5.48 
IR 28.1 124 30 P 61.60 0.00 6.40 5.52 

LDY 29.0 107 30 P 4 0.00 0.00-•55.20 5.67 
LBO 29.5 100 30 P 4 0.00 0.00- 55.20 5.76 
KMI 29.9 120 30 P 4 0.00 o.oo- 55.20 5.83 
8LA 31.1 129 29 P 4 0.00 0.00- 55.20 6.03 
KHE 32.3 120 29 P 4 0.00 0.00- 55.20 6.23 
LKA 34.6 110 29 P 4 0.00 o.oo- 55.20 6.61 
KDA 34.9 116 29 P 4 0.00 0.00- 55.20 6.66 
L D J 35.0 107 29 P 4 0.00 0.00- 55.20 6.67 
KDL 35.2 119 29 P 4 0.00 0.00- 55.20 6.70 
KKA 35.8 125 29 P 4 0.00 0.00- 55.20 6.79 
LLA 36.5 97 29 P 4 0.00 o.oo- 55.20 6.91 
KKL 36.5 114 29 P 4 0.00 0.00- 55.20 6.91 
KHA 37.2 129 28 P 4 0.00 0.00- 55.20 7.03 
KSA 37.7 117 23 P 4 0.00 0.00- 55.20 7.10 
HB 37.9 135 23 P 63.10 0.00 7.90 7.13 

LGR 33.4 107 28 P 4 0.00 o.oo- 55.20 7.21 
KDN 41.5 119 28 P 4 0.00 o.oo-•55.20 7.71 
KST 43.6 128 28 P 4 0.00 0.00- 55.20 8.04 

ERH 
2 1 . 9 1 

-DLY 
0 . 0 0 
0 . 0 0 
0 . 0 0 
0 . 0 0 -
0 . 0 0 -
0 . 0 0 -
0 . 0 0 -
0 . 0 0 -
0 . 0 0 -
0 . 0 0 
0 . 0 0 -
0 . 0 0 -
0 . 0 0 -
0 . 0 0 -
0 . 0 0 -
0 . 0 0 -
0 . 0 0 -
0 . 0 0 -
0 . 0 0 -
0 . 0 0 -
0 . 0 0 -
0 . 0 0 -
0 . 0 0 -
0 . 0 0 -
0 . 0 0 
0 . 0 0 -
0 . 0 0 -
0 . 0 0 -

E R Z GAP 

* R E S > 
0 . 9 5 
1 .76 
1 . 0 9 

5 9 . 7 2 
• 6 0 . 1 0 
• 6 0 . 2 3 
• 6 0 . 2 6 
• 6 0 . 3 0 
•60 .68 

0 . 8 8 
• 6 0 . 8 7 
• 6 0 . 9 6 
• 6 1 . 0 3 
• 6 1 . 2 3 
• 6 1 . 4 3 
• 6 1 . 8 1 
• 6 1 . 8 6 
6 1 . 8 7 
6 1 . 9 0 
6 1 . 9 9 
6 2 . 1 1 
6 2 . 1 1 
6 2 . 2 3 
6 2 . 3 0 

0.77 
62 . 4 1 
• 6 2 . 9 1 
• 6 3 . 2 4 

WT 
1 . 1 3 
0 . 4 8 
1 . 1 3 
0 . 0 0 
0 . 0 0 
0 . 0 0 
0 . 0 0 
0 . 0 0 
0 . 0 0 
n i 3 
0 . 0 0 
0 . 0 0 
0 . 0 0 
0 . 0 0 
0 . 0 0 
0 . 0 0 
0 . 0 0 
0 . 0 0 
0 . 0 0 
0 . 0 0 
0 . 0 0 
0 . 0 0 
0 . 0 0 
0 . 0 0 
1 . 1 3 
0 . 0 0 
0 . 0 0 
0 . 0 0 

Table A4.6 Observed and c a l c u l a t e d t r a v e l times f o r Reykjavik 

explosion. Colunn abbreviations as for Table A4.2. 
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APPENDIX 5 
SEISMICITY CHARTS FOR THE PERIOD 1980-1983, TAKEN FROM THE 
REGIONAL STATION REY AND THE LOCAL STATION IR. 
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APPENDIX 6 

DERIVATION OF THE EXPRESSION DESCRIBING THE FORM OF THE FREQUENCY -
MAGNITUDE PLOT OF A COMBINATION OF TWO EARTHQUAKE SETS E X H I B I T I N G 
DIFFERENT B-VALUES 

f o r earthquake set (a) : l o g ^ N = a-bM 
f o r earthquake set (b) : l o g ^ N ' • a'-b'M 

then N = i o ( a ~ b M ) N'• i 0
( a ' - b ' M > 

N + N'- 1 0
( a ' b M ) + 1 0

( a ' - b ' M » 

i f earthquake sets (a) and (b) were combined: 

l o g 1 0 ( N + N') • l o g 1 0 ( 1 0 ( a - b M ) + l O ( a ' ~ b ' M ) ) 

= l o g 1 0 [ l O ( a - b M ) (1 + xo^'-^-^'-bJMj-} 

l o g 1 Q ( N + N') - a - bM + l o g 1 0 ( l + 1 0<a'-a>-(b'-b)M } 

i f a = a' , then 
l o g 1 Q ( N + N') 9 a - bM + l o g 1 Q (1 + 1 0 ( b ~ b ' ' M ) 

This expression i s non-linear and describes the expected form of 
the frequency-magnitude p l o t f o r the composite data set. 
The slope of the p l o t decreases w i t h increasing magnitude i . e . 
the p l o t i s always upwards concave. 
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APPENDIX 7 
POLARITY PLOTS OF 178 EVENTS LOCATED WITHIN THE HENGILL AREA 
For l o c a t i o n of place names, see Section 4.3.2.1. 

F i g s . A7.1 - A7.14 Upper hemisphere p l o t s i n stereographio 
p r o j e c t i o n . # : compressions, O d i l a t i o n s , X ' 
nodal a r r i v a l s , l i n e s : i n t e r s e c t i o n s of the nodal 
s u r f a c e s on the f o c a l sphere. I n the cases where these 
l i n e s c ross they are great c i r c l e s and i n d i c a t e a 
double couple s o l u t i o n . Where they are p a r a l l e l they 
are small c i r c l e s and i n d i c a t e a t e n s i l e crack 
s o l u t i o n . 



299 

' * - ' M O T O M I • 

K L A M B R A G I L I OF 3 

81.07.17 0655 d«3,56 
M - 0 , 3 

8107.19 0743 d-S,24 
M—l f0 

81.07.22.0626 d-3,83 81.07.22 2138 d"5,90 
M - 0 , 5 

81.07.27 0548 d-3,99 
M-0,0 

8107.28 0419 d-5,16 
M«-0,5 

81.07.28 0 4 20 d«5,5l 
M"-l,3 

81.07.28 1413 d-4,1 
M-1 ,4 

81.07 26 1718 4*3,45 
M - I , l 

810801 2038 d-3,57 
M—1,4 

8108.02 1418 d>3,63 
M--0.7 

810803 1937 d-4,07 
M—0,8 

8108.13 0402 d-4,96 
M-0,5 

8108,14 0407 d»3,67 
M*-0,9 

81.0814 0856 d"3,63 
. M-1,5 

81.08.14 2114 d = 3,37 
M = - l ,8 

F i g . A7.1 P o l a r i t y p l o t s of events from Klambragil, 1 of 3 



300 

I ' M §4.07. OMi SyJ 

K L A M B R A G I L I OF 3 

N N N N 

8107.17 0555 d-3,56 81.0719 0743 d-5,24 81.0722 2138 d-5,90 81.07.22,0626 d-3,83 
M - 0 , 5 M--0.3 M--I.0 

N N N N 

81.07.27 0548 d-3,99 810728 0419 d-5,16 81.0728 0420 d»5,5l 81.07.28 1413 d-4,1 
M-0,0 M--0.5 W - 1 , 3 M-1,4 

N N N N 

I 
8107.28 1718 d-3,45 81.0801 2038 d»3,57 81 08 02 1418 d-3,63 81 08 03 1937 d«4 ,07 

M-1,1 M—1,4 M--0.7 M—0,8 

N N N N 

810813 0402 d«4 ,96 81.08,14 0407 d«3,67 8108.14 0856 d = 3,63 81.08.14 2N4 d = 3,37 
M"-0,5 M«-0,9 M-1,5 M = -l ,8 

P i g . A7.2 P o l a r i t y p l o t s of events from Klambragil, 1 of 3. 
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JHD-JE0-87I6 ORF 
84.07. 0679 Syd. 

K L A M B R A G I L 1 OF 3 

N N 

81.09.07 0I23 d«3, !4 81.09.12 2237 d » 3 , 7 4 6t.09.IS 0643 d-3,14 8109.06 2018 d-4,28 
M - -0.4 M—0,3 M--O.I M«o,e 

N N N 

81.09 23 2111 d-3,62 81.09.23 0501 d-3,51 8109.27. 0156 d-3,55 
M —1,2 M —0,8 M-0,0 

N N 

SUMMARY — KLAMBRAGIL 

6109.28 1853 d-3,25 81 09 28 1923 d*2,97 81.09.28 2002 d*3,l6 
M«l,3 M»0,l M«-0,5 

N N N 

8109.28 2008 d-2,97 8109.29 2123 d-3,79 811003 0239 d«3,72 
M--0.6 M«-0,7 M«-0,8 

F i g . A7.3 P o l a r i t y p l o t s of events from Klambragil, 1 of 3. 
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JHD-JEO-8716-ORF 
84.07.088800 

F I S S U R E S W A R M I OF 2 

H 

810726 0734 d-495 8107.26. 1958 d-5.29 81.0802 1044 d-627 
M—I.O M—10 M—0.4 

N N 

N 

8)0803 0207 d-645 810803 0320 d-5.70 81.0803 0853 d-6.15 
M-OO M«- 1.2 M«- .7 

N N 
I 

SUMMARY - FISSURE SWARM 

8108.03 1355 d=5.99 81Q9.03 1120 -d = 5.3l 81.0913 0601 d=5.58 
M«~06 M=-0.7 M=0.8 

N N N 

8L09I5 1504 d»408 81.0924 0139 d=6 53 810924 1018 d= 5.76 
M=-07 M»-0.5 M « - 1 1 

F i g . A7.4 P o l a r i t y p l o t s of events from the F i s s u r e swarm, 1 of 

2. 
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• 4.07. O I M l y j 

F I S S U R E S W A R M I OF 2 

N N N 

81 09 24 1103 d»6,7l 8109 24 1956 d-6,24 81 09 27 1049 d-4.56 
M-d.1 M--LI M — 0,5 

N 

81 09 30 0 211 d«4,6» 
M-0,6 

M O S F E L L S H E l f ) l 

N N N 

N 

• I 07 25 1883 d"3,73 8108 21 1639 d>3,27 81 09 02 1026 d"3,56 
M--0.7 M"-1,7 M-1,5 

N N 

SUMMARY- MOSFE LLSHEIOI 

611005 0425 d-3,30 81(005 0607 d-3,44 
M - 0 , 3 M - 0 , 6 

F i g . A7.5 P o l a r i t y p l o t s of events from the F i s s u r e swarm, 1 of 

2, and M o s f e l l s h e i d i . 
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| . I - j JHD-JE0-87I6-GRF 
1 t J 84 07 0887-DD 

K Y L L I S F E L L 

N N 

810803 I92B <J»477 8108,06 H04 d-4W 810/28 1609 8 0*4 89 
M-00 M—1.3 M--0Z 

N N N 

N 

810813. 0855 d= 508 81.08.08. 0854 d-4.64 81.08.06 1701 d=4.90 
M s -I.l M=-0.6 M=05 

N N 

SUMMARY - KYLLI SFfcLL 

8(08.19 0802 d=5.l9 81,08.20 0523 d*5.l5 81.09.16 0803 d=3.37 
M=0.2 M = 0.l M=-0.» 

N N 

810928 2159 d«5 84 8109 22 0256 d«5.06 81.1004 2130 d«3.30 
M I 0 M« 1,1 M«-0R 

F i g . A7.6 P o l a r i t y p l o t s of events from K y l l i s f e l l . 
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JHO J E 0 - 6 7 I 6 G R F 
8 4 . 0 7 0 8 8 3 S y J 

N E S J A V E L L 1 R 

V 

°0 

8107 26 0124 d-5,10 81 07 31 1634 d-5,32 81 08 04 2112 d»6,08 
M--0.3 M - 0 , 2 M«0,50 

N N N N 

8108 06 1414 d-3,97 8108 15 1119 d»5,46 SUMMARY- NES JAVELLIR 810816 1020 d«3,42 
M —1,0 M—0,6 M--0.6 

N 

i 
6108 20 1004 d«4,48 8108 22 0205 d*4,80 810916 2206 d=4,94 

M'0,1 M*-l,0 M«-0,8 

N 

81 1003 2153 d«4,7l 
M«-0,l 

F i g . A7.7 P o l a r i t y p l o t s of events from n e s j a v e l l i r . 
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C l S JHD-JEO-87I6-GRF 
84.070889 00 

C L U S T E R 1 OF 2 

N N N 

8107.23.1147 d-4.41 81.07282351 d-5.12 81.0729 1952 d-406 
M-O.l M—0.8 M--0.9 

N N N 

N 

86 

81.08.01. 1915 d = 4.69 8108.01. 1910 d=4.94 81.0731 2258 d-4.74 
Ms-0.9 M .7 M « - 0 2 

H N N 

SUMMARY-CLUSTER 

81.0810.1308 d=4.28 810810.1303 d = 4.24 810603.2355 d»3.20 
M=-Q2 M»0.4 M>00 

N N 

810817 2105 d*387 8108J0 1558 d«50 8L08.I5 0302 d*4.44 610817 2105 d*387 
M—10 M-0.0 M = - 0 8 

F i g . A7.8 P o l a r i t y p l o t s of events from the c e n t r a l c l u s t e r , 1 

of 2. 
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[ ' \ ~ \ 84.07. 0877 SyJ 

C L U S T E R I OF 2 

N N N N 

81 0929 0624 d-5,23 81 09 02 2002 d B 3,65 81 08 26 0355 d-3,97 8108 21 2029 d*4,46 
M«0,3 M--I.0 M--LI 

N 
N 

81 0913 1329 d=4,56 810921 1201 d=4,22 8109 28 0941 d = 5,13 
M»-|,0 M"-0,7 M=u,o 

L A X A R D A L U R 

N N 

N 

8109 15 1531 d«3,!4 810915 1520 d«2,87 810913 1459 d-3,38 
M = -0,3 M»-0,4 M«-0,5 

N N 

SUMMARY -LAXAROALUR 

810915 1535 d»3,OI 810915 1600 d«3,!6 8109151611 d-2,79 
M«-0,9 M--0.2 M*-0,5 

A7.9 P o l a r i t y p l o t s of events from the c e n t r a l c l u s t e r , 1 

of 2, and Laxardalur. 
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JH0-JEO 87I6. GRF 
84 04 0B8Z SyJ 

H V E R A G E R O I 

N N N 

8107 20 0656 d » 5 , 2 5 8107 20 2051 d«5,77 8107 30 0622 d«4,87 
M-0,4 M=0,2 M = 0,l 

N N N 

N 

8108 041233 d-1,94 8108 12 0814 d'2,79 8108 12 0818 d = 3,42 
M--0.8 M«-0,8 M«0,5 

H N N 

SUMMARY - HVERAGERO) 

810814 0346 d»4 ,40 8109020529 d-6,0 810908 0240 d'6,15 
M—0,9 M-0,1 M-1,1 

N 

811003 0942 d-4,15 
M*-0,7 

F i g . A7.10 P o l a r i t y p l o t s of events from Hveragerdi. 
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B JH0-JE0-87I6 GRF 
84 07 0885 SyJ 

S V I N A H U O 

ft N N 

N 

810909 1322 d-4,15 810908 HI2 d = 4,2 8108 03 0515 d-3,23 
M'H.6 M*-0,2 M — 1,0 

N N N 

SUMMARY - S VINA HLIO 

8109 09 1335 d*5,l 81 0909 1346 d*4,74 81 09 23 1553 d«5,18 
M-0,8 M«-0,9 M»-l ,0 

OR U S T U H O L S H R A U N 

N N N 

N 

810903 1112 d-5,66 81 07 29 1722 d*4,09 8107 29 1721 d«4 ,45 
M"-0,8 M-0,7 M—0,3 

N N N 
i 

SUMMARY-ORUSTUHOLSHRAUN 

810903 1134 d-6,24 810921 1247,13 d»5,77 8109 21 1247,29 d-5,84 
M*0,0 M » - 0 2 M«-0,2 

F i g . A 7 . l l P o l a r i t y p l o t s of events from S v i n a h l i d and 
Orustuholsliraun. 

http://A7.ll
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I p i J H D - J E F - 8 7 I 6 . G R F 
1 K1 8 4 . 0 7 0 8 7 8 S y J . 

O L F U S I OF 2 

N N N N 
I T 

8107.24 0214 d«5 ,66 81.07.31 0246 d « 6 , 7 4 81 0801 0810 d-6,70 81 08.03 0236 d « 6 , 8 5 
M-0,2 M«-0 ,9 M«-0,9 M--I.0 

o 0 \ 

° ° \ 
o \ 

• 

81 08 04 0928 d-4,29 8108 06 1012 d"6,45 81.08 06 1018 d = 6,48 8106.08 1728 d-7,05 
M—1,3 M--0.8 M«-0,7 M»-0 ,5 

N N N N 

a 

810810 1236 d»6,87 81.08.13 2144 d = 7,33 81 08.13 0010 d = 7,04 8108.14 1749 d = 6,02 
M = -0,2 M = -0,6 M--0.9 M--L2 

N N 

81.06.15 1819 d « 5 / » 4 8108-17 0946 d"7,ll 810817 0948 d « 6 , 2 6 810817 0955 d-6,62 
M»-I,l M*0,20 M»0,6 m-1,0 

F i g . A7.12 P o l a r i t y p l o t s of events from Olfus, 1 of 2. 
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H O T o f t * iyJ 

O L F U S t OF 2 

N K N N 

• x 

810817 1006 d "8,69 81 08 22 0910 d-8,30 81 0902 0707 d"6,4l 8109 02 0711 d-8,55 
M—0,1 M-'0,3 M—0,1 M«-0,5 

N N N N 

8 
o °o 

810904 2123 d«6,57 81 09 17 0718 d-6,42 81 09 18 0209 d*6,48 81 09 20 0344 d*8,61 
M--0.6 M--0.6 M«-0,6 M-O.l 

N N N ti 
1 

o o0 

\ ° 
V? ° 

0109 22 0134 d"3,77 810922 0259 d»4,09 6109 22 1884 d«3,84 M J M M A R Y - O L F U S 
M-0,2 M-0,1 M-0,1 

N N 

1 
81 10O5 070Z d = 3.64 81 09 24 1219 d = 4,66 81 0922 2129 d<=3,92 810922 1941 d-4,07 

M = 0,9 M = -0,8 M:1.7 M—0.5 

F i g . A7.13 P o l a r i t y p l o t s of events from Olfus, 1 of 2. 
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JHD-JED-8715 ORr 
84.02.0238 AA 

N N N 

810819 1203 d»5.l3 810728 1849 d-4.91 8107 27 (303 d-3.42 
0.8 m 9-1.1 m m -̂1,0 

N N N 

N 

810905 !9i2 d-5.18 8109 05 1848 d«5.46 8108 25 2059 d - 3 27 
m* 1 .4 m» 2 2 m— .0 

N N N 

SUMMARY- ASTAOAFJALL 

810905 1914 d«5.36 810905 1916 d*5.40 8109 05 1920 d = 5.48 
m = 0.3 m = - 0.6 m = -0.3 

N N N 

81 09 05 2104 d»5.51 8109.05 2111 d « 5.45 810906 639 d » 5 77 
m = 1.2 m=-0.7 f = 0 0 

ASTAOAFJALL 

A7.14 P o l a r i t y p l o t s of events from A s t a d a f j a i l . 
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APPENDIX 8 
POSSIBLE AVENUES OF FURTHER STUDY 

As only 2 years were a v a i l a b l e to process the data 
c o l l e c t e d during the 1981 radio telemetry monitoring p r o j e c t , 
and because the amount of data c o l l e c t e d was f a r g r e a t e r than 
anticipated, a number of p o s s i b l e l i n e s of study were not 
pursued. These include: 

a) Modelling of the t e l e s e i s m i o data by the "Aki i n v e r s i o n " 
procedure. 

b) Modelling of the l o c a l and regional explosions by ray t r a o i n g 
or "Aki i n v e r s i o n " . 

c) Spectral a n a l y s i s of the explosions, e s p e c i a l l y the fan 
shots. 

d) Examination of the r e l a t i v e attenuation of P- and S-waves 
generated by regional earthquakes and reoorded a t v a r i o u s 
s t a t i o n s over the network. 

e) Simultaneous i n v e r s i o n of l o c a l explosions and earthquakes to 
obtain a 3-dlmensional v e l o c i t y s truoture f o r the o r u s t . 

f ) Inversion of P waveform data of the t e n s i l e oraok type 
earthquakes of the geothermal f i e l d i n order to c a l c u l a t e a 
best value for t h e i r s e i s m i c moment de n s i t y t e n s o r s . 

g) Mapping of v a r i a t i o n s i n Poissons r a t i o over the a r e a . 
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Conventional double-couple solutions do not satisfactorily account 
for many small magnitude earthquakes in the Hengill geothermal 
area in the Neovolcanic Zone of Iceland. The far-field radiation 
pattern is predominantly compressional but a few dilatational 
arrivals have been recorded. We prefer the interpretation that 
these events are due to tensile crack formation at a shallow 
(1-7 km) depth within a cooling intrusive body. Volume consider
ations indicate that initial fracturing of the rock is seismic but 
that subsequent widening proceeds aseismically. Other reports of 
anomalous radiation patterns from earthquakes on the Mid-
Atlantic Ridge describe events of a similar type, that is, exhibiting 
predominantly compressional radiation patterns and a reduced 
dilatational field 

I n 1981, an intensive 3-month seismic moni tor ing project was 
carried out in the Hengil l geothermal area of Iceland (Fig. 1). 
The project was designed using foreknowledge o f the spatial 
distr ibution o f earthquake activity wi th in the area and its 
ongoing nature 5 . The crustal structure is well constrained by 
refraction shoot ing 6 , 7 and shots fired wi th in the area dur ing the 
monitor ing project confirmed that the crustal model used is 
accurate to wi th in 5%. In total, 30 seismometers were operated 
wi th in 14 km of the centre o f the network. 

About 140 well-constrained focal mechanism solutions were 
obtainable fo r small magnitude earthquakes occurring wi th in 
the network. Conventional double-couple solutions wi th 
orthogonal nodal planes cannot be fitted to half o f the events. 

Hot Springs 

• * Earthquakes 

A Seismometer 

2 1 1 0 

HENGILL 
64 5 

HVERAGERDI 

Fig. 1 Hengill central volcano and vicinity, the inset shows its 
location in Iceland. The map reveals seismic activity during the 
3-month recording period, areas of hot springs and outline of 
fissure swarm transecting the area through Hengill. Of the 30 
stations operated, 17 lie within the area shown. 1, 2, Locations of 
events shown in Fig. 2; 3, 4, 5, locations of events used for 

composite solution shown in Fig. 2. 

,CkNC LABORATORIES 
Compressional arrivals dominate the facaJ sphere and dilata
tional arrivals o f normal ampli tude project onto the focal sphere 
in a narrow zone striking about north-east. Two examples and 
a composite solution are shown in Fig. 2. The dilatat ional and 
compressional portions o f the focal sphere may be separated 
by small circles wi th typical radii o f about 80°. Hence the ratio 
of the principal seismic moments o f these events is approxi
mately: 30: - 1 : - 1 . 

The predominant component o f this mechanism is a linear 
vector dipole ( L V D ) . The sum of the principal moments is 
significantly greater than zero, indicating a volume increase. I n 
this respect, the source differs fundamental ly f r o m the C L V D 
source recognized by Ju l ian 8 . 

We propose that this radiation pattern is generated by the 
format ion o f a tensile crack in the presence of a pore fluid, and 
that this type o f fissure format ion would be expected to occur 
in the tensile stress regime of an accreting plate boundary. 

The Hengil l area forms part o f the continuat ion o f the M i d 
Atlantic Ridge ( M A R ) onto the Icelandic landmass and has 
been volcanically active for -700,000 yr (ref. 9). Original ly the 
volcanic centre lay to the north o f the village o f Hveragerdi but 
later moved west and now underlies the central volcano Hengil l 
(Fig. 1). The area is occupied by an extensive and complex 
geothermal field, which is hottest in the immediate vicini ty o f 
Hengil l . However, most o f the hot springs, and hence the greatest 
heat loss, occur in the vicini ty o f the original volcanic centre. 
A fissure swarm striking at N 25° E transects the area, passing 
through Hengi l l . The eruption fissures, and vertical, open 
fissures contained wi th in i t , testify to the tensional nature o f the 
stress regime o f the area. The direction o f least compressive 
stress is orientated N 65° W, normal to the fissure swarm 1 . 

Earthquake activity is continuous. The activity rate is 1 magni
tude ( M L ) 0 event per day. The hypocentres o f most o f the events 
cluster in a volume beneath the old volcanic site. Hypocent ia l 
depths are mostly wi th in the range 1-7 k m (Fig. 3). The pore 
fluid is thus hydrous at shallow depths but may be magmatic 
deeper down. In such a regime, the most l ikely cause o f con
tinuous seismicity is contraction cracks in the cool ing roots o f 
the extinct volcano. 

As a result o f continuous heat loss f r o m the surface, the rock 
cools and contracts. This produces a local tensional stress field 
that is superimposed on the regional. The total stress field is 
addit ionally modif ied by geothermal processes ( f o r example, 
boi l ing in the rock), that influence the pore pressure on a very 
small scale. Where these processes result in an increase in pore 
pressure thay may trigger fracture fo rmat ion . 

Failure in this predominantly tensile total stress field results 
in the format ion o f roughly vertical tensile cracks orientated 
about N E - S W . 

The format ion o f a planar tensile crack in an isotropic medium 
would yield an all-compressive far-f ield radiation pattern o f 
variable amplitude wi th respect to the orientation o f the crack. 
The largest amplitude is normal to the crack, and the amplitude 
min imum traces a great circle on the focal sphere where the 
crack plane projects onto i t . The point force equivalent o f such 
a source may be represented by three mutual ly orthogonal vector 
linear dipoles wi th moments in the ratio: (A + 2 / x ) : A : A, where 
A and fx are the Lame elastic m o d u l i i " . The seismic moment 
tensor o f the Hengil l events can be modelled by combining a 
tensile crack wi th a spherically symmetrical implos ion: 

[(A + 2 / * ) : A : A ] + [ - ( A + 5 ) : - ( A + 5 ) : - ( A +8)] 

= [ ( 2 ^ - 8 ) : - 8 : - 8 ] 

Fluid flow is a slow process compared w i t h the speed at which 
a fracture forms so at the moment o f fissuring, the volume 
occupied by the fluid in the immediate vic ini ty o f a fracture 
increases and causes a local pore pressure d r o p 1 2 . This sudden 
pore pressure drop is omnidirect ional and generates the dilata
t ional por t ion o f the radiat ion pattern. 

Decreasing pore pressure l imits crack propagation and hence 
"^probably l imits the size o f events. The fo rmat ion o f one fracture 
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causes local changes in the rock medium and stress field, and 
may trigger a chain reaction. This could explain the 'geothermal 
swarms' of numerous, very small events observed in many 
geothermal areas in Iceland. 

It is, therefore, a pore pressure drop caused by restricted fluid 
flow at the moment of Assuring that generates the dilatational 
part of the radiation field and limits crack growth. 

The natural heat loss of the Hengill area is 350 MW (ref. 13). 
I f attributed to a cooling intrusion, the rate of volume contrac
tion may be calculated using the equation: 

where AV is the contraction rate, H is the cooling rate, y is 
the coefficient of thermal expansion ( = 16.2 x 10"6 K _ l ) , p is the 
density (=3 x 103 kgm - 3 ) and C p is the specific heat of basalt 
at constant pressure (—1.3 x 103 J kg~! K" 1 ) . Application of this 
equation to the Hengill area gives a contraction rate of: AV = 
4.5 x 104 m 3 y r - 1 . An estimate of the total volume of contraction 
cracks formed seismically may be made and compared with this 
value. The equations14,15-

log M 0 = 15.1+ 1.7ML 

log E = 11.8 + 1.5ML 

give estimates of seismic moment and energy release from local 
magnitudes (M L ) . The ratio of principal seismic moments ob
served for the Hengill events indicates that 8 is small. Therefore, 
they are predominantly linear vector dipole sources and seismic 
moment may be approximately related to volume by the 
equation: MQ- 2fi Vt where V is the volume of the crack. Using 
these equations, the contraction rate within the seismically active 
volume is estimated to be two orders of magnitude smaller than 

^ Kg. 2 P-wave first motions from 
^ ~ - * ^ ] — , t w o non-double couple events and 

# • / \ one composite solution. Upper 
/ • # # j Q ° / \ hemisphere plots in stereographic 

/ # * / < j ) / • \ projection. Compressions; O, 
' / / \ dilatations; x, nodal arrivals; 
* • •? •«/ 2; • *\ curved lines, small circles of radius 

• • Z /% • ] 0 defining nodal lines of tensile 
• # * / / • / c r*ck solution, a, Event 1: depth 
i / / T I 4.87 km; M L = 0.1; strike N 53° E; 
V ~/> / # • / dip=60°, 0 = 78°. b, Event 2: 

/ 9 / depth = 4.99 km; M L = 0.0; strike = 
> V § * %S N42°E;dip = 80o;f? = 76°.c,Com-
' * — ^ posite solution for three events; 

c strike normalized; dip = 80°; $ = 
80° 

that calculated for the cooling intrusion. A similar result is 
obtained i f energy is considered. 

These calculations demonstrate that the seismicity may be 
attributed entirely to a cooling volume and that it is likely that 
much aseismic widening occurs after the initial fracturing. 

There have been other reports of anomalous radiation patterns 
from the MAR and its continuation onto the Icelandic land-
mass1"4. For these events, dilatational arrivals occupy less than 
half of the focal sphere. Interpreted in terms of source mechan
ism this also requires a net explosive component. In the case 
of large, teleseismically recorded events, where lower hemi
sphere polarity plots are made, explanations for the observed 
anomalous radiation patterns may readily be found by invoking 
interference, or path effects where the events are shallow and 
in areas of active volcanism, where severe crustal inhomogeneity 
is to be expected16,17. However, in the Hengill case we are dealing 
with shallow earthquakes, upper hemisphere plots and a well 
constrained crustal structure. Many of the events exhibit extreme 
non-dipolarity and occur interspersed with double-couple sour
ces. Here it is less easy to explain away the anomalous events 
as the result of a path effect. 

We conclude that the Hengill source mechanism data indicate 
that at this point on the accreting plate boundary stress is being 
released by tensile crack formation. These data strongly suggest 
that such sources can occur in nature in a tensile stress environ
ment. Thus, more credence should be given to the theory that 
the anomalous radiation patterns reported for MAR earthquakes 
are due to source effects, particularly an enhanced explosive 
element leading to volume increase at source, as a result of the 
crustal accretion process. 

Shear source mechanism solutions are commonly fitted to 
data that are not sufficient to constrain such a solution. The 
present results suggest that the custom of routinely fitting double-
couple solutions to inadequate data should be viewed more 
critically. 
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Abstract—This paper reviews the use of earthquake studies in the field of geothermal exploration. Local, 
regional and teleseismic events can all provide useful information about a geothermal area on various 
scales. It is imperative that data collection is conducted in properly designed, realistic experiments. 
Ground noise is still of limited usefulness as a prospecting tool. The utility of the method cannot yet be 
assessed because of its undeveloped methodology and the paucity of case histories. 

INTRODUCTION 

Volcanism, tectonic activity and seismicity often occur side by side. This, in turn, results in 
the commonly observed association of geothermal areas and seismicity. That the seismicity of a 
geothermal area is often different f rom that of the surrounding region was first established in 
Iceland (Ward et al., 1969; Ward and Bjornsson, 1971), and its potential as a prospecting tool 
quickly pointed out (Ward, 1972). 

In the intervening years substantial advances have been made in the development of a 
methodology. In common with all other geophysical exploratory disciplines, the passive seismic 
method has both advantages and disadvantages. It can supply information that is unobtainable 
otherwise, and is most useful when results are reviewed in the light of information obtained by 
other exploratory methods. The fact that the method has received relatively little attention as a 
prospecting tool has doubtless much to do with the unconstrained and poorly understood 
nature of the energy source, which, in the case of local earthquakes, is, in part, a measure of 
our lack of understanding of geothermal areas. However, interest has increased with the greater 
keenness in exploiting geothermal resources, and at present ideas and theories are rather more 
numerous than case histories. 

This paper aims at presenting a brief review of the main results obtained by application of the 
passive seismic method to the field of geothermal prospecting, together with illustrative case 
histories. A minimum of reference wil l be made to the voluminous speculation which appears in 
the literature. 

SEISMICITY OF GEOTHERMAL AREAS 

Many geothermal areas exhibit a higher background seismicity than their surrounding 
regions (e.g. Ward et al., 1969; Ward and Bjornsson, 1971; Marks et al., 1978; Conant, 1972) 
whereas others have a similar seismicity to the regional (e.g. Evison et al., 1976; Majer, 1978; 
Hunt and Latter, 1979) or even define a seismic gap (e.g. Steeples and Pitt, 1976; McEvilly et 
al., 1978b). 

Certain aspects of the seismicity of some seismically active geothermal areas have been related 
to the regional. For example, the South Iceland zone of destructive historic earthquakes extends 
into the Hengill geothermal area (Bjornsson and Einarsson, 1974). Focal mechanism solutions 
of earthquakes in The Geysers area, California, are consistent with the regional Coastal Range 
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tectonics (Bolt et al., 1968). Majer and McEvilly (1979) concluded that in The Geysers area the 
direction of failure is controlled by regional stress, whilst the rate of failure is controlled by 
local stress levels. 

It may be concluded, therefore, that in many cases the location of a geothermal area 
coincides with an area where regional stress is being released at a different rate to the 
surrounding areas. The differences in the seismicity of different geothermal areas may hence 
reflect differences in the regional tectonics of the areas in question. 

For example, the Krafla geothermal area lies within the Northern Volcanic Zone of Iceland, 
(Bjornsson et al., 1977; Bjornsson et al., 1979) whereas the Hengill geothermal area lies at a 
triple junction where the Reykjanes Peninsula, the Western Volcanic Zone and the South 
Iceland Seismic Zone meet (Foulger and Einarsson, 1980). There is evidence that the Hengill 
area has displayed fairly continuous seismicity, with events up to magnitude 6, over the last half 
century, whereas no such seismicity is recorded f rom the Krafla area (Tryggvason, 1973; 
Tryggvason, 1978a; 1978b; Tryggvason, 1979). The two areas hence lie in contrasting regional 
tectonic settings, and display contrasting seismicity patterns. It may be that the ongoing 
seismicity of the Hengill area is intimately related to the proximity of the South Iceland zone of 
destructive historic earthquakes. 

Variations in the seismicity within a large geothermal area may correspondingly reflect 
variations in tectonics within the area. For example, Smith et al. (1974) interpreted spatial and 
temporal variations in seismicity in the Yellowstone geothermal area in terms of contrasting 
crustal structure inside and outside the caldera. 

LOCAL EARTHQUAKES 

Spatial distribution 
The spatial epicentral distribution of local earthquakes and its relation to surface features has 

provided insight into the geographical distribution of high temperature areas. The positions of 
high temperature areas on the Reykjanes Peninsula have been correlated with the points where 
fissure swarms cross the trace of the plate boundary as defined by earthquake epicenters (Klein 
et al., 1977). 

Marks et al. (1978) correlated the spatial distribution of microearthquakes in The Geysers 
area with two pressure sinks in the steam field. A well-defined westward dipping seismic gap 
between them was interpreted as an unfractured, impermeable barrier separating the two 
discrete sinks. Denlinger and Bufe (1980) likened the spatial distribution of The Geysers 
earthquakes to a two-stemmed mushroom occupying the zone of pore pressure decline, f luid 
withdrawal and negative reservoir dilation. 

Microearthquakes located in the Ahuachapan geothermal area were found to define a plane 
of activity extending down to 6.5 km depth (Fig. 1). The interpretation that this plane of 
activity defines a fault that allows hot water to circulate to the surface was supported by 
evidence f rom borehole data and surface tectonics (Ward and Jacob, 1971). 

Combs and Hadley (1977) likewise inferred the presence of a fault passing through the East 
Mesa geothermal area, California, on the basis of microearthquake locations. 

Variations in the pressure and temperature conditions in the crust can also cause variations in 
seismicity. Laboratory experiments have demonstrated that a mechanism known as 
"stick-slip", where motion occurs as a series of discrete, rapid slips, occurs most readily at high 
pressures and low temperatures. This implies that the maximum depth at which earthquakes 
occur may be temperature dependent, and thereby of possible use as a geothermometer (Brace 
and Byerlee, 1966; Brace and Byerlee, 1970). Majer (1978) found that depths of 
microearthquakes beneath Grass Valley, Nevada, were within the range 0 - 8 km, contrasting 



Geothermal Exploration and Reservoir Monitoring 261 

S E I S M O M E T E R 
S I T E 

A 

FAULT B R E C C I A 
1 IN W E L L 

U J 3 

LU 
CO H Y P O T H E S I S E D 

F A U L T 

LU 

N80 W 
0 | — 

S 8 0 E 

7 0 1 2 
DISTANCE {km) 

3 

Fig. 1. Earthquake hypocenters projected on a vertical plane striking S80°E through the Ahuachapan geothermal area, 
70 km WNW of San Salvador, EI Salvador. Rectangles denote approximate precision in location. (Adapted from Ward 

and Jacob, 1971.) 

with the typical 10-15 km for the region. This was thought to suggest a broad, shallow high 
temperature regime. Majer and McEvilly (1979) noted that the maximum depth of earthquakes 
beneath The Geysers area is 5 km as compared to 11 — 12 km for the surrounding region, and 
interpreted this as indicating elevated temperatures at 4 —5 km depth. They also noted that 
earthquake activity tended to occur at the edges of, and not within, the production zone itself. 
This was interpreted as indicating relatively high pore pressure gradients at the edges of the 
field, and low pressure and high temperatures within i t . The random distribution o f events and 
lack of event migration was considered to indicate the intensely fractured state o f the area and 
the lack of throughgoing faults. 

Walter and Weaver (1980), in a study of the Coso Range, California, found no anomalous 
hypocentral depth distribution beneath the Coso geothermal field, which they concluded to 
indicate the absence of liquidus temperatures at shallow depths. 

Chronological distribution 
Microearthquakes f rom The Geysers production zones display a relatively high b value., i.e. 

an unusually high preponderance of small magnitude shocks (Marks et al., 1978; Majer and 
McEvilly, 1979). This implies that the reservoir rocks are in a low stress state. Spectral analysis 
confirms this. The high b value also indicates that the microearthquake activity probably results 
f rom crack closing and sliding rather than the propagation o f new fractures. I t could also be an 
indication o f structural heterogeneity and induced seismicity. 

Cavit and Hadley (1980) considered the lack o f temporal clustering in events in The Geysers 
area to indicate that the geothermal wells affected normal seismicity. 

Walter and Weaver (1980) found a relatively high b value at shallow depths beneath the Coso 
geothermal area. This was interpreted as indicating short average fault lengths, and less 
likelihood of a large earthquake occurring within this volume of rock than outside i t . 
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Estimates of Poisson's ratio 
Poisson's ratio may be estimated by examining the relative travel times of compressional and 

shear waves f rom different microearthquakes to individual stations. Laboratory experiments 
indicate that dry rocks display a lower Poisson's ratio than wet ones. Somerton (1978) made 
laboratory measurements of Poisson's ratio in both dry and water-saturated sandstones f rom 
the Cerro Prieto (Mexico) geothermal field and obtained values of 0.1 for the dry and 0.3 for 
the wet samples. Majer and McEvilly (1979) obtained values for Poisson's ratio for The 
Geysers, by the passive seismic method, and obtained values of 0.15 - 0.2 inside the production 
zone, and higher values outside i t . The low value obtained was thought to reflect steam 
domination of the reservoir rocks. Low values were also obtained for the Coso Hot Springs 
area (Combs and Rotstein, 1975) and interpreted as indicating vapour domination. 

Studies of water-dominated fields, however, have yielded higher values, typically 0.4, e.g. the 
East Mesa (California) field (McEvilly et al., 1978b), and the Cerro Prieto (Mexico) field 
(Majer and McEvilly, 1978a). Estimates of Poisson's ratio, obtained by the passive seismic 
method, are hence demonstratively useful in indicating degree of water saturation within the 
reservoir. 

Source properties 
Studies of the spectra of compressional and shear waves of microearthquakes f rom The 

Geysers also yielded exclusive information, especially when supplemented with data obtained 
f rom explosion seismology, using the same recording network. An estimate of the volume 
decrease attributable to seismic failure in the area was found to be much less than that which 
would be attributable to f luid withdrawal (Majer and McEvilly, 1979). In the absence of 
aseismic crustal adjustment, the difference must be taken up by re-injection and reservoir 
recharge. 

Evidence of uniform source dimensions (50 m) for these microearthquakes was also 
obtained, compatible with low pressure and constant permeability and porosity. 

Many focal mechanism studies have been done which give information about the strike and 
dip of active faults, and the direction of movement over the fault plane (e.g. Klein et al., 1973; 
Majer and McEvilly, 1979). 

Seismic attenuation 
Information about Q (the quality factor, or the inverse of the attenuation) was also obtained 

for The Geysers by combining explosion seismological data and data f rom spectral analyses of 
microearthquakes. Estimates of Q for both compressional and shear waves were obtained. 
Variations in Q may be interpreted in terms of variations in the degree of water saturation, 
pressure, temperature, the presence of gas, partial melting and degree of compositional 
heterogeneity. 

For The Geysers it was found that Q was high at shallow depths within the production zone, 
and low below it . This is interpreted as a reflection of the low pressure and the low degree of 
water saturation within the production zone, and higher pressure and degree of saturation 
below it (Majer and McEvilly, 1979; Kjartansson and Nur, 1981). 

At the Cerro Prieto field, spectral analysis of a regional earthquake indicated significant 
variations in attenuation within the production zone, thought to be associated with subsurface 
faulting, alteration by precipitation and variations in sediment thickness (Majer and McEvilly, 
1978). 

At Grass Valley, Nevada, Majer (1978) detected clear high frequency attenuation of both 
earthquake and explosion generated seismic waves passing through the immediate area of the 
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hot springs. This was attributed to effects within the upper 1 km of the crust beneath the 
springs. 

At Sierra La Primavera, Mexico, McEvilly et al. (1978a) observed substantial differences in 
the attenuation of body waves of regional events, which they attibuted to the effects of the 
upper few kilometers of crust, possibly a shallow zone of partially molten material. 

In Long Valley Caldera (California), H i l l (1976) detected clear high frequency attenuation of 
explosion generated seismic waves passing at shallow depths beneath a region of hydrothermal 
alteration and hot spring activity. This could be caused by crustal heterogeneity, or indicate that 
the system reaches near boiling pressure at the depths penetrated by the seismic energy 
(Kjartansson and Nur, 1981). Unusually high attenuation of explosion generated seismic waves 
has also been reported f rom geothermal areas at Wairakei (Modriniak and Studt, 1959), 
Broadlands (Hochstein and Hunt, 1970) and Kawerau (Studt, 1958), New Zealand; 
Matsukawa, Japan (Hayakawa, 1970); and Coso Hot Springs, California (Combs and 
Jarzabeck, 1977). 

Monitoring operations 
Earthquakes provide one of the few means for continuous monitoring of the whole field, 

both before and after production has commenced. With the latter aim in mind, it is very 
important to commence data collection prior to exploitation so that seismicity during 
exploitation can be compared to pre-exploitation data. 

There are many examples of changes in surface geothermal activity consequent to 
earthquakes. For example, changes in the eruptive cycle of Old Faithful Geyser, and also effects 
on hot springs in Yellowstone have been correlated to seismic activity (Rinehart, 1969; Rinehart 
and Murphy, 1969; Marler, 1964). Dramatic changes in the Geysir area in Haukadalur, 
Iceland, have been noted on several occasions, accompanying large destructive earthquakes in 
southern Iceland (Einarsson, 1964). 

Significant changes in surface thermal activity have also accompanied earthquake swarms, 
e.g. in Reykjanes, Iceland (Ward et al., 1969; Tryggvason, 1970) and the Krafla area, Iceland 
(Bjdrnsson et al., 1977, 1979; Einarsson and Brandsdottir, 1980). Periodic variations in the 
discharge and temperature of thermal water in the Kagai hot spring area, Japan, has been 
correlated to changes in seismic rate within the Matsushiro sequence (Kasuga, 1967). 

Data f rom The Geysers area, California, suggest that microearthquake activity has increased 
by a factor of 10 in the past 7 years. This has been attributed to accelerated f lu id withdrawal 
and re-injection (Marks et al., 1978; Majer and McEvilly, 1979; Denlinger and Bufe, 1980). The 
apparent increase in the frequency of large events may also be attributable to the re-injection 
process. Majer and McEvilly (1979) considered the microearthquakes to indicate regions of 
expansion of the vapour-dominated zone, and the level of activity to be a measure of the degree 
of departure f rom a state of equilibrium. Migration of the active zones may thus indicate 
migration of the boundaries of the vapour-dominated zone. 

REGIONAL EARTHQUAKES 
Both regional and local events have been used in several instances to define areas of 

anomalous shear wave attenuation, interpreted as magma chambers in the crust and upper 
mantle. Some notable examples are studies done in the Katamai volcanic range, Alaska (Kubota 
and Berg, 1967; Matumoto, 1971); the Sulphur Springs geothermal region, St. Lucia, West 
Indies (Aspinall et al., 1976); at Socorro, New Mexico (Sanford et al., 1977a,b); and Krafla, 
Iceland (Einarsson, 1978). 
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Spectral analysis of seismic waves of regional earthquakes indicated anomalous P-wave 
attenuation in the East Mesa, California, area, and was presented as evidence for a magma 
chamber (Combs and Jarzabeck, 1978). 

TELESEISMS 

Teleseismic techniques can be used to obtain precise information f rom much greater depths 
than most conventional geophysical methods. A technique which has been used in geothermal 
exploration with good results involves accumulating records of distant earthquakes on a 
relatively dense network of stations over the area under investigation. Delays in the relative 
arrival times of the P-waves are then assessed for each station. The data can be used to estimate 
the size and position of low velocity bodies in the crust and upper mantle. Assuming that such 
delays are attributable to hot or partially molten rock, rough estimates of the total heat 
anomaly may be made. 

In the Yellowstone region, delays of up to 2 s were recorded on a dense network, and 
attributed to a zone of partial melting extending to a depth of 200 - 250 km, with a higher 
proportion of melt at shallow depths. The P-wave velocity within this body was estimated to be 
about 10% lower than that of the surrounding rocks. This would imply average temperatures of 
the order of 1000°C within the body (Iyer, 1979; Steeples and Iyer, 1976). 

Delays of up to 0.3 s were detected at the Long Valley geothermal area. Analysis of these 
data revealed that the anomalous body is probably shallower than 25 km, with a velocity 
contrast in the range 5 - 1 5 % . Steeples and Iyer (1976) found that a spherical body 14 km in 
diameter with its upper surface at 6 km depth was consistent with these and gravity observations 
(Fig. 2). The order of magnitude of the teleseismic delays indicated that temperatures within the 
body are such that some degree of partial melt must be present. The fact that teleseismic shear 
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Fig. 2. Sectional view of Long Valley Caldera. Stations within 1 km of section line have been projected on to the 
section. Model represents velocity contrast of 15% along heavy ray paths. Heavy lines on ray paths are proportional in 
length to delays detected along respective ray paths. Velocities outside the stippled zone are normal (6.0 km/s) and the 
effects of the upper 6 km of material (depth penetrated by refraction survey) have been removed. The circle is a 
sectional view of a sphere 14 km in diameter. A density contrast of 0.18 g/cm 3 would produce a 10 mGal gravity 

anomaly at the surface directly above the center of the sphere. (Adapted from Steeples and Iyer, 1975.) 
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waves were transmitted indicated, however, that either the molten portion of the body must 
exist in pockets less than 4 km in diameter (the approximate wavelength of the shear waves), or 
the body must have sufficient viscosity to transmit shear energy. S-waves f rom local 
earthquakes were found not to penetrate deep enough to sample the anomalous body. 

P-wave delays of more than 1 s have been observed in The Geysers - Clear Lake area. Iyer et 
al. (1979) postulated the existence of a magma chamber with a core of severely molten rock 
beneath M t . Hannah, to the NE of The Geysers area, and partially molten rock underlying The 
Geysers field itself. Both zones extend down to a depth of 20 km or more. 

Young and Ward (1978) analysed P-waves f rom over 60 teleseismic events recorded over the 
Coso Hot Springs, California, and modelled two-dimensional variations in attenuation. In a 
later study the model was extended to three dimensions (Young and Ward, 1980). Their method 
involves dividing the rock volume of interest into cells, and calculating the attenuation of each 
of these. Based on these data a model for the Coso Hot Springs KGRA is proposed with high 
attenuation at near surface ( 0 - 5 km), due to 'lossy' lithology or partial f lu id saturation; an 
intermediate fractured zone ( 5 - 1 2 km), through which heat is transferred by f luid movement; 
and a deep zone (12-20 km), containing intrusives or magma. A two-dimensional model has 
also been calculated for The Geysers - Clear Lake field, which indicates a high attenuation zone 
in a position corresponding to gravity anomalies and P-wave travel time residuals (Ward and 
Young, 1980). 

GROUND NOISE 

For completeness, some mention of ground noise should be made. The method commonly 
consists of sampling the ambient ground noise over the surface of the geothermal area with a 
dense station network. Two main lines of approach are followed. 

Firstly, the theory has been proposed that hydrothermal processes within reservoirs (e.g. a 
phase change) radiate seismic energy. To test this hypothesis noise levels are contoured on the 
surface in order to delineate noise sources. 

Secondly, consideration is taken of the type of elastic wave propagating, and processing then 
aimed at inverting the propagation characteristics to obtain information about the distribution 
of medium properties (e.g. seismic velocity and attenuation), and the location of sources. 

High levels of ground noise have been detected at many sites in the vicinity of hot springs and 
geysers, and some evidence presented for the existence of radiating sources at shallow depths. 
For example, at Grass Valley, Nevada (Liaw and McEvilly, 1979); Long Valley, California (Iyer 
and Hitchcock, 1976); and Yellowstone National Park (Iyer and Hitchcock, 1974). A t Wairakei 
and Waiotapu, New Zealand, depths of less than 200 m were attributed to noise sources 
beneath sites of surface activity (Whiteford, 1975). There is also some evidence that geothermal 
areas with no visible surface expression may not be noise emitters, e.g. East Mesa, California 
(Iyer and Hitchcock, 1975) and Kurobe, Japan (Ehara and Yuhara, 1978). As yet, no deep 
subsurface emitter has been located. 

Formidable difficulties are associated with the application of this method to geothermal 
prospecting. The greatest of these are high levels of cultural and meteorological noise 
interference, laterally variable and unassessable ground amplification (due to variable geology), 
and poorly constrained crustal models. The lack of station correlation prohibits the location of 
sources, and powerful surface sources such as hot springs mask weaker seismic waves f rom 
buried emitters, so amplitude mapping wil l only yield information about shallow sources. In 
order to demonstrate the existence of body waves radiated by deep emitters within geothermal 
systems, large station arrays and sophisticated processing methods would be necessary. 

Analysis of ground noise remains, as yet, a tool of very limited applicability in geothermal 
prospecting. 



266 G. Foulger 

FURTHER DEVELOPMENTS 

The main points emerging f rom a review of the use of the passive seismic method as a 
prospecting tool at present is that there is a paucity of case histories, and no well-developed 
systematic methodology for the delineation of anomalous portions of the crust, with the 
possible exception of the treatment of teleseisms. Indeed, results may be contradictory, or 
ambiguous in the light of parallels drawn with laboratory experiments, or at best difficult to 
interpret. On the positive side, however, seismic monitoring is cheap, has yielded valuable 
information about reservoirs in many cases, and can be used to 'see' much deeper than 
conventional geophysical methods. 

When exploration of a prospect commences there is a strong case for conducting a 
preliminary monitoring experiment using a small number of stations, over as long a period as 
possible, in order reliably to assess the level, and temporal nature, of local and regional activity. 
Only then can a more sophisticated experiment be designed on a realistic basis. In areas which 
have a high seismicity prior to exploitation there is an especially strong case for commencing 
monitoring early, particularly i f injection wells are likely to be used. 

To the author's knowledge, The Geysers is the only exploited geothermal area where 
continuous seismic monitoring and spectral analysis was, and is, being done with a view to 
modelling the reservoir. 

Many questions remain to be answered before the potential utility of the method can be fully 
assessed, and many more case histories with intensive studies are necessary. The possibility of 
developing methods to map attenuating areas should be investigated. Spectral analysis, and the 
calculation of source characteristics could provide an answer to whether the phenomenon of a 
'geothermal' earthquake exists. Changes in the rate of seismicity due to production activities 
should be evaluated, and efforts made to f ind discriminants between natural and induced 
earthquakes. Finally, more laboratory work needs to be done to enable the results of seismic 
studies to be interpreted with a minimum of ambiguity, in terms of reservoir characteristics. 
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