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ABSTRACT 

During the present  tectonic activity in the 
volcanic rift zone in NE-Iceland it has 
become apparen t  tha t  the a t tenua t ion  of 
scismic waves is highly variable in the 
central  region of the Krafla volcano. Earth- 
quakes associated with the inflat ion of the 
volcano have been used to del ineate two 
regions of high a t tenua t ion  of S-waves 
within the caldera. These areas are located 
near  the center  of inflation, have horizontal  
d imensions  of 1-2 km and are in terpre ted  
as the expression of a magma chamber .  The 
top of the chamber  is const ra ined by hypo- 
central  locations and  ray pa ths  to be at 
about  3 km depth. Small pockets of magma 
may exist at  shal lower levels. The bo t tom 
of the chamber  is not well constrained,  but  
appears  to be above 7 km depth.  Generally 
S-waves propagate  wi thout  any anomalous  
a t tenua t ion  through layer 3 ( v , = 6 . 5 k m  sec ') 
across the volcanic rift zone in NE-Iceland. 
The rift zone therefore does not appear  to 
be under la in  by an extensive magma chamber  
at crustal  levels. The Krafla  magma chamber  
is a localized feature of the Krafla central  
volcano. 

I N T R O D U C T I O N  

T h e  K r a f l a  c e n t r a l  v o l c a n o  in NE- 
I c e l a n d  ha s  b e e n  go ing  t h r o u g h  a s e r i e s  
of  i n f l a t i o n - d e f l a t i o n  cycles  s ince  1975 
(BJ~JRNSS0N et al., 1977). M a g m a  is ap-  
p a r e n t l y  a c c u m u l a t i n g  a t  a fa i r ly  c o n s t a n t  
r a t e  at  the  d e p t h  of  a p p r o x i m a t e l y  3 k m  
b e n e a t h  t he  v o l c a n o  c a u s i n g  a s low 
in f l a t ion .  The  i n f l a t i o n  is i n t e r r u p t e d  b y  
s h o r t  p e r i o d s  of  r a p i d  d e f l a t i o n  w h e n  
m a g m a  is i n j e c t e d  h o r i z o n t a l l y  i n to  the  

r i f t  zone  t h a t  t r a n s s e c t s  t he  v o l c a n o  f r o m  
s o u t h  to  n o r t h .  

T he  s t r u c t u r e  of  t he  vo l can i c  r i f t  zone  
in N E - I c e l a n d  is d o m i n a t e d  b y  N N E -  
t r e n d i n g  f a u l t  s w a r m s  t h a t  a r e  a r r a n g e d  
en dchelon w i t h i n  t he  N-S t r e n d i n g  zone  
(Fig. 1). Seve ra l  of  t h e s e  s w a r m s  p a s s  
t h r o u g h  c e n t r a l  v o l c a n o  c o m p l e x e s  w h e r e  
ac id ic  r o c k s  a n d  g e o t h e r m a l  a c t i v i t y  a r e  
c o m m o n  a n d  vo l can i c  ac t i v i t y  is h i g h  
(SAEMUNDSSON, 1974). A few of  t h e s e  
c e n t r a l  v o l c a n o e s  s u c h  as  the  K r a f l a  
v o l c a n o  h a v e  d e v e l o p e d  c a l d e r a s .  The  
K r a f l a  c a l d e r a  was  f o r m e d  in t he  l a s t  
i n t e r g l a c i a l  p e r i o d  a n d  h a s  s ince  b e e n  
f i l led w i t h  v o l c a n i c  p r o d u c t s .  

T he  p r e s e n t  a c t i v i t y  of  t h e  K r a f l a  
v o l c a n o  a n d  the  a s s o c i a t e d  fau l t  s w a r m  
h a s  b e e n  a c c o m p a n i e d  by  c o n s i d e r a b l e  
s e i s m i c  ac t iv i ty ,  b o t h  e a r t h q u a k e s  a n d  
c o n t i n u o u s  vo l can i c  t r e m o r .  S o o n  a f t e r  
t h e  i n c r e a s e  in s e i s m i c  ac t iv i ty  in 1975 it 
b e c a m e  a p p a r e n t  t h a t  t he  a t t e n u a t i o n  of  
s e i s m i c  waves ,  e spec ia l ly  S-waves ,  w a s  
ve ry  v a r i a b l e  in the  K r a f l a  a rea .  P e r i o d s  
of  h igh  s e i smic  a c t i v i t y  in  the  c a l d e r a  
a n d  a r e c e n t l y  i n s t a l l ed  n e t w o r k  of  s h o r t  
p e r i o d  s e i s m o g r a p h s  h a v e  o f f e r e d  a r a r e  
o p p o r t u n i t y  to  s t u d y  the  S-wave  a t t e n u -  
a t i o n  in t he  c e n t r a l  r eg ion  of  i n f l a t i o n .  
T h i s  p a p e r  d e s c r i b e s  t h e  f i r s t  r e s u l t s  of  
such  a s t u d y  in the  K r a f l a  reg ion .  

S-Wave a t t e n u a t i o n  h a s  b e e n  s t u d i e d  
b e f o r e  ira o t h e r  vo l can i c  reg ions .  GORSHKOV 
(1958) u sed  the  d i s a p p e a r a n c e  of  S-waves  
to i n f e r  the  p r e s e n c e  of  a m a g m a  
c h a m b e r  a t  the  d e p t h  of  60-80 k m  u n d e r  
the  K l y u c h e v s k a y a  v o l c a n o  in K a m c h a t k a .  
S i m i l a r  r e s u l t s  h a v e  b e e n  o b t a i n e d  by  
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FEDOTOV and FARBEROV (1966) in Kamchatka,  
KUBOTA and BERG (1967) and MATUMOTO 
(1971) in the Katmai  volcanic range in  
Alaska and ASPINALL e t  al. (1976) in St. 
Lucia in the West Indies. Recently 
evidence has accumulated that indicates 
the presence of crustal  magma bodies in  
the Socorro area of the Rio Grande Rift 
in New Mexico (SANFORD et  al., 1977a, b). 
This conclusion is par t ly  based on the 
screening of SV-waves from local earth- 
quakes. 

Abnormal  a t tenuat ion  of S-waves is 
also reported from the mid-ocean ridge 
system. MOLNAR and  OLIVER (1969) found 
that  Sn-waves propagate inefficiently 
across the mid-ocean ridge system and 
the concave side of most  island arcs. 
SOLOMON (1973) found that  long period 
shear waves from an earthquake in the 
Charlie-Gibbs Fracture Zone that  passed 
under  the southern end of the Reykjanes 
Ridge were strongly attenuated.  REID et 
aI. (1977) found a zone of high S-wave 
a t tenuat ion  that coincides with the crest 
of the East Pacific Rise near  21°N. 

INSTRUMENTATION 

The locations of the seismograph 
stat ions used for this study are shown 
in Fig. I. Six of these stations are per- 
manen t  and  are a par t  of a larger 
network that  covers most  of the volcanic 
and  seismic zones of Iceland. The stat ions 
SD and SN were temporary  stations, 
operated in snow huts in March and 
April 1977. All the ins t ruments  were made 
at the Science Ins t i tu te  of the University 
of Iceland and are of s imilar  design. The 
ins t rumen t  consists of a vertical geo- 
phone with 2-3 Hz na tu ra l  frequency, an 
amplif ier  with variable gain and filter 
settings, and  a d rum recorder. A contin- 
uous radio t ime signal is recorded with 
the seismic signal, thus t ime corrections 
are eliminated. 

The pass-band of the ins t rument  is 
between 3 and 30 Hz, l imited by the 
na tu ra l  frequency of the geophone at the 
low frequency end and the pen motor  
of the recorder at the high frequency end. 

The peak of the displacement response is 
between 10 and  15 Hz. Peak magnificat ion 
depends on noise conditions, bu t  104 is 
frequently used. These ins t ruments  are 
ideally suited to record small local earth- 
quakes in the presence of large micro- 
seismic disturbances.  
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FIG. I - Index map showing the structure 
of the volcanic zone of NE-Iceland and 
the location of the seismograph stations 
used in this study. The fault swarms and 
the Krafla caldera fault are drawn after 
BJtiR~SSON et al. (1977). 

THE DATA AND DATA ANALYSIS 

During the period February-September 
1976 the caldera region at Krafla was in 
a state of inflation. The elevation of the 
central  par t  of the caldera increased by 
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5-7 m m  per day (BJORNSSON et  al., 1977). 
Ear thquake  activity in the caldera 
increased in June  and cont inued increas- 
ing until  the end of September ,  when it 
s topped abrupt ly  during a small deflation 
event. Three subsequent  inflation periods 
were also accompanied by increased 
ear thquake activity within the caldera, in 
October 1976, January  1977 and March- 
April 1977. These ear thquakes  were clearly 
related to the inflation process, and none 
of them reached magni tude 4. Earth- 
quakes used in this study were  mostly 
from August-September 1976 and  the first 
half of March 1977. 

A version of the computer  program 
HYPOELLIPSE (LAIqR and WARD, 1976) 
was used for the location of the earth- 
quake hypocenters.  The input 4o the 
program consists of the velocity s t ructure  
of the crust, station correct ions with 
respect to Ibis s t ructure  and the arrival  
times of P-waves at the stations. S-wave 
arrival times are used whenever  they are 
available. The program computes  the 
origin time, the hypocentral  coordinates  
and their  s tandard errors.  

The velocity s t ructure  of the Kraf la  
area was derived from an extensive 
refraction survey done in NE-Iceland by 
the National Energy Authority in 1971-73. 
An average crustal s t ructure  was found 
from a composi te  travel t ime diagram 
using all the available travel times. 
Station correct ions with respect to this 
s t ructure  were found by setting of an 
explosion in the cra ter  lake Viti that is 
located within the epicentral  zone in the 
central part of  the Krafla caldera. 

The accuracy of the hypocentral  loca- 
tions depends on a number  or factors, 
such as the accuracy of arrival t ime 
readings, the number  of arr ival  t imes 
used and the geometr ical  a r rangement  
of stat ions wi th  respect to the hypo- 
center. The hypocenters  of ear thquakes  
used in this study are located with 
s tandard e r ro r  less than 1 km in all 
directions, and the RMS-value of the dif- 
ference between calculated and observed 
travel t imes is 0.1 sec. or less. Errors  in 
the vertical direction are usually larger 
than the horizontal errors.  

More than 95 % of all ear thquakes  
within the caldera have calculated depths 
shal lower  than 4 kin, and depths are 
fairly evenly dis t r ibuted in the range 0-4 
km. Allowing for the e r ror  in location, 
one can conclude that  most  ear thquakes  
are located in the depth range 0-3 km. 
The ear thquakes  below 4 km are most ly  
deeper  than 7 kin, i.e. almost  no earth- 
quakes are located in the depth range 
4-7 km. 

THE S-WAVE SHADOWS 

Ear thquakes  in the caldera region of 
the Krafla volcano have very variable 
appearance on the se ismograms at local 
seismic stations. The most  conspicuous 
feature is the absence or  the small 
ampli tude of S-waves on a large pro- 
port ion of the recorded earthquakes.  At 
a few of the stations, especially the 
stations RI, GS and SN, the ear thquakes  
can be separated into groups depending 
on whether  the S-wave is recorded or  
not. The stat ions SD, GD and KR are too 
close to the ear thquake sources for a 
clear separat ion of P- and S-waves, and 
on the way to the stations HU and SS 
the seismic waves appear  to suffer  
additional dis tort ion from structures  
outside of the caldera region of Krafla.  
Se ismograms of typical ear thquakes  
recorded at RI and SN are shown in 
Fig. 2. The separat ion of the ear thquakes  
into groups is done by visual inspection 
of the paper  records. A wave t ra in  was 
classified as a t tenuated only if there was 
no increase in ampl i tude  visible af ter  the 
max imum P-wave ampli tude.  

There can be several reasons for the 
absence of S-waves on a seismogram. 
The ear thquake  source may be purely 
explosive or  implosive and be spherically 
symmetr ical ,  and would thus not produce  
any S-waves. Even if the source is of the 
double couple type, the se ismograph 
stat ion may be located on a nodal surface 
for the SV-wave. Finally the S-wave 
could be a t tenuated by a fluid or semi- 
fluid body located in the wave path  
between the source and the station. 
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Fig. 2 - Seismogram sec- 
tions from the stations RI 
(a) and SN (b and c). 
The small tick marks are 
second marks. Typical 
earthquakes with clear S- 
waves (a and c) and wi- 
thout S-waves (a and b) 
can be seen, 
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Fit;. 3 - S-wave paths to the station RI. 
Epicenters of earthquakes that are recorded 
with a clear S-wave are marked with a 
black dot, open circles denote earthquakes 
with no recorded S-wave at RI. Earthquakes 
of intermediate character are mar'ked x~'ith 
X. Areas of maximum attenuation of S-waves 
are delineated. The caldera fault is dra~ua 
after BJ/JRSSON e t  al. (1977). 

In the case of the Krafla ear thquakes 
the first reason can be excluded on the 
basis of P-wave first mot ion data. 
Fur thermore ,  many ear thquakes are 
recorded with S-waves at one station but 
without  S-waves at another  station. 

Focal mechanism effects are not con- 
sidered to be a likely explanation for 
the absence of the S-waves. The large 
proport ion of ear thquakes  without  S- 
waves would require extremely high 
regulari ty in the focal mechanisms which 
is hardly to be expected in the central  
region of an inflating volcano. The focal 
mechanism may be responsible for the 
absence of the S-wave in a few cases, 
but  not all. 

Assuming that the absence of S-waves 
is caused by at tenuat ion along the wave 
paths one can a t tempt  to map the 
regions of max imum attenuation.  Relative- 
ly accurate  ear thquake locations and a 
large number  of ray paths are needed 
for a meaningful  study of this sort. The 
seismic stations RI, GS and SN are used 
in this study since the separat ion be- 
tween the different types of wave trains 

is most  clearly seen at these stations. In 
Figs. 3, 4 and 5 the wave  paths  a re  
marked  along which clear  S-waves have 
been t ransmit ted.  No abnormal  attenua- 
tion seems to take place in regions 
crossed by such paths. I n  part icular ,  
a t tenuat ion appears  to be normal  in mos t  
of the SW-part of the caldera  (Fig. 3) 
and in areas adjacent  to the caldera. S- 
waves propagate  across the rift  zone to 
the stat ion GS without  much  attenuation.  

Epicenters  of ear thquakes  that are 
recorded without  S-waves at the respec- 
tive station are marked  with open circles 
in Figs. 3, 4 and 5. By combining the 
data from all three stat ions one can find 
the approximate  boundaries  of the at- 
tenuating regions. Two separate  areas 
appear  to be largely responsible for the 
disappearance of the S-waves. One area 
is located in the eastern and south- 
eastern part  of the caldera. This area is 
delineated most ly by waves recorded at 
RI and GS (Figs. 3 and 4). The other  area 
is located in the western  part of the 
caldera and is delineated by waves 
recorded at RI and SN (Figs. 3 and 5). 
This area is displaced slightly to the nor th  
with respect to the epicentral  area. Most 
ear thquakes  in the western part  of the 
caldera are thus recorded with a clear 
S-wave at RI, but at SN the S-wave is 
missing on a large major i ty  of the earth- 
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Flu. 4 -  S-wave paths to the station GS. 
Symbols as in Fig. 3. Numbers show the 
depth of earthquakes that are deeper than 
5 kin. 



192 P. EINARSSON 

quakes.  The southern  bounda ry  of the  
a t tenua t ive  a rea  is be t t e r  defined than  
the no r the rn  boundary .  The conclusion 
tha t  there  are  two areas  is mos t ly  based  
on the recording of S-wave at  RI  (Fig. 3). 
Several  rays pass  be tween the two areas.  
These rays are  shal low and the a t tenuat-  
ing body  may  be undiv ided  at  g rea te r  
depth.  
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FIG. 5 - S-wave paths to the station SN. 
Symbols as in Fig. 3. 

The orizontal  extent  of the a t t enua t ing  
zones is given in Figs. 3, 4 and 5. The 
d iamete rs  a re  of the o rde r  of 1-2 km. The 
ver t ica l  extent  is more  diff icult  to as- 
certain.  In  the ver t ical  d imension the 
wave pa th  is cr i t ical ly  dependent  on the 
depth  of the hypocenter  and  the velocity 
s t ructure ,  ne i ther  of which is well  enough 
known for a deta i led  mapp ing  of the  
a t tenua t ing  bodies.  One can, however,  pu t  
some cons t ra in ts  on the  upper  and lower  
boundaries .  

The hypocenters  a re  mos t ly  at  depths  
of 3 km or  less. The seismic rays  r ecorded  
at  RI,  GS and SN are  in most  cases 
cr i t ica l ly  re f rac ted  rays.  Because of the  
l imi ted  hor izonta l  extent  of the a t tenuat-  

ing bodies  and the i r  p rox imi ty  to the 
epicent ra l  zones one can  conclude tha t  
only a smal l  p ropor t ion  of the  rays  
reaches depths  grea te r  than 3 k m  in the  
areas  of a t tenuat ion.  The depth  to the 
uppe r  bounda ry  of the  a t tenua t ing  bodies  
is therefore  not  l ikely to be la rger  than  
3 km. On the o ther  hand,  the dep th  to 
the bounda ry  is not  l ikely to be much  
less than  3 km. The ear thquakes  are  
c lear ly  associa ted  wi th  the  inf la t ion  
process  of the  Kra f la  volcano and can be 
explained by  b r i t t l e  fai lure of the crus t  
above an inflat ing m a g m a  body.  This 
inf la t ing body  may  be smal l  and  is not  
necessar i ly  identical  wi th  the body tha t  
causes the at tenuat ion.  Br i t t le  fai lure is 
not  l ikely to occur  within the  a t tenuat ing  
body. The upper  l imit  of the body  is 
therefore  l ikely to coincide with  the depth  
where  the f requency of ea r thquakes  
begins to decrease,  which is about  the 
depth of 3 km. Small ,  d iscont inuous 
bodies may,  however,  occur  a t  smal le r  
depths.  The boundar ies  of the  a t tenua t ing  
zones d rawn in Figs. 3, 4 and 5 should 
be regarded  as contours  of the a t tenua t ing  
bodies at  the  depth  of approximate ly  
3 km. 

The lower  boundary  of the a t tenua t ing  
bodies is not  well  constrained.  Most  of 
the avai lable  seismic rays  cross the 
ca ldera  at  shallow levels and only few 
probe  the deeper  regions. The deeper  
rays have to come f rom re la t ively  deep 
ear thquaes ,  and  only three  ea r thquakes  
could be found that  were  usable  for  this  
study. All of them occur red  at  the depth  
of about  7 km (Figs. 4 and 5). The rays  
pass through the ca ldera  region without  
suffer ing much  at tenuat ion,  which indi- 
cates  tha t  the lower bounda ry  of the  
a t t enua t ing  bodies  is shal lower  than  7 km. 

LIMITATIONS OF THE METHOD 

The me thod  of analysis  as descr ibed in 
the previous  sect ion can only be appl ied  
successfully under  favorable  condit ions.  
The f irst  condi t ion is the avai labi l i ty  of 
a large n u m b e r  of seismic rays crossing 
the region to be studied.  One therefore  
needs e i ther  a large n u m b e r  of seismo- 
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graphs or  numerous  favorably located 
earthquakes.  The la t ter  condit ion was 
par t ly  fulfilled in the case of Krafla. 

Several  factors l imit  the resolution of 
the method.  Location errors,  the effects 
of  focal mechanism, ~fa lse~ S-waves, 
d i f f ract ion and lateral  refract ion blur  
the picture  of the bodies to be delineated. 

The location errors  in the case of 
Kraf la  were of the order  of l km in the 
horizontal  directions. For tunate ly  the 
dimensions of the at tenuat ing areas were 
somewhat  larger. Minor inconsistencies 
in Figs. 3, 4 and 5 can be accounted for 
by errors  in epicenter  locations. Obviously 
no consistent  results can be obtained in 
areas where the errors  are larger than 
the dimensions of the bodies to be 
delineated. 

In some cases the focal mechanism 
and the source-station relationship may 
be such that the station is located on a 
nodal surface for the SV-wave. The 
seismogram may therefore give the 
impression that the ray has passed 
through at tenuat ing material .  This effect 
is only rarely observed in other  seismi- 
cally active areas in Iceland and is not 
believed to be important  in Krafla, 
a l though it may cause inconsistency in a 
f e w  c a s e s .  

Waves other  than the S-wave may 
arrive late in the wave train and be 
difficult  to distinguish f rom a true S- 
wave. These may be reflected P-waves, 
converted waves or surface waves. An 
a t tenuated  wave train may thus be classi- 
fied as an unat tenuated  one and cause 
an apparent  inconsistency. 

The presence of an at tenuat ing body 
implies lateral heterogeneity in the struc- 
ture, which means that the seismic rays 
may be refracted horizontally. This effect 
may cause some uncer ta inty  in the lo- 
cation of the ear thquakes  and thus in the 
position of the boundary of the at- 
tenuat ing body, but  errors  exceeding 
1 km are not expected. 

Seismic waves will be diffracted 
around a body that has velocity different 
from its surroundings.  In particular,  S- 
waves will be diffracted around the 
at tenuat ing bodies delineated in this 

study. The bodies do not  cast  sharp, 
infinitely long shadows. Some S-wave 
energy is diffracted into the geometr ical  
shadow region with  the result  that the 
bodies appear  to be smal ler  than they 
really are. 

The diffract ion of  seismic waves has 
been studied theoret ical ly by many 
authors.  In general the sharpness of the 
shadow is dependent  on the wavelength 
relat ive to the dimensions of the dif- 
fracting body. The shadow is sharper  and 
deeper  for waves of higher  frequency. 
But there are also effects that depend 
on the shape of the body. 

TENG and RIcKa~S (1969) studied the 
diffract ion around a cylindrical cavity. 
In this case the effect on P-, SV-, and 
SH-waves is not equal. For a horizontal  
cylinder the half-ampli tude point is 
shifted outward  from the geometr ical  
shadow boundary, for P- and SV-waves 
but inward for SH-waves. The effect on 
the S-waves would be reversed for a 
vertical cylinder. There may thus be a 
broad region where the body has a 
polarizing effect on the S-waves. This 
effect was used by Kt~aOTA and BERt 
0967) to conclude that magma chambers  
in the Katmai Volcanic Range were of 
spheroidal shape with a horizontal  m a j o r  
axis. 

The effects of diffract ion l imit  the 
applicabili ty of the S-wave screening 
method in volcanic areas. Clearly the 
frequency of the available seismic waves 
sets a limit to the size of the magma 
chambers  that  can be detected. For  
op t imum results high frequency, three- 
component  seismographs should be used. 
In the Krafla area the energy of the S- 
waves is mainly within the frequency 
band 5-10 Hz, i.e. the wavelengths are of  
the order  of 300-600 m. This gives some 
idea of  the resolution. 

DISCUSSION 

The at tenuat ion effects in the Kraf la  
area are large, or  else a study of this sort 
would not give positive results. One can 
a t tempt  to give a m a x im u m  est imate  of 
the quality factor Qs in the a t tenuat ing 
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bodies. The a t tenuated  wave t ra ins  had 
no sign of an  S-wave, which means  that 
for some of them the S-wave mus t  have 
been a t tenuated by a factor of at least 
10. The wavelengths are 0.3-0.6 km and  the 
horizontal extent of the bodies is about  
1-2 km or 2-7 wavelengths. Attenuat ion 
by a factor of 10 in 7 wavelengths gives 
a Qs of 10. Thls is a max imum value, the 
t rue value is probably much lower. 

The a t tenuat ing bodies are located in 
the central  par t  of the Krafla caldera. 
In  other  areas of the world where 
abnormal  a t tenuat ion  of S-waves has 
been found, there also seems to be a close 
association with volcanism, and it is 
usually assumed that the a t tenuat ion is 
caused by magma. This in terpre ta t ion 
also seems to be the most  plausible one 
in the case of Krafla. Here the center  of 
inflat ion and deflation during the present 
tectonic and magmatic  activity is also 
near  the center  of the caldera (BJ~RNSSON 
et al., 1977; TRVC_,6VASON, 1978) which 
fur ther  s t rengthens the interpretat ion.  

The seismic evidence can give little 
informat ion  about  the internal  s t ructure  
of the magma chamber  at Krafla and 
only a rough idea about its shape. The 

chamber  ~ could be a massive lump of 
mol ten magma, bu t  it might also consist  
of a n u m b e r  of small, more or less 
interconnected chambers,  pockets, sills 
or  dykes. It  is probable that the inf lat ion 
presently taking place in the Krafla 
caldera is caused by a steady inflow of 
magma into this magma chamber  or 
some subdivision of it. Deflation events 
are caused by horizontal  injection of 
magma away from the central region of 
the Kraf la  volcano. 

The format ion of a magma chamber  
large enough to be detected by seismic 
waves is a process that  requires much 
time, probably a considerable part  of the 
life t ime of the volcano. Repeated 
inject ion of magma into the roots of a 
volcano results in elevated temperatures.  
Depending on the rate of inject ion and 
the rate of cooling the magma may stay 
in a molten state at some critical depth. 
Some remelt ing may take place in  the 
sur rounding  material .  The present  injec- 

t ion mechanism in the Krafla volcano is 
part icularly effective. Magma is brought  
from below to a depth of about  3 km 
where it stays for a while and delivers 
heat to the sur rounding  material.  Then 
the magma is injected horizontally away 
from the central  par t  of the volcano and 
is replaced by fresh magma  from below. 
Thus heat is delivered to the central  par t  
of the volcano with only l imited increase 
in volume. 

The magma chamber  of Krafla is 
located in the upper  par t  of and slightly 
above crustal  layer 3 (vp=6.5  km s -j) 
which is at the depth of about  3.5 km in 
this region ( P ~ s o N ,  1963). The depth 
to the bot tom of layer 3 is not accurately 
known in this region, bu t  is probably in 
the range 10-15 kin. S-waves are usually 
t ransmi t ted  efficiently through layer 3. 
In  par t icular  we note that S-waves from 
Krafla earthquakes are well recorded at 
the station GS which is located east of 
the volcanic rift zone. This means that 
S-waves are t ransmi t ted  across the rift 
zone at crustal  levels without any 
abnormal  at tenuation.  The a t tenuat ing 
bodies at Krafla appear  to be a local 
phenomenon associated with the central  
volcano and are not  a general feature of 
the rift zone. 

Only a par t  of the available data have 
been analyzed in this s tudy and inflation 
of the Krafla caldera continues at the 
t ime of writing. There is therefore no 
doubt  that the picture presented in this 
paper  will be improved and refined in 
the future. 

CONCLUSIONS 

The main  conclusions of this study can 
be summarized as follows: 
1. Two areas within the Krafla caldera 

have been delineated where S-waves of 
local earthquakes are strongly attenu- 
ated. 

2. The a t tenuat ion  is interpreted as being 
caused by magma in some kind of a 
magma chamber.  

3. The extent of the magma  chamber  can 
be est imated by seismic ray tracing 
and the location pat tern  of earth- 
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quakes wi thin  the caldera. The upper  
l imit  of the magma body is at the 
depth of about  3 km and the lower 
timit is probably shallower than 7 km. 
The body is divided near  its top. 

4. The volcanic rift  zone in Nor thern  
Iceland is not under la in  by a contin- 
uous magma chamber  at crustal  
levels. The Krafla  magma chamber  is 
a localized feature of the Krafla 
central  volcano. 
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