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Abstract 

The July 1978 deflation of the Krafla volcano in the 

volcanic rift zone of NE-Iceland was in most respects 

typical of the many deflation events that have occurred 

at Krafla since December 1975. Separated by periods of 

slow inflation, the deflation events are characterized 

by rapid subsidence in the caldera region, volcanic tremor 

and extensive rifting in the fault swarm that transsects 

the volcano. Earthquakes increase in the caldera region 

shortly after deflation starts and propagate along the 

fault swarm away from the central part of the volcano, 

sometimes as far as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 5  km. The deflation events are 

eted as the result of subsurface magmatic move- 

ments, when ma from the Krafla reservoir is injected 

laterally into fault swarm to form a dyke. In the 

July 1978 event magma was injected a total distance of 

30 km into the northern fault swarm. The dyke tip propa- 

gated with the velocity of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.4-0.5 m/sec during the first 

9 hours, but the velocity decreased as the length of ‘the 

dyke increased. ‘Combined with surface deformation data, 

these data can be used to estimate the cross sectional 

area of the dyke and the driving pressure of the magma. 

The cross sectional area is variable along the dyke and 

is largest in the regions of maximum earthquake activity. 

The average value is 1200 m2. The pressure differ- 
ence between the magm ervoir and the dyke tip was of 

the order of 10-40 bars and did not change much during 

the injection. 

Key words : Krafla volcano - Iceland’. 
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Introduction 

On July zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 1978 rapid subsidence started in the 

caldera region 

canic rift zone of NE-Iceland, and during the following zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 days the central part of the caldera subsided about 60 

cm. This deflation event was the nineth in a series of 
such events that has been in progress since December 20, 

1975. The tectonic setting and the course of events of 

this activity have previously been described in some 

detail in the literature (e.g. Bj6rnsson et al., 1977 and 

1979; Einarsson, 1978; Brandsdbttir and Einarsson, 1979) 

and will not be repeated here. 

f the Krafla central volcano in the vol- 

In the time intervals between the deflation events, 

the Krafla volcano inflates at a relatively constant rate. 

The inflation has been interpreted as the result of con- 

stant inflow of about 5 m /sec of magma o a magma reser- 

voir at the depth of abou 3 km under the central part of 

the caldera. This interpretation is supported by levell- 

ing, tilt, and 

1979; Tryggvaso 

geological association with the central volcano and 

existence of a zone of high S-wave attenuation near 

the center of inflation (Einarsson, 1978). 

Deflation events are characterized by rapid subsid- 
ence of the caldera region, continuous volcanic tremor, 

extensive rifting a Krafla fault 

swarm that crosses the 

kes begin within 

s as far as 

ke swarm ax 

often exceedin 

the area of maximum earthquake activity. Three of the 

deflation events have been accompanied by a small basaltic 
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pig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1. Index map of the northern part of the volcanic rift 
zone in NE-Iceland. 
The hatched areas are fault swarms as mapped by Kristjih 
Saemundsson in Bjornsson et al. 1977. The Krafla caldera is 
located within the Kr ault swarm. The stippled areas 
are the areas of maxi 
ent deflation events fla. Area no. 1 is the epicentral 
area of the first earthquake swarm of Dec. 1975-Feb 1976 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA; 

31 - Nov. 1 1976 ; no. 4, swarm of Jan. 1977 ; no. 5, swarm 

Dots mark permanent seismograph stations. 

rthquake activity during the differ- 

I no 2, a small swarm of Oct. 1-2 1976 ; no. 3, swarm of Oct. 

I of April 1977 ; no. swarm of Sept. 1977 ; a small swarm in 
I I Nov. 1977 could not located and is not shown ; no. 8, swarm 
I of Jan. 1978. The sey fault was delineated by seismicity 

(Einarsson, 1976) and the sense of fault displacement was 
derived from focalmechanismsolutions (Einarsson, 1979). 



tion in the caldera region. 

een the Krafla caldera, the Krafla fault swarm and 
The spatial relationship 

the epicentral areas of the different earthquake swarms 

is shown in Fig. 1 together with some of the major tect- 
onic elements of the active zones in NE-Iceland. 

et al. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1977) as the result of lateral migration of magma 

away from the reservoir under Krafla. This interpretation 
has since been supported by gravity and crustal defom- 

ation data (Bjornsson et al., 1979; Tryggvason, 1978 arb), 

seismological data (Brandsd6tti.r and Einarsson, 19791, 

and petrochemical data (Gronvold and MSkipSi, 1978). 

During the deflation event of September 1977, e.g., the 

propagation of the magma could be followed by the seis- 
The hypocenters migrated horizontally from 

the reservoir area southwards along the Krafla fault swarm 

to the Nhmafjall geothermal area, where small amounts of 

magma were subsequently erupted through a drill hole 

(Brandsdbttir and Einarsson, 1979). The maximum speed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
of migration 'was 0,5 m/sec. 

of seismic activity 

Krafla volcano is d umented, I 

of July 1978 magma was inje zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 the fault swarm to 

the north of the caldera, a a1 distance of 30 km. 

The deflation events re interpreted by Bjornsson 

ic events. 

In the present paper another case of lateral migration 

ssociated with deflation of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 

The course of events 

After the d t of January 197y t 

a1 rate. Towards the end of 

era region was approaching 

nuary deflation. A new zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, 

ciated with an eruption, 

r. Monitoring of the area 
was therefore intensified and several portable seismographs 

were set up in the caldera region and south of it, The 
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seismic activity of the area.was low, of the order of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1-2 locatable micr arthquakes per day. 

Slow deflation rted on July 10 at about 11 h. 

(all times are UTC) ording to the continuously record- 

ing tiltmeter near the Krafla power house that is located 

within the caldera (Tryggvason, 1978~).  The rate of tilt- 

ing increased and when continuous tremor appeared on the 

seismograph station GD (Fig. 1) shortly before 17 h. it 

was clear that a deflation event had started. Earth- 

quakes were small in the beginning but increased gradu- 

ally in magnitude and number. 

in the northern part of the caldera and north of it, 

wh indicated that the magma was injecting into the 

northern fault swarm. The tilt rate and the volcanic 

tremor reached a maximum at about 20 h. and then slowly 

decreased. 

after about 22 h., and a magnitude 4.1 earthquake occurred 

in the fault swarm at 22:44 (Fig. 2). 

A helicopter was made available by the Icelandic 

Coast Guard, khich made it possible to move a seismo- 

graph into the epicentral area. A station was set up 

They clearly originated zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

The earthquake activity increased markedly 

Snagi (SN) at 23:20. While the seismograph was being 

The magnification of the seismo- 

could be observed in 

up earthquakes co 

hquakes were felt 

d be heard every minute and many 

normal because of the 

the Snagi area. Steam fields that were formed near Snagi 

. Bjornsson et al., 
979) were not noticeab ed, and the sheep were zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 

The earthqua 
, after 2 h. in the mornin 

creased again and was v 
activity had now moved 

quakes were felt in the inhabited areas. 

of July 11, 12:28 (magnitude 3.9) was vaguely felt in 

the Kelduhverfi district at the epicentral distance o€ 

The earthquake 

, 
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5-10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkm and the earthquake of July 12, 17:59 (magnitude 

4.0) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwas widely felt in he Kelduhverfi district. 

column of steam was rising from the area north of Krafla. 

The steam emission started between zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA03:04 and 03:14 

according to photographs 

(Oddur Sigurdsson, pers. comm.). Subsequent inspection 

revealed that the steam came from a steam field located 

about 1.5 km SE of Snagi. This steam field was formed 

g one of the injection events in the fall of 1976, 

ow the ste emission had increased about an order 

It was noticed in e morning of July 11 that a 

aken by a time lapse camera 

itude. During the following days the emission 

decreased slowly. 

Several new steam ds have formed in the Snagi 
rea in previous defla events and most of them are 

ligned along one prominent normal fault. This fault 

moved a few tens of centi ng the July 1978 
event and was the east hat moved in, this 

part of the fault sw event. A total move- 
ment of 50-150 cm wa 

the fissures in this are 

of which had moved zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, 

s therefore inaccurate. 
curate measurements were obtained with a 

ension across the 

(Tryggvason, 1 

ccurred imm ide of the faul 

previous rifting 

t of the epicentral zon n a profile across the 

About 50 cm of this move 
to the July rifting. 

revious event, 

re estimated to be due - 
The rest of the movement took place 

st likely the January 1978 event. 

! 



531 471 411 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 0  

00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

0 

0 0 

0 
0 

5! 

were temporary stations. 

this map were also used in 
Several stations outside of 

locations, 
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No geodimeter measurements are available for this part 

of the fault swarm. 

The deflation stopped and inflation resumed at Krafla 

on July 13. 

reservoir during this deflation event is estimated to be 

37 x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl o 6  m3 

The total volume removed from the magma 

(Tryggvason, 1978~). 

The hypocentral zone 

Hypocenters have been calculated for 397 earthquakes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 
from the swarm. Generally the largest earthquakes were 

lysis because they were recorded by the 

f stations. Sometimes large earthquakes 

had to be omitted, however, because the first arrivals 
hquakes, especially 

set of located earth- 

lete above magni- 

(Lahr and Ward, The computer program 

) was used for the loc 

alsoS-wave arrival times are used. 

been discribed in some detail 

by r and Einarsson (1979) 
and 1 not be repeated here. 

The epicenters are plott ig. 3. The 

1 zone'is about ong, and ex- 
era to Kerlingar- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

ilt up around the north- 

centers are located 

e is divided in 

he Krafla fault swarm 

two by a gap ne 

concentration o 
Kerlingarh611. 

astite hill Mdfe 

Depths of hypocenters co 

confidence in the area around Snagi because of the seismic 
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station located there. 

central zone the depths are not considered to be reliable 

because of the relatively large distance to the nearest 

seismograph station. 

near Snagi is shown in Fig. 4 .  Hypocenters within 4 km 

distance from Snagi are projected on a vertical, E-W plane. 

Most of the hypocenters are at the depth of 1-4 km. 

isolated event occurs at 14 km depth. 

In the northern part of the epi- 

A cross section of the hypocenters 

An 

The migration of seismic activity 

One of the most remarkable characteristics of the 

Krafla fault swarm earthquakes is the propagation of epi- 

centers away from the caldera region. 

event provided one of the best examples of this. 

latitude of the 

time of occurrence in Fig. 5. The continuous tremor 

started in the caldera region at 17 h., the first earth- 

The July 1978 

The 

icenters zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis plotted as a func 

quakes were there also but were too small to be located 

accurately. The earthquakes between 22 h. on July 10 

and 2 h. on July 11 were located in the Snagi area. 

is interesting to note that the gap in the epicentral 

zone near M6fell is also a gap in time. One may say 

that the seismic activity ''jumped" across the gap and 
continued propagating on the other side with similar 

velocity as before. If one assumes that the activity 

started in the ce Idera, the total distance 

is 30 km. The sp tion during the first 9 

hours is 1.6 km/hour mlsec.. The speed de- 
creases only slightly 

the time period 1 

speed is only 

It zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
e next zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 hours, but during 

July 11 the average 
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t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Distance from 

the center zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 
the caldera. 

(km) 

July 10. July 11.1978 

Fig. 5. The migration of seismic activity. The distance of epicenters f,rom the center of the 

Krafla caldera is plotted as a function of time. 

as in Fig. 3. 

by a time signal failure. 

Dots and circles have the same meaning 

The apparent gap in the activity between 10 h and 11 h on July 11 is caused 



The maqnitude-frequency distribution 

Magnitudes were obtained for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA354 earthquakes from 

the maximum trace amplitude on the short period seismo- 

grams of the WWSSN station AKU at the distance of 65-75 

km from the epicentral area. 

supplied by Thbrunn Skaftadbttir at the Icelandic Met- 

eorological Office. The magnitude distribution is shown 

in Fig. 6. The log N vs. M distribution is reasonably 

linear. The negative slope of the curve, or the b-value 

of the swarm, is 1.7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 0.2 assuming a linear relation- 

ship. These are a maximum likelihood estimate and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA95% 

confidence limits, respectively. 

curve near M =  3.5. Similar dip, only more pronounced, 

was found in the magnitude-frequency curve for the Sept- 

ember 1977 earthquakes (Brandsdbttir and Einarsson, 1979), 

where it was interpreted as the result of mixing two earth- 

quake sequences with different b-values. This inter- 

The magnitude data were 

The main deviation from linearty is a dip in the 

pretation is hardly justified in the present case because 

of the small number of events larger than magnitude 3.5. 

Discussion 

It seems to be reasonable to assume that the front 

of earthquake activity t 

ing Krafla area mar 
ed into the fault sw 

be found as a function o Tryggvason (1978cf has 

given the tilt at the P house and the rate of 
me for the different 

es away from the subsid- 

he dyke that is inject- 

length of the dyke can 

it is possibl 

of the dimensions of 

is 37x1O6rn3 and the final zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
. The average cross sectional 

If the width and the height of area is thus 1.2 x lo3 m2. 





the dyke are un rm, for exa a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.5 m wide and 2400 

m high or a 1.0 m wide and 1200 m high dyke would have 

the required cross sectional area. 

however, that the dimensions of the dyke are not uniform 

along its length. The seismic energy release is clearly 

not uniform, and the rifting measured in the Snagi area 

decreases towards the south (Tryggvason, 1978~). Areas 

of maximum earthquake activity and areas of maximum sur- 

face faulting usually coincide. 

the top of the dyke reaches the smallest depths or where 

the width of the dyke is largest. 

al area changed as the dyke became longer. 

record of Tryggvason ( 1 9 7 8 ~ )  the volume of the dyke can 

be estimated, and thus the average cross sectional area 

can be found for a givenlength ofthe dyke. 

There are indications, 

These may be areas where 

It is possible to show that the average cross section- 
From the tilt 

This is shown 

in Table 1. 

Table 1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
. .  

length of volume of average cross 
dyke (km) dyke (106 m3) sectional area (10 3 2  m ) 

10 12.3 1.23 

15 15.6 1.04 

20 18.8 0.94 

25 22.5 0.90 

30 37.0 3 

27 25.2 3 

The differences between 

gh the volume estimate is associated with large un- 

certainties. These change average Cross sectional 

area can be interpreted in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr of ways. If one 

assumes, for example, yke attains its final 

ers are significant, even 

ectional area lmmed y behind the tip of the 

gating dyke, one can calculate the cross sectional 

ea as a function of distance from the reservoir. With- 



out going into detailed calculations one may conclude that 

ched the largest cross ctional area near its 

northern end and in the area south of Snagi. 

also the areas were the largest earthquakes occurred. It 

is not possible on basis of these data to sayI whether 

the increased cross sectional area and seismicity are the 

result of larger height or width of the dyke in these 

areas. 

These are 

With the knowledge of the dimensions of the dyke, 

the rate of flow and a few simplifying assumptions it is 

possible to derive the relationship between the viscosity 

and the pressure drop in the dyke. 

the dyke is a rectangular plate of form thickness b, 

length 1 and height a. This is a s lifying assuption, 

since we know that the cross sectional area is not uni- 

form. Let us further assume that the dyke changes its 

volume by changing its length only. 

function of time, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAat dl zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= - ' where W is the rate of ab 
flow into the dyke. 

q flowing thrbugh a rectangular box of dimensions a x b x l  

( a > > b )  it is easy to show that 

Let us assume that 

Then only 1 is a 
' 

For a Newtonian fluid of viscosity 

where Ap is the difference between the pressure in the 

reservoir and that near the tip of the dyke. We can now 

tabulate the values of n/Ap for different lengths of the 

and different ass 

alues of W ar ryggvason (1978~). The 

sectional ar in the calculation is 1200m2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
b = 0 0 . 5  m b = l  m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

22 

27 200 4.6 

22 

19 



From table 2 we see that the change in the pressure 
difference is relatively small assuming that the viscosity 

is constant. The rate of flow is therefore primarily 

governed by the length of the dyke. 

are constant, one can solve the differential equation 
If a, b, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq and Ap 

dl b2Ap zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- -  
dt - 12n1 

and.find that 1 is proportional to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC, where t is the 
time from the beginning of the intrusion. This relation- 

ship does not fit very well to Fig. 5, which is hardly 
surprising in the light of our many simplifying assumpt- 

ions. The fit is not very bad either, and can be improved 
by assuming that the lateral intrusion started a few hours 

after the onset of deflation and volcanic tremor. 

With the values in Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 the pressure difference 

Ap can be estimated if the viscosity is known. Gronvold 
and M8kip88 (1978) estimated the viscosity of the Krafla 

magma to be 200 poise from the chemical composition of 

erupted material using the method of Shaw (1972). In 

the calculation the magma was assumed to contain 1% 

water. 

and temperature (Kushiro et al., 19761, and the esti- 

mate is more like o be too high than too low. With 
a viscosity of 20 

of 40 bar to bring the 

and if the fissure is 1 

only 10 bar. 

this paper a dyke i 

. 

The viscosity decreases with increasing pressure 

ise it takes a pressure difference 

a through a 0.5 m wide fissure, 

ide the pressure difference is 

In the model of the Krafla deflation presented in 

p of a fluid filled 

The 

ate boundary 

ry driving for e tectonic 

stress that has bee 

since the last majo ode. The mode o 

release depends on magma. If 

ary a dyke starts 
propagating away from it when the pressure in the reser- 

ir is locate 

voir and/or the regional tectonic stress reach a critical 
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level, 

pressure drop in the reservoir associated with the de- 

flation is small compared with the pressure difference 

between the reservoir and the leading edge of the dyke. 

The pressure in the magma reservoir probably plays the 

role of a trigger to initiate the propagation of the dyke. 

The direction of propagation and the orientation of the 

intrusion is governed by the regional stress field. The 

tectonic part of the stress field at the diverging plate 

boundary in Iceland is likely to be characterized by 

horizontal tensional stress parallel to the direction of 

The data presented here seem to indicate that the 

i 
relative plate motion. In this stress field the direct- 

ion of propagation will be horizontal, and the resulting 

intrusive body is a dyke oriented perpendicularly to the 

axis of minimum compressive stress or the maximum tension- 

al tectonic stress. 
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