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Fig. 12. Microearthquakes located with the tripartite array near Krisuvik. Numbers denote 
depths to the nearest km. The triangle is the array. Vatn means lake in Icelandic. 

time (T B-P) defined as 

Ts_p = x(V" - V.)/V. V" (6) 

The plane of earthquakes is assumed to be 3 
km deep. 

The dots in Figure 15 show the distribution 
of S-P times at Hveragerdi, and the triangles 
depict the distribution at Krisuvik. Clearly the 
microearthquakes are clustered at Krisuvik as 
seen in Figure 12. At Hveragerdi there is a 
clustering of events with S-P times between 

0.4 and 0.7 sec, but otherwise the decrease of 
events toward the edges of the area shown in 
Figure 6 is nearly that predicted and, there­
fore, does not indicate a lower seismicity for 
s-p times sec or distances km. Thus, 
care must be taken in drawing any conclusions 
about the relative activity in one part of the 
area as opposed to another part simply on the 
basis of the number of mapped epicenters. On 
the other hand, the analysis in Figure 15 cannot 
distinguish relative activity as a function of 



3974 WARD AND BJORNSSON 

azimuth. Relative activity at the same distance 
but different azimuths can be directly com­
pared. The area south of Hveragerdi, for ex­
ample, has far lower activity than the area to 
the north, and there is a clear clustering of 
activity on the map. 

Depth of the earthquake activity and layer 3. 
The most important result of this study of 
precise locations is that most of the well-located 
microearthquakes occurred between 2 and 6 km 
depth, a few less well located events being as 
deep as 13 km (Figures 11 and 13). These 
depths are the first well-determined depths of 
seismic activity in Iceland and, for that matter, 
along most of the mid-ocean ridge system. 

Most of the hypocenters in Figures 11 and 
13 occur near the top of layer 3, the crustal 
layer observed using seismic refraction methods 
to have a P-wave velocity of about 6.5 km/sec 
in Iceland [Palmason, 1970] and about 6.7 
km/sec elsewhere in the ocean [Raitt, 1963]. 
This layer is often referred to as the 'oceanic 
layer.' At Krafla, the depth of layer 3 changes 
from 3 km in the northern part of the map to 
4 km in the southern part (Figure 14). Half 
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the twenty foci are shallower than the top of 
layer 3. There are too few events here to be 
sure of their relationship to layer 3. 

When detailed location of earthquakes is 
possible [e.g., Eaton et al., 1970; Hamilton 
et al., 1969], it is usually found that events at 
depths of less than 1 or 2 km are rare. It appears 
that stress sufficient for an earthquake with 
magnitude as low as -1 cannot generally ac­
cumulate at very shallow depths, at least in 
zones of existing fractures [Scholz et al., 1969] 
and in zones of intense rifting such as those 
found in Iceland. Therefore, it might be argued 
that the spatial coincidence of microearthquakes 
with the upper part of layer 3 is simply for­
tuitous. The observation that layer 3 and the 
microearthquakes are both shallower in H vera­
gerdi than in Krisuvik, however, makes this 
relationship appear less accidental. 

Hess [1959, 1965] thought that layer 3 in 
oceanic areas consists of serpentinite instead of 
basalt, as was commonly assumed at that time. 
Cann [1968] has proposed that layer 3 is basalt 
but metamorphosed to the amphibolite facies. 
Palmason [1970] has suggested that the bound-
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Fig. 13. An east-west vertical cross section through the Krisuvik array. All hypocenters 
have been projected north or south onto this plane. Larger ellipses denote earthquakes with 
more clearly read phases. The crustal structure was determined by Pdlmason [1970]. 
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Fig. 14. Microearthquakes located with the 
tripartite array near Krafla. Numbers denote 
depths to the nearest kilometer. The triangle is 
the array. 

ary between layers 2 and 3 in Iceland is a 350-
400°C isotherm at the ridge crest and a paleo­
isotherm away from the ridge. He finds that 
layer 3 is quite shallow under central volcanoes 
and some geothermal areas. These observations 
imply that the boundary between layers 2 and 
3 is some type of metamorphic front. 

Combined gravity and seismic refraction data 
give an 8% increase in density between layer 
2 and 3 [Palmason, 1970]. The volume change 
associated with this increase might increase 
stresses near the boundary, particularly if the 
boundary is not planar. 

Another possible explanation for the pre­
dominant occurrence of microearthquakes in 
layer 3 is that this layer is stronger than the 
layers above, and thus stress sufficient for 
seismic release can generally accumulate only 
in this layer or below. The deeply rifted layers 
above would be deformed aseismically. Scholz 
et al. [1969] presented a model for the San 
Andreas Fault that is similar in many aspects 
to this idea. Amphibolite has a higher ultimate 
strength than basalt in laboratory measure­
ments [Handin, 1966]. The strength that is 
important when considering seismic release, 
however, is certainly more complex. One possi-

bility is that, if layer 3 is a zone of active meta­
morphism, fractures may be quickly modified 
and welded so that large stress differences and 
stress drops are required for further slip or 
else new fractures must be formed. 

EARTHQUAKE SWARMS AND STRESS RELEASE 

IN GEOTHERMAL AREAS 

In this paper, microearthquakes in Iceland 
were shown to occur in a number of small zones, 
most of which coincide spatially with geothermal 
areas. Large earthquakes apparently did not 
occur during the same time in the geothermal 
areas. Earthquakes have generally been felt 
near geothermal areas, but the data are gen­
erally insufficient to determine whether the 
epicenters are inside or outside these areas. The 
implication of the data in this paper, although 
it cannot yet be considered proven, is that 
microearthquakes occur reasonably continu­
ously as swarms in the geothermal areas, but 
large earthquakes with their aftershock se­
quences are typical outside the geothermal 
areas. 
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Fig. 15. The S-P time versus the number of 
earthquakes with a given S-P time for both the 
Hveragerdi and Krisuvik arrays. The curve shows 
the expected distribution of S-P times consider­
ing geometrical spreading and anelastic attenua­
tion. 
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A swarm is a sequence of earthquakes that 
has no one outstanding principal event. The 
total seismic energy per unit time released in a 
swarm usually increases slowly to some peak 
and then decreases just as slowly or even more 
slowly. A main-shock sequence typically con­
sists of a few or no foreshocks, one large main­
shock, and many aftershocks. The seismic energy 
released in such a sequence usually increases 
almost as a step function and then decays 
nearly exponentially with time. Swarms have 
usually but not always occurred during vol­
canic eruptions and in regions of Cenozoic vol­
canic activity [e.g., Richter, 1958; Eaton and 
Murata, 1960; Minakami, 1960]. Geothermal 
areas around the world are also generally asso­
ciated with Cenozoic volcanism. Magi [1962, 
1966] suggested from laboratory studies of rock 
fracturing that swarms are the characteristic 
mode of seismic energy release in nonuniform 
material, whereas aftershock sequences are 
characteristic of uniform material. Sykes [1970] 
observed swarms from mid-ocean ridge crests 
but not from fracture zones. Thatcher and 
Brune [1971] located a swarm on a ridge crest 
in the Gulf of California. In this paper, support 
is given for the hypothesis that swarms occur 
in regions where the crust is weakened yet 
strong enough to fracture so that some stress 
but not large stress can be sustained. The stress 
is therefore relieved in numerous small earth­
quakes. This crustal weakening might be attrib­
uted principally to the effects of fluid, fluid 
pressure, or chemical alteration. Several im­
portant considerations leading to this hypothesis 
will now be discussed in some detail. 

Large earthquakes near geothermal areas. 
The only earthquakes reported by the U.S. 
Coast and Geodetic Survey for 1967, 1968, and 
1969 in Iceland and located clearly very close 
to, if not in, a geothermal area were four events 
of magnitude 4.3 to 4.4 that occurred in Sep­
tember 1967 near the southwestern tip of the 
Reykjanes Peninsula. New ground fracturing in 
the thermal area was observed, and old and 
new hot springs erupted water up to 15 meters 
high. Sixteen strong events were felt at Reyk­
janes. The activity began on September 28 but 
reached its peak on September 30. The activity 
may have propagated from near Kleifarvatn 
to Reykjanes (R. Stefansson, personal communi­
cation, 1968). This continuing activity with no 

single large event might best be considered as 
a swarm. 

Only a few large earthquakes near geothermal 
areas have been well located. In August 1969, an 
event of magnitude 3.7 with aftershocks oc­
curred about 5 km west-northwest of the Hen­
gill geothermal area. This event was well located 
with the aid of portable seismographs. An event 
of magnitude 5.5 to 6.0 in December 1968 was 
located about 15 km east of Krisuvik. Local and 
teleseismic arrival times show that this event 
most likely occurred east of the Krisuvik geo­
thermal area, but the data are not good enough 
to be sure that the earthquake did not occur 
in the small Brennisteinfjoll geothermal area, 5 
km from the calculated epicenter. 

The largest recorded earthquakes in southern 
Iceland (see summary by Ward [1970]), as 
well as the three events of magnitude 5, 4.7, 
and 4.6 in 1967, occurred along the one segment 
of the proposed fracture zone in southern Ice­
land where there are no known geothermal 
areas. One of the few zones of microearthquakes 
not associated with geothermal areas occurred 
in this same segment of the fracture zone. These 
microearthquakes were clearly foreshocks and 
aftershocks of the main shock, an event of mag­
nitude 5, on July 27, 1967. 

Energy and numbers of microearthquakes. 
It is well known that the energy released by an 
earthquake of magnitude 6 is about 1000 times 
greater than the energy of an event of magni­
tude 4 [Gutenberg and Richter, 1956], whereas 
only about 100 events of magnitude 4 can 
normally be expected to occur for each event of 
magnitude 6. Thus, it appears that the energy 
for a large earthquake is not likely to be re­
lieved by a large number of small earthquakes. 

Another variable that must be considered, 
however, is the volume of the earthquake ac­
tivity. The geothermal areas constitute only a 
small part of the tcctonically active zone in 
Iceland. The proposed transform fault zone in 
southern Iceland, for example, is about 150 km 
long between ridge crests [Ward, 1970]. There 
are six major geothermal areas in this fracture 
zone (Table 4, numbers 1-5 and 9) that extend 
along about 10% of its length. Thus, only about 
10% of the stress in this fracture zone would 
need to be relieved by reasonably continuous 
swarm activity in the thermal areas, whereas 
about 90% could be relieved by large earth-
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quakes. In addition, some of the stress could 
be relieved aseismically. 

Kisslinger [1968] discussed the volumetric 
growth of the source region involved in the 
earthquake storm at Matsushiro, Japan. He 
concluded that the total energy density for the 
swarm approaches that expected for a single 
major earthquake with magnitude correspond­
ing to the total energy release of the swarm. 
Furthermore, he pointed out that some of the 
largest earthquakes of the swarm occurred out­
side the central hypocentral zone of activity. 
He suggested that release of stress by the swarm 
in relatively weak rocks increases the stress on 
the stronger surrounding rocks to the point 
where they fracture. 

Sylces [1970] found that swarms of teleseis­
mically located earthquakes with magnitudes 
greater than 4 occur typically along ridge crests. 
In this study, however, microearthquake swarms 
have been confined to geothermal areas and 
appear to have occurred predominantly in the 
fracture zones. One way to reconcile these data 
is given by Ward [1970], who suggests that a 
number of short sections of ridge crest occur 
within the transform fault zone in southern 
Iceland and that many of the geothermal areas 
appear to occur at the junction of ridge crests 
with the individual transform faults. The micro­
earthquake swarms might, therefore, be related 
to the segments of ridge crest and might then 
only be expected to account for a very minor 
fraction of the total stress relieved by earth­
quakes. The first motions of microearthquakes 
at Krisuvik, however, generally suggest strike­
slip motion rather than the dip-slip motion 
expected from earthquakes along ridge crests. 
More detailed first motion data are needed 
before a firm conclusion can be reached. More 
data are also required to calculate the amount 
of energy or the seismic slip dissipated in differ­
ent parts of the assumed fracture zone. 

Fluid pressure. One possible explanation for 
the microearthquake activity in the geothermal 
areas is that water, particularly water under 
pressure, weakens the crust in these regions. 
The role of water in triggering earthquakes has 
been emphasized, for example, at the Rocky 
Mountain Arsenal fluid injection well in Denver, 
Colorado [Evans, 1966], at the Rangely oil field 
in Colorado [Raleigh et al., 1970], and for the 
Matsushiro earthquake swarm in Japan [Nalca-

mura, 1969]. The Denver earthquake sequence 
could certainly be considered a swarm, since the 
seismic activity increased slowly to a peak over 
five years [Healy et al., 1968]. 

During the summer of 1968, a tripartite array 
was operated near Hveragerdi, as described 
above, specifically to see whether operation of 
a large geothermal well near station A of the 
array would significantly affect the microearth­
quake activity. This well (well 8) is 300 meters 
deep and has a natural flow of 130 kg/sec of 
water and steam. The number of earthquakes 
per hour with S-P times of less than 1.5 sec 
are shown in the bar graph in Figure 16. Periods 
when the well was open are denoted by the 
broad horizontal bars along the time axis. Only 
events with amplitudes greater than 18 mm 
were counted because some events of smaller 
amplitude could have been missed. Although 
there was little microearthquake activity when 
the well was open on July 20, August 4, and 
August 10, periods when the well was opened 
for 6 to 7 days show no substantial difference in 
activity from other times. There is an apparent 
decrease in activity after the first opening of 
the well, but this change appears to be fortui­
tous, since it was not reproduced during later 
openings of the well. Examination of the spatial 
distribution of these microearthquakes shows no 
difference in the locations of events occurring 
when the well was opened or closed. Thus, 
operation of the well does not appear to affect 
significantly the occurrence of microearthquakes. 

One reason that the operation of the well does 
not seem to influence the microearthquake ac­
tivity could be that the earthquakes are gen­
erally deeper than 2 km, whereas the well is 
only 0.3 km deep. Furthermore, the fluid pres­
sure at the base of the well is observed to 
decrease about 12% owing to heating of the 
fluid in the well hole when the well was flowing. 
In the Rocky Mountain Arsenal well in Denver, 
Colorado, the average monthly fluid pressure 
at the base of the well was increased by as 
much as 54% of the initial fluid pressure [Healy 
et al., 1968]. 

It is not clear that high fluid pressures are 
likely to exist in the geothermal areas in Ice­
land. High pressures at the well head are 
generally due to superheated water flashing to 
steam in the well pipe. The artesian pressures 
at the top of a closed-in well are usually less 
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than a few bars. In order to get high fluid pres­
sures at a given depth, some impermeable zone 
must exist that allows the fluid pressure to 
increase above the normal hydrostatic pressure. 
Such barriers may not form in active fracture 
zones. 

Very high fluid pressures may not be needed, 
however, for triggering earthquakes. The re­
gional least principal stress in Iceland seems 
to be horizontal, since Iceland is near the crest 
of the mid-Atlantic ridge and thrust faulting is 
not observed. In zones of rifting where normal 
faulting predominates, the least stress may be 
very small. It has been proposed that earth­
quakes are triggered when the pore pressure is 
simply sufficient to reduce the normal force 
across a fracture below some critical level 
[Hubbert and Rubey, 1959; Healy et al., 1968]. 
In a transform fault zone, the deviatoric nor­
mal stress across individual fractures will vary 
slightly, depending on whether the fracture lies 
along the trend of the over-all fault zone or lies 
several degrees from it. In some regions within 
a fracture zone, there may be strike-slip faults 
with large components of thrust or normal 
faulting. Thus, the amount of fluid pressure 
needed to trigger earthquakes may vary greatly 
along a given fault zone. 

The hydrostatic pressure in the thermal areas 
is lower than in surrounding regions. For ex­
ample, at 3 km depth the temperature is about 
180°C outside the thermal area in Iceland 
[Palmason, 1967a] and about 360°C with a 
thermal area where the water is boiling at every 
depth. The corresponding hydrostatic pressures 
would be 260 and 200 bars, respectively. The 
lithostatic pressure might be about 745 bars in 
both regions. 

In the thermal areas with boiling water at 
every depth, the viscosity of the water at a 
depth of 3 km is about 0.4 millipoise and the 
density is about 0.3, whereas outside the thermal 
areas the viscosity is about 2.3 millipoise and 
the density is 0.9 [Dorsey, 1968]. Thus high­
temperature fluids are far more penetrating. 
Perhaps the viscosity of the fluid should be 
included in models for the effects of fluid pres­
sure. At the Rocky Mountain Arsenal well in 
Denver, for example, the natural temperature at 
the base of the well may be about 100 to 140°C. 
If water is pumped down at 25°C, it would 
have a viscosity of about 8.9 millipoise. When 

pumping stops, the water would eventually heat 
up to 120°C and the viscosity would fall to 
about 2.3 millipoise. The continuation of the 
earthquake activity after pumping stopped 
could, therefore, be partly explained by better 
penetration of the pore fluid because of a de­
crease in viscosity. 

Water and earthquake swarms. It has long 
been known that water substantially weakens 
rocks under compression in the laboratory. One 
reason is the effect of pore pressure described 
above. Another reason is stress corrosion [Scholz, 
1968], where the water produces corrosion re­
actions that take place preferentially at points 
of high tensile stress. Although stress corrosion 
does not appear to be important at room tem­
perature [Brace and Martin, 1968], it is ex­
ponentially dependent on temperature and thus 
may well be of far greater importance in geo­
thermal regions and at typical hypo central 
depths. Stress corrosion need not only be 
thought of in terms of microscopic cracks. Fluids 
circulating along a fault, for example, leach out 
silica, etc., from irregularities in the fault sur­
face. This leaching weakens the irregularities 
and could thus decrease the coefficent of static 
friction, allowing slip to occur. 

Water in a geothermal area probably circu­
lates to depths of many kilometers. A geother­
mal aquifer was found near the bottom of a 
borehole 2.2 km deep in Iceland [Palmason, 
1967a]. Pa1mason argues that the proper con­
ditions may exist in the zone of active rifting 
and volcanism for free convection of water to 
at least this depth. Banwell [1963] tentatively 
suggested that water in the Wairakei geothermal 
area in New Zealand might circulate to depths 
of several kilometers. Thus, it does not seem 
unreasonable to expect that surface water cir­
culates to the depths of many if not most of 
the microearthquakes located in this paper. 

The data in this paper, through not conclu­
sive, are consistent with the hypothesis that 
water in geothermal areas leads in some way to 
a weakening of the crustal rocks. The rocks 
then deform in response to regional stresses, and 
earthquake activity in these weakened areas 
tends to be dominated by swarms of small 
events. The swarms are frequent and sometimes 
long lived. The stronger crust outside the 
weakened areas fractures less often, but larger 
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stresses are accumulated and these stresses are 
relieved in mainshock-aftershock sequences. 

CONCLUSIONS 

In this paper, microearthquake data are pre­
sented from a reconnaissance survey in which 
portable seismometers were used throughout 
most of Iceland and from a detailed survey with 
tripartite arrays in three geothermal areas in 
Iceland. The most important conclusions from 
the work are as follows: 

1. Most of the microearthquakes recorded 
in Iceland occurred in 13 zones that were gen­
erally less than 5 km in radius. The number of 
events recorded near the zones averaged from 
0.4 to 23 events per day. At most recording 
sites throughout the country, few or no micro­
earthquakes were recorded. 

2. The numbers of events per day based on 
short periods of recording are only generally 
representative of the over-all activity at each 
site. Large variations may occur rarely. The 
chance of recording a daily count that is within 
±45% of the daily mean based on two months 
of recording, in the example given, increased 
from 60% after one day of recording to 65% 
after two days and 70% after three days. 

3. The number of microearthquakes recorded 
in a particular zone in 1968 generally, but not 
always, was within 30% of the number recorded 
there in 1967. 

4. Few data would have been recorded in 
this study if portable instruments had not been 
within 30 km of the active zones. This fact 
emphasizes the importance or placing high-gain, 
portable seismometers at many sites throughout 
the region to be studied. 

5. Nine of the thirteen zones of microearth­
quakes in Iceland coincide spatially with geo­
thermal areas. Two other zones are in areas of 
submarine volcanism where geothermal areas 
may occur. One microearthquake zone is near 
an acidic intrusion and one is an aftershock 
zone. 

6. Geothermal areas that are structurally re­
lated to fissure systems generally have micro­
earthquake activity, whereas those areas that 
have few prominent fissures and seem only to be 
related to acidic intrusions have little or no 
microearthquake activity. 

7. The locations of the zones of micro earth-

quakes across southern Iceland support the hy­
pothesIs of a transform fault near 64°N trend­
ing west-northwest. 

8. Large differences were noted between ob­
served and expected azimuths and apparent 
velocities for earthquakes and explosions at 
many azimuths and distances greater than 18 
km from the Hveragerdi array. Most of these 
differences can be explained by an interface 
dipping 2° to 5° between two crustal layers, but 
other explanations are possible. These observa­
tions demonstrate the necessity for using explo­
sions or independently located earthquakes to 
find the accuracy of hypocenters determined 
with data from a tripartite array. 

9. Most of the well-located microearthquakes 
in Iceland occurred at depths of 2 to 6 km in 
the uppermost part of crustal layer 3. Some 
events were as deep as 13 km. 

10. Epicenters of microearthquakes in two 
areas where detailed location was possible were 
confined primarily to the zone of thermal altera­
tion observed at the surface. The greatest earth­
quake activity was often near the regions of 
greatest thermal activity observed at the sur­
face. 

11. Operation of a geothermal well did not 
significantly affect the occurrence of microearth­
quakes nearby. 

12. It is suggested that stress along the frac­
tures zone in southern Iceland is relieved by 
numerous swarms of microearthquakes in the 
geothermal areas but by mainshock-aftershock 
sequences elsewhere along the transform fault 
between the two ridge crests. Aseismic creep 
may be present in either region. The crust in 
the geothermal areas may well be weakened by 
the physical or chemical effects of water or by 
fluid pressure. According to this model, the 
probability of recording microearthquakes in the 
geothermal areas in Iceland is substantially 
higher than the probability of recording some 
microearthquakes outside the geothermal areas, 
but in the fracture zone. This difference in 
probability results simply from the fact that 
swarms are more continuous in time than after­
shock sequences. 

Acknowledgments. C. L. Drake, P. Einarsson, 
J. Kelleher, A. Kjeruif, S. Magnusson, and L. 
Sykes assisted in the field work. T. Sigurgeirsson 
of the University Science Institute, Reykjavik, 
provided a tape recorder and other equipment, 



MICROEARTHQUAKES OF ICELAND 3981 
as well as laboratory space and encouragement. 
G. Palmason of the National Energy Authority 
assisted with the logistics, encouraged us during 
the project, and generously provided an advance 
look at his refraction data before publication. 
J. Oliver, L. R. Sykes, B. Isacks, and S. Ward 
contributed significantly in reviewing the manu­
script, and C. Scholz provided some comments. 
We deeply appreciate all this assistance. 

This research was supported by National Sci­
ence Foundation grant GA-1534. Some details of 
this study were completed with the aid of grant 8 
from the Arthur L. Day Fund of the National 
Academy of Sciences. Some equipment was ob­
tained on NSF grant GP 4815 awarded to the 
Science Institute, University of Iceland. 

REFERENCES 

Arnason, B., P. Theodorsson, S. Bjornsson, and 
K. Saemundson, Hengill, a high temperature 
thermal area in Iceland, Bull. Volcanol., 33, 245, 
1969. 

Arnorsson, S., A geochemical study of selected 
elements in thermal waters of Iceland, Ph.D. 
thesis, University of London, 353 pp., 1969. 

Arnosson, S., J. Jonsson, and J. Tomasson, Gen­
eral aspects of thermal activity in Iceland, 23rd 
1m. Geol. Congr., 18, 77, 1969. 

Asada, T., Observations of nearby microearth­
quakes with ultrasensitive seismometers, J. 
Phys. Earth, 5, 83, 1957. 

Banwell, C. J., Thermal energy from the earth's 
crust, Introduction and Part 1, N.Z. J. Geol. 
Geophys., 6, 52, 1963. 

Berninghausen, W. H., A checklist of Icelandic 
volcanic activity, Bull. Seismol. Soc. Amer., 54, 
443, 1964. 

Bjornsson, S., Hot springs and thermal energy, 
Iceland Rev., 5(2), 35, 1967. 

Bodvarsson, G., Physical characteristics of natural 
heat sources in Iceland, Jokull, 11, 29, 1961. 

Brace, W. F., and R. J. Marton, III, A test of the 
law of effective stress for crystalline rocks of 
low porosity, Int. J. Rock Mech. Min. Sci., 5, 
415, 1968. 

Brune, J., and C. R. Allen, A microearthquake 
survey of the San Andreas fault system in 
Southern California, Bull. Seismol. Soc. Amer., 
57, 277, 1967. 

Cann, J. R., Geological processes at mid-ocean 
ridge crests, Geophys. J., 15, 331, 1968. 

Dorsey, N. E., Properties of Ordinary Water Sub­
stance, p. 43, Hafner Pub!. Co., New York, 1968. 

Eaton, J. P., and K. J. Murata, How volcanoes 
grow, Science, 132, 925, 1960. 

Eaton, J. P., M. E. O'Neill, and J. N. Murdock, 
Aftershocks of the 1966 Parkfield-Cholame, Cali­
fornia, earthquake, Bull. Seismol. Soc. Amer., 
60, 1151, 1970. 

Evans, D. M., Man-made earthquakes in Denver, 
Geotimes, 10, 11, 1966. 

Ewing, J., and M. Ewing, Seismic-refraction meas­
urements in the Atlantic Ocean basins, in the 

Mediterranean Sea, on the mid-Atlantic ridge, 
and in the Norwegian Sea, Bull. Geol. Soc. 
Amer., 70, 291, 1959. 

Friedman, J. D., R. S. Williams, Jr., G. Palmason, 
and C. D. Miller, Infra-red surveys in Iceland: 
Preliminary report, U.S. Geol. Survey Prof. 
Paper, 650-C, 89, 1969. 

Gutenber~, B., Physics of the Earth's Interior, 
AcademIC, New York, 190 pp., 1959. 

Gutenberg, B., and C. L. Richter, Magnitude and 
energy of earthquakes, Ann. Geofis., 9, 1, 1956. 

Hamilton, R. M., F. A. McKeown, and J. H. 
Healy, Seismic activity and faulting associated 
with a large underground nuclear explosion, Sci­
ence, 166, 601, 1969. 

Handin, J., Strength and ductility, Geol. Soc. 
Amer. M em. 97, 223, 1966. 

Healy, J. H., W. W. Rubey, D. T. Griggs, and 
C. B. Raleigh, The Denver earthquakes, Science, 
161, 1301, 1968. 

Hess, H. H., The AMSOC hole to the earth's 
mantle, Trans. AGU, 40, 340, 1959. 

Hess, H. H., Mid-oceanic ridges and tectonics of 
the sea floor, in Submarine Geology and Geo­
physics, 1965 Colston Symposium, edited by 
W. F. Whittard and R. Bradshaw, Colston 
Papers, 17, 317, 1965. 

Hubbert, M. K., and W. W. Rubey, Role of fluid 
pressure. in mech~nics of overthrust faulting, 1, 
Mechamcs of flmd-filled porous solids and its 
application to overthrust faulting, Bull. Geol. 
Soc. Amer., 70, 115, 1959. 

Ishimoto, M., and K. Iida, Observations sur les 
Seismes Enregentre par Ie microseismograph 
construit dermerement, Bull. Earthquake Res. 
Inst., 17, 443, 1939. 

Kisslinger, C., Energy density and the develop­
ment of the source region of the Matsushiro 
earthquake swarm, Bull. Earthquake Res. Inst., 
46, 1207, 1968. 

Lange, A. L., and W. H. Westphal, Microearth­
qua~es near the Geysers, Sonoma County, Cali­
fornIa, J. Geophys. Res., 74, 4377, 1969. 

Matumoto, T., and P. L. Ward, Microearthquake 
study of Mt. Katmai and vicinity, Alaska, J. 
Geophys. Res., 72, 2557, 1967. 

Minakami, T., Fundamental research for predict­
ing volcanic eruptions, Bull. Earthquake Res. 
Inst., 38, 497, 1960. 

Mogi, K., Study of elastic shocks caused by the 
fracture of heterogeneous materials and its rela­
tions to earthquake phenomena, Bull. Earth­
quake Res. Inst., 40, 125, 1962. 

Mogi, K., Earthquakes and fractures, Tectono­
physics, 5, 35, 1966. 

Nakamura, K., Surface faulting during the Mat­
sushiro earthquakes, Trons. AGU, 50, 389, 1969. 

Niazi, M., Corrections to apparent azimuths and 
travel time gradients for a dipping Mohorovicic 
discontinuity, Bull. Seismol. Soc. Amer., 56, 491, 
1966. 

Norrman, J. 0., Kustomorfologiska studier pa 
Surtsey, Svensk N aturvetenska:p, 5, 50, 1969. 



3982 WARD AND BJORNSSON 

Oliver, J., A. Ryall, J. N. Brune, and D. B. 
Slemmons, Microearthquake activity recorded 
by portable seismographs of high sensitivity, 
Bull. Seismol. Soc. Amer., 56, 899, 1966. 

PaJmason, G., Seismic refraction investigation of 
the basalt lavas in northern and eastern Ice­
land, Jokull, 13, 40, 1963. 

Plilmason, G., On heat flow in Iceland in relation 
to the mid-Atlantic ridge, in Iceland and Mid­
Ocean Ridges, edited by S. Bjornsson, Soc. Sci. 
Islandica Publ. 38, 111, 1967a. 

Palmason, G., Upper crustal structure in Iceland, 
in Iceland and Mid-Ooean Ridges, edited by 
S. Bjornsson, Soc. Sci. Islandica Publ. 38, 67, 
1967b. 

Palmason, G., Crustal structure of Iceland from 
explosion seismology, Science Institute, Univer­
sity of Iceland, (mimeographed doctoraJ thesis), 
1970. (Also in Soc. Sci. Islandica, 40, 188 pp., 
1971) . 

Raitt, R. W., The crustal rocks, in The Sea, edited 
by M. N. Hill, p. 85, Interscience, New York, 
1963. 

Raleigh, C. B., J. Bohn, and J. H. Healy, Earth­
quakes and fluid pressures in the Rangely oil 
field, Colorado, Tra'fl.'3. AGU, 51, 351, 1970. 

Richter, C. F., Elementary Seismology, p. 71, 
W. F. Freeman and Co., San Francisco, 1958. 

Romney, C., Amplitudes of seismic body waves 
from underground nuclear explosions, J. Geo­
phys. Res., 64, 1489, 1959. 

Saemundsson, K., Vulkanismus und tektonik des 
HengiII-Gebietes in Slidwest-Island, Acta Natu­
ralia Islandica, 2(7), 105 pp., 1967. 

Scholz, C. H., Mechanism of creep in brittle rock, 
J. Geophys. Res., 73, 3295, 1968. 

Scholz, C. H., M. Wyss, and S. W. Smith, Seismic 
and aseismic slip on the San Andreas fault, J. 
Geophys. Res., 74, 2049, 1969. 

Seeber, L., M. Barazangi, and A. Nowroozi, Micro­
earthquake seismicity and tectonics of coastal 
northern California, Bull. Seismol. Soc. Amer., 
60, 1669, 1970. 

Stauder, W., and A. Ryall, Spatial distribution 
and source mechanism of microearthquakes in 
central Nevada, Bull. Seismol. Soc. Amer., 57, 
1317, 1967. 

Stefansson, R., Some problems of seismological 
studies on the mid-Atlantic ridge, in Iceland 
and Mid-Ocean Ridges, edited by S. Bjornsson, 
Soc. Sci. Islandica Publ. 38, SO, 1967. 

Sykes, O. R., Earthquake swarms and sea-floor 
spreading, J. Geophys. Res., 75, 6598, 1970. 

Thatcher, W., and J. N. Brune, Seismic study of 
an oceanic ridge earthquake swarm in the Gulf 
of California, J. Geophys. Res., in press, 1971. 

ThOrarinsson, S., The postglacial history of the 
Myvatn area and the area between Myvatn and 
Jokulsa a Fjollum, in On the Geology and Geo­
physics of Iceland, Guide to Excursion A2, Int. 
Geol. Congr. Norden, 21st, 60, 1960. 

Th6rarinsson, S., Surtsey, The New Island in the 
North Atlantic, 47 pp., Viking Press, New York, 
1967. 

Tobin, D. G., P. L. Ward, and C. L. Drake, Micro­
earthquakes in the Rift Valley of Kenya, Geol. 
Soc. Amer. Bull., 80, 2043, 1969. 

Tryggvason, E., Surface deformation on and near 
three volcanoes in Iceland, Trans. AGU, 51, 441, 

1970. 
Tryggvason, T., On the stratigraphy of the Sag 

Valley in NW Iceland, Acta Natur. Island. 
1 (10), 35, 1955. 

Ward, P. L., A new interpretation of the geology 
of Iceland: A detailed study of the boundary 
between lithospheric plates, Part 1, Ph.A. thesis, 
Columbia University, 159 pp., 1970. 

Ward, P. L., and K. H. Jacob, Microearthquakes 
in the Ahuachapan geothermal field, EI SaJva­
dor, Central America, ScifmGe, in press, 1971. 

Ward, P. L., G. Palmason, and C. Drake, Micro­
earthquake survey and the mid-Atlantic ridge 
in Iceland, J. Geophys. Res., 74, 665, 1969. 

(Received October 20, 1970; 
revised February 9, 1971.) 


