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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 [Pdlmason, 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

KRISUVIK
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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 [eg., 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 shallowcer in Hvera-
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.
Pdlmason [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.

4

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 89% increase in density between layer
2 and 3 [Pdlmason, 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
seismiec 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-
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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 coineide 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; EKaton and
Murata, 1960; Minakami, 1960]. Geothermal
areas around the world are also generally asso-
ciated with Cenozoic volcanism. Mogi [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 TU.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
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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 oceur
in the small Brennisteinfj6ll 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 109 of its length. Thus, only about
109 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.

Sykes [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 [Naka-
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mura, 1969]. The Denver earthquake sequence
could certainly be considered a swarm, since the
seismie 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 oceurring
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 129 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 549% of the initial fluid pressure [Healy
et ol., 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 ol., 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
[Pdlmason, 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
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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 hypocentral
depths. Stress corrosion need not only be
thought of in terms of microscopic cracks. Fluids
circulating along a fault, for example, leach out
silica, ete., 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 [Pdlmason,
1967a]. Palmason 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
04 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
+459% of the daily mean based on two months
of recording, in the example given, increased
from 609 after one day of recording to 65%
after two days and 709 after three days.

3. The number of microearthquakes recorded
in a particular zone in 1968 generally, but not
always, was within 309% 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 voleanism 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 microearth-
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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 oceurrence of microearth-
quakes nearby.

12. Tt 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.
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