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ABSTRACT

Iceland is a sub-aerial part of the mid-Atlantic Ridge
which has formed above an E migrating ridge centred hotspot.
The Hengill area is a ridge-ridge-transform triple point that
contains a central volcano-fissure swarm system and a large
geothermal area. A seismological study of this triple point was
conducted with the main emphasis on natural earthquake studies.
The aims' were to study the geothermal prospect and tectonic
structure and to evaluate the passive seismic method as a
geothermal prospecting tool.

The area exhibits continuous small magnitude earthquake
activity that correlates positively with surface geothermal
displays, and negatively with surface faulting. The log
(cumulative frequency) : magnitude relationship is linear and
indicates a b-value of 0.74 + 0.06. Focal mechanisms for 178
events indicated both shear and tensile crack type movements,
the latter being confined to the high temperature geothermal
area. Teleseismic and explosion data indicate a low velocity
body beneath the central volcano in the depth range O - 10 km,
flanked by higher velocity bodies to the W and E.

Two volcanic systems occupy the Hengill area : the
presently active Hengill system and the extinct Grensdalur
system. The ongoing seismicity of the area is attributed to
contraction cracking due to the action of cool groundwater
fluids on hot rock, which, in a tensile stress regime, results
in tensile orack formation. The high temperature area is
fuelled by two heat sources associated with the two volcanic

systems and may be divided into two separate fields that exhibit



contrasting reservoir characteristics.

Local seismicity studies may be applied to other Icelandic
high temperature geothermal areas as a tool to map those volumes
of rock that are fueling the geothermal reservoirs. The
continuous formation of small tensile cracks on accretionary
plate boundaries offers an explanation for the mechanism of dyke

injection.
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CHAPTER 1
1. THE NORTH ATLANTIC AND ICELAND: STRUCTURE AND TECTONIC

EVOLUTION

1.1 The North Atlantic: structure and kinematics

The initial opening of the N Atlantic dates from the early
Tertiary (approx. -60Ma), and is intimately related to the
activity of the Iceland hotspot. It has been proposed that this
hotspot 1lay beneath central Greenland prior to the early
Tertiary, but volcanism did not break surface because of the
thiock cratonic crust (Vogt, 1883). Volcanism became possible
when the eastward migrating hotspot intersected a 1line of
Mesozoic basins. Eruption of the west Greenland and British
Tertiary/Rockall Plateau volcanics occurred simultaneously and
the sum total of all these influences was sufficient to initiate
plate separation. The synchronisation of these events may have
been due to some mantle "event" of at least continental
dimension, e.g. a convective overturn (Bott, 1973; Vogt, 1983).
The N Atlantic has since opened and widened over the last 6O0OMa
or so as a result of the orustal accretion process. That the
history of this opening has been complex is reflected in the
complex nature of the topography and ocean floor magnetic
lineations (Fig. 1.1). A considerable amount has been published
(data, interpretations and reviews) concerning the structure and
tectonic evolution of the N Atlantic, including works of Bott
(1973), Bott (1974), Featherstone et al. (1977), Bott and
Gunnarsson (1980), Nunns (1983), Bott, (1983a, b) and Bott

(1984).
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The summary presented below draws extensively upon these
publications. It should be Dborne in mind, however, that the
history of the N Atlantic in the Iceland region is +that of a
ridge-centred hotspot migrating eastwards with respect to the
ridge at a rate of 1.65 cm &' (Vogt, 1983). The presence of
the hotspot may thus not only affect the amount of volcanic
activity, but also, locally, the position of the plate boundary.
In addition the linear volcano-tectonic system associated with
the spreading plate boundary of the N Atlantic 1is modified Dby
the radial system associated with the hot spot resulting in a
structure that varies in 3 dimensions (Bjornsson, 1984).

Plate tectonic reconstructions of the N Atlantio are
critically dependent on the accepted nature of the crust beneath
the Greenland-Scotland Ridge. Indeed the evolution of the N
Atlantic is difficult to envisage unless it is accepted that the
Greenland-Scotland Ridge 1is oceanic, formed by the crustal
accretion process, contemporaneously with the ocean basins to
its N and S.

The exceptional thickness of the crust (30—35 km) and lack
of well developed magnetic 1lineations led Beloussov and
Milanovsky (1977) +to regard it a8 continental. However,
drilling has revealed oceanic tholeiitic basalts, and long
refraction profiles shot along the orest of the ridge reveal a
velocity structure of oceanic type. The anomalous thickness of
the crust was found to be due to an unusually thick layer 3,
with normal oceanic upper mantle velocities detected below that.
Additionally magnetic lineations that traverse the
Greenland-Scotland Ridge, albeit poorly developed, have now been

recognised. In the light of these data, an oceanic origin is
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assumed for the Greenland-Scotland Ridge by Nunns (1983) whose
plate tectonic reconstructions are summarised below.

From -56 to -44 Ma, spreading proceeded symmetrically about
the Mid Atlantic Ridge, offset dextrally to the Norway basin by
a major transform fault. N of this fault, spreading proceeded
about the Aegir axis and S of it about the Reykjanes Ridge.
From -44 to -26 Ma the Jan Mayen microcontinent broke off from
Greenland, forming a ridge-ridge-transform triple junction on
the Greenland-Scotland ridge. Spreading N of +this triple
junction proceeded along both the Aegir axis, and the new
Kolbeinsey axis, resulting in the formation of complementary
fan-shaped magnetic anomalies. The Greenland-Scotland Ridge
developed oontinuously on the migrating plates as a result of
enhanced volcanic activity in the neighbourhood of the hot spot.
It probably formed subaerially during these first two periods
with the Iceland insular platform beginning to form during the
second. From -26 Ma to the present time the Aegir axis has been
extinct, superseded by the Kolbeinsey Ridge. The spreading axis
formed an eastward arc where it crossed the Greenland-Scotland
Ridge in response to the E migrating hotspot. The Iceland
insular platform built up over this arc and the present day
surface tectonic features developed. The current spreading
direction is about N 100° E in the Iceland region (Bjornsson,

1983).
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1.2 Iceland: structure and dynamics

1.2.1 Geology

Comprehensive reviews of the geologic structure of Iceland
are given by Saemundsson (1978, 1979). The exposed volcanic
pile reveals vertical sections of up to 1500 m of extrusives,
below which 1lie at least another 2-5 km if the top of seismic
layer 3 1s taken to be the base of the extrusives. A thiokness
of several kilometres for the extrusive lava pile has also been
confirmed by mapping and drilling in E Iceland (Gibson et al.,
1979; Walker, 1974). The exposed rocks range in age from -16 Ma
to present (Moorbath et al., 1968). They are conventionally

divided into four stratigraphic series. These are:

Postglacial: -10,000 a to present
Upper Pleistocene: -0.7 Ma to -10,000 a
Plio-Pleistocene: -3.1 to ~0.7 Ma

Tertiary: older than -3.1 Ma

A regional geological map of Iceland is shown in Fig. 1.2 and
the reader is referred to this figure for place names.

It can be seen that the geology of Iceland is dominated by
the so-called Neovolcanic Zones that traverse the country from
the Reykjanes Peninsula in the SW to Axarfjordur in the NE.
These zones are defined by the extent of the upper Pleistocene
and Postglacial rocks. They are flanked by Plio-Pleistooene
rooks. Outgide of these areas the E, N and W of Ioceland and the

N¥ Peninsula regions are capped by near horizontal Tertiary
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lavas.

The structure of the Neovolcanic Zones is dominated by
fissure swarms and central volcanoes. The trends of the fissure
swarms tend to be uniform within each branch of the Neovolcanic
Zone, but they are typically arranged in en echelon arrays which
may be dextral or sinistral depending on the ¢trend of the
fissures relative to the direction of plate motion. They are
typically about 10 km wide, and their length varies from 30 to
100 km. Most of them pass through central volcanoes about half
of which exhibit calderas. These central volcanoes mark the
sites of maximum lava production within the swarm and are also
associated with subordinate acid and intermediate voloanism and
high temperature geothermal fields. Hengill is such a central
volcano, lacking a caldera. Tholeiitic basalt is erupted along
the central part of the Neovolcanic Zones, with transitional to
alkali basalts being erupted on their flanks where spreading is
negligible (Jakobsson, 1972).

The Neovolcanic Zones are subdivided into axial zones and
flank volcanic 2zones by Saemundsson (1978) on the basis of
petrochemistry and tectonics. The axial zones are thought to
mark the trace of the plate boundary where active acoretion is
taking place, and well developed tensional tectonios are
observed. The flank volcanic 2zones are those seen to lie
unconformably on older piles of volcaniocs, and display poorly
developed tensional features.

Three flank volcanic zones are recognised. These are the
Snaefellsnes, the Torfajokull-Vestmannaeyja and the
Oraefajokull-Snaefell Zones. Their structure is dominated by

large stratovolcanoes e.g. Snaefellsjokull, Hekla, Oraefa-
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jokull. They are characterised by transitional to alkali lavas
and exhibit poorly developed tensional features; fissures and
graben structures are inconspicuous. The rate of volcanioc
production is very variable, and is mnot balanced by graben
subsidence in associated fissure swarms. Extreme topography is
therefore a feature of these 2zomnes. In the case of the
Vestmannaeyja and the Oraefajokull-Snaefell Zones a regional
thickening of layer 2 is found (Palmason, 1971) that compensates
for the extra load.

Saemundsson  (1978) oonsiders the Reykjanes-Langjokull-
Axaf jordur zone to be the single continuous axial rift 2o0ne
crossing Iceland. Intense fissure swarms and graben structures
are commonly associated with central volcanoes and the depth to
layer 3 is shallow - ¢generally 2.5-4.5 km (Palmason, 1971;
Flovenz, 1980). Tholeiitic basalts are erupted, and  the
volcanic production rate is highest in the centre of Iceland,
which is also its topographic culmination. Towards the SW and
NE, gradual lowering of the topography accompanies a decrease in
the volcanioc production rate and the disappearance of silioio
volcanism and central voloanoes. In addition a geochemiocal
trend was reported by Sigvaldason et al. (1974) with high K, P
and Ti content of the post glacial basalts of central Iceland,
progressively decreasing for 700 km along the plate boundary to
the SW. They proposed that the Iceland hotspot is presently
centred below Kverkfjoll.

Knowledge of the structure of the older parts of the lava
pile comes mostly from the work of Walker in E Iceland (see
Walker, 1974 for summary). The pile 4is mostly built up of

tholeiitic lavas and small amounts of voloanio sediments. Some
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stratigraphical units can be traced for many kilometers. Loocal
concentrations of acid and intermediate rocks have been
interpreted as fossil central volcanoes, and also associated
with copious basaltic volcanism and dyke swarms that cut through
the 1lava pile (Fig. 1.3). Dyke swarms have also been mapped
that are not associated with central volcanoes. The dimensions
of the dyke swarms are similar to those of the present day
fissure swarms seen in the Neovolcanic Zone, and so it 1is
considered 1likely that these are in fact the surface expression
of dyke swarms in the upper crust that have been exposed by
erosion in E Iceland. The strike of the dyke swarms changes
from N-S in the northern part of the area to NE-SW in the south
- a similar variation in trend exhibited by the E Neovolcanic
Zzone and the eastward aro of the accretion zone hypothesised by
Bott (1984) to account for the shape of the E edge of the
Icelandic insular shelf.

It has Dbeen shown that the regional dip of the lavas
increases gradually from near zero in the highest exposed
levels, to 5-10° at sea level. Also the stratigraphic units
thicken down dip. Saemundsson (1978) concluded that +the lava
pile has grown as lenticular units, each associated with a
central volcano - fissure swarm system of limited 1ife span that
became extinct as it migrated away from the ocentral axial zone.
Downsagging is greatest in the centre of the accretion zone
wvhere the lava pile is thickest.

Bearing this principle in mind, another feature of the
Tertiary lava shields may be used to infer the positions of
extinct accretionary zones. A number of shallow synclines and

low anticlines are observed. The synclines are interpreted as
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being caused by downsagging in the central part of an
accretionary plate boundary, hence marking the positions of
extinct accretionary zones. Two such extinct accretionary zones
are indicated - one in the Snaefellsnes Zone and another in the
Lang jokull-Skagi zone. Both became extinct at -6 to -7 Ma at
which time they were replaced by the presently active zones of
Reyk janes-Lang jokull and Kverkfjoll-Axafjordur (Saemundsson,
1974, 1978, 1979; Johannesson, 1980). Mean lava extrusion rates
have been estimated for W and E Iceland and correspond to a

vertical accumulation rate of 700 m/Ma.
1.2.2 The trace of the plate boundary

Magnetic anomalies can be traced clearly on the ocean floor
to the N and S of Iceland (Talwani and Eldholm, 197%7) but their
continuation onto Iceland 1is problematical. Fig. 1.4 is a
summary diagram of the present status of knowledge. With the
exception of western anomaly 5, which is traced continﬁously
across Iceland, the picture is clearly a complex one.

The Reykjanes Ridge comes onshore at Reykjanes in SW
Iceland and from there the plate boundary is considered to
follow the trace of +the axial rift 2zone NE along the
Hengill-Langjokull zone, WE along the Langjokull-Kverkfjoll zone
and N to Axafjordur. Volcanism is not oconfined to these zones,
however, (see above) and explanations of the nature of the plate
boundary in Iceland must be able to account for this. Two major
fracture zones are recognised. These are the South Iceland
Seismic 2Zone (Fig. 1.5), that forms a continuation of the

Reyk janes Peninsula zone east to connect it with the southern
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Development of the present geometry of the tectonically
active zones in Iceland. Magnetic anomalies and ridge
axes are from Talwani and Eldholm (1977). Traces of
extinct rift zones are left as structural synclines in
the Tertiary areas. Major unconformities developed
between sequences produced within extinct rift zones
and those produced from the presently active ones.
Note assymetric position of Reykjanes Ridge axis
relative to anomaly 5. This is not necessarily due to
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to be done before the trace of isochrons on land can be
plotted more accurately. (from Saemundsson, 1979)
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part of the SE Neovolcanic Zone, and the Tjornes fracture zone
(Fig. 1.4) that connects the NE Neovolcanic Zone to  the
Kolbeinsey Ridge.

The South Iceland Seismic Zone is defined by a belt of
severe historical earthquakes (Fig. 1.5). The magnitude of
these events may exoceed 7 (Einarsson and Bjormsson, 1979).
Surface breaks indicate right lateral movement on NS striking
faults, which is also the direction of elongation of the
destruction 2zones. The trend of the entire zone, however, and
consideration of plate movement, would imply 1left lateral
movement on one or more WE +trending faults. It seems that
seismic energy is released along planes conjugate to the main
deformation zone. A single teleseismic focal mechanism solution
is consistent with movement of either type.

Seismicity occurs more frequently in the Tjornes Fracture
Zone (Fig. 1.6). Here transform motion is thought to be
accommodated along two or more NW striking fault 2zones
(Einarsson and Bjornsson, 1979). Topographically the Tjornes
Fracture Zone exhibits a complicated structure of en echelon
grabens and fissure swarms (Saemundsson, 1974). Teleseismic
focal mechanism solutions are consistent with right lateral
strike-slip movement on NW striking planes which 1is also
consistent with inferred plate motiomns.

The seismicity of 1Iceland during the period 1962-77,
depicted in Fig. 1.6, is generally confined to the Neovolcanic

Zone and the two fracture zones described above.
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1.2.3 The dynamics of crustal accretion

A steady state plate tectonic kinematic model of crustal
accretion in Iceland has been presented by Palmason (1973, 1980,
1981). Crustal accretion is considered to proceed both by dyke
intrusion, concurrent with lateral movements of the plates, and
lava extrusion, which results 1in 1loading of the c¢rust and
downwarping. Both of these processes are assumed to have a
Gaussian distribution with distance from the ©plate Dboundary.
The model describes the time averaged trajectories of solid
crustal elements (Fig. 1.7) with respect to a steady-state
crust. Accretion parameters such as width of the deposition
zone, total lava production rate, horizontal crustal strain
rate, spreading velocity and normal faulting can be calculated
using structural properties measured in the Tertiary lava pile,
such as the relative dyke volume fraction and the regional dip
and deposition rate of lavas. Estimates of the width of ancient
accretion 3zones, plate velocities and volcanic production rates
using measurements made in the E and W Iceland Tertiary lava
piles were found to be in good agreement with estimates of these
parameters for the present day acoretion zones. This indicates
uniform intensity of volcanism over the last 10-15 Ma. The
model also permits calculation of the thermal state of the
crust, and isotherms are indicated imn Fig. 1.7. It can be seen
that some remelting of extruded materials is implied.

A study of the variation in regional heat flow rates is
described by Palmason (1974). Thermal gradients are seen to be
highest beneath the axial accretion 2zones, decreasing with

increasing distance from the rift. The rate of falling off of
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the heat flow was found to be generally compatible with ﬁodel
calculations based on conductive cooling of lithospheric plates.

During the period 1975-1984 a volcano-tectonic rifting
episode occurred in the Krafla system of NE Iceland (Bjornsson
et al., 1977; Einarsson, 1978; Bjornsson et al., 1979;
Brandsdottir and Einarsson, 1979; Moller and Ritter, 1980;
Spickernagel, 1980; Torge and Kanngieser, 1980; Johnsen et al.,
1980; Tryggvason, 1980; Sigurdsson, 1080; Einarsson and
Brandsdottir, 1980; Bjornsson, 1984). A shallow magma chamber
with centre at approximately 3 km depth was continually inflated
by magma inflow at a rate of 5 m> sec . Periodiocally it
catastrophically deflated and magma was injected Dbelow surface
into the fissure swarm to the N or S of the Krafla volcano.
These injection events were accompanied by seismicity that
rarely exceeded magnitude 4. Towards the end of the rifting
episode, the lava erupted from the fissures, and almost no
earthquakes were recorded. Subsidence and several metres of
widening were observed across the central part of the fissure
swarm, and uplift and contraction on the flanks.

These events are interpreted as demonstrating orustal
accretion by lateral dyke injection and 1lava eruption.
Tensional strain is built up by plate movements during inter-
episodic periods of quiescence and when this has been released
by fissure widening and dyke injection the mobilised magma
spills out onto the surface. Only the dyke injection events
were accompanied by .,seismicity since when the magma broke
surface, further fracturing of rock was not required to make a
passage for the migrating magma. Volume calculations indicate

that in total the magma injected into the crust corresponds to
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the formation of a dyke 2 km high and up to 6 m wide. It has
been suggested that the crust in fact rifted down to its base,
at about 8 km depth, and that magma ascending directly from the
upper mantle formed the lower part of dyke (Bjornsson, 1984).
This rifting episode demonstrated that central volcanoes
can play a key role in the linear accretion process in Iceland,
and that dyke injection may occur horizontally. Lavas can
travel 1long distances (in this case up to 60 km) horizontally
before eruption. With +this in mind, several other fissure
eruptions have been 1linked to central volcanoes relatively

distant along their strike (Sigurdsson and Sparks, 1978 a, b).
1.2.4 Geophysical constraints on subsurface structure

Several seismic refraction surveys of the TIcelandic crust
have been described (Bath, 1960; Tryggvason and Bath, 1981;
Palmason, 1963, 1971; Flovenz, 1980; Angenheister et al., 1980).
The seismic structure of the crust is found to be oceanic, but
of greater thickness than normal oceanic crust. The P-velocity
increases rapidly with depth down to an isovelocity surface of

' below which the P-wave velocity is nearly constant.

6.5 km sec”
On this basis the Icelandic crust is divided into an upper
crust, where velocities increase continuously with depth, and a
lower crust with an almost constant velocity of 6.5 km sec™ .
The top of the 6.5 km sec ' layer is usually oconsidered to be
the base of the extrusives (see for example, Saemundsson, 1979)
although there is also evidence that it may be a metamorphic
boundary (Christensen and Wilkens, 1982). Ite depth 1is

generally 3-6 km, but may be shallower in the neighbourhood of
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central volcanoes, and deeper in SE Iceland (Fig. 1.8).

Combined reflection-refraction measurements carried out on
profiles crossing the axial rift 2one in NE and SW Iceland
reveal reflecting horizons of average length 1-2 km down to 15
km depth (2Zverev et al., 1980 a, b). They generally dip at
angles of up to 30° towards the axial rift zone. Volumes were
identified Dbeneath the axial rift 2ones where no refractors
occurred, which may be zones of partial melting.

Beneath the crust a layer with seismic velocity of about
7.0 km sec | has been detected, which is interpreted as
anomalous upper mantle. It lies at approximately 8 km depth in
S¥W and W Iceland, but at 14 km in N and SE Iceland. Combining
these data and heat flow measurements indicates that the
temperature of the top of the anomalous mantle is in or above
the melting range for basalts (Palmason, 1971).

An 800 km long profile measured from the SE flank of the
Reykjanes Ridge across Iceland, along the E Neovolcanic Zone
explored the structure of the crust and upper mantle at ¢great
depth, and also the ¢transition from oceanic to Icelandic
structure (Angenheister et al., 1980). The oceanic crustal
layers were found to continue uninterrupted into Iceland but
with increased thickness. 1In contrast the oceanic upper mantle
(Vp = 7.8-8.6 km sec”') terminates abruptly near the insular
shelf and the Icelandic subcrustal velocities range from 7.0-7.6
km sec”' down to 50 km. Other profiles shot in the E and ¥ of
Iceland confirm that this layer, extends beneath Iceland outside
the Neovolcanic Zone (Bath, 1960).

It has been observed that S waves are in general

transmitted through the Icelandic crust and Neovolcanic Zone
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down to depths of at least 10 km (Sanford and Einarsson, 1982),
although small isolated volumes have been identified as magma
pockets on the basis of their seismic properties (Klein et al.,
1977; Einarsson, 1978; Zverev et al., 1980 a, b). However,
attenuation and progressive slowing with respect to P waves has
been observed for explosion generated S waves penetrating the
anomalous upper mantle layer (Gebrande et al., 1980). It was
concluded that a fundamental change occurs at the top of this
layer.

A regional survey of magnetotelluric measurements was
carried out in NE Iceland, and a profile traversing the
Neovolcanic Zone in SW Iceland (Beblo and Bjornsson, 18978, 1980;
Beblo et al., 1983; Hersir et al., 1984). In both cases a 1low
resistivity layer was identified (resistivity 10.a.m) imbedded
between layers of higher resistivity. The depth to the top of
this layer is about 10 km beneath the axial rift zones but
increases to about 20 km below the Tertiary basalts to the E and
V. Comparing these results with temperature-resistivity
laboratory data and observed near surface temperature gradients,
it was concluded that the low resistivity layer is a partially
molten basaltic layer at temperature about 1100° C. The higher
resistivities below this were interpreted as ultramafic upper
mantle at a temperature of about 11009 C. These results have
been used to estimate that the degree of partial melt is 5-20%
at the top of the mantle. It has been suggested that the
partially molten layer occurs at the crust/mantle boundary. It
decouples the crust from the mantle, accounts for the
instability of the accretionary axis and enables high mobility

of the crust during rifting episodes (Bjornsson, 1984). Its
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depth is thus an indication of crustal thickness. Bjornsson
(1984) presented a regional map of crustal thickness for NE
Iceland using the results of MT soundings, and showed that
crustal thickness varies from 8-10 km beneath the axial rift
zone to 20-30 km in the older Tertiary areas to the W and E.

The depth to the base of the crust in Iceland is still
inadequately mapped seismically, but there is some evidence, and
several authors have argued, that it thickens with age from
perhaps 10 km to 20 km as a result of underplating. (Evans and
Sacks, 1979, 1980; Keen et al., 1980; Hermance, 1981).

The depth extent of the anomalous low velocity mantle
beneath Iceland has been explored using teleseismic delays and
gravity data. Tryggvason (1964) calculated a depth to the base
of the anomalous mantle of about 240 km using teleseismic P wave
arrival delays. Long and Mitchell (1970) measured a teleseismic
delay of 1.4 sec at two Icelandic stations relative to stations
in Scotland, Greenland and Sweden, and c¢oncluded that the
anomalous mantle layer must extend to at 1least 200 km depth.
Tryggvason et al. (1983) modelled the velooity struoture
beneath Iceland using the Icelandic selsmograph network and
concluded that the anomalous mantle extends to 375 km.

A bowl-shaped Bouguer anomaly centred on central Iceland is
observed to coincide with the topographic anomaly of Iceland
(Einarsson, 1954). A low density mantle extending to depths of
several hundred kilometers, compensating for the excess mass of
the dome would explain these observations. The free air anomaly
is approximately constant at +680 mgal and extends over the whole
of Ioeland (. Palmagon, porg. oomm.). This 1ndiocates that

the structure oceusing the gravity anomaly must have an aerial
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extent of several times the extent of Iceland.
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1.3 Summary

1.3.1 The structure of Iceland

The opening of the N Atlantic commenced at about -60 Ma
when the E migrating Iceland hotspot intersected a limne of
weakness in the overlying continental crust, and subaerial
volcanism became possible. From -60 Ma to about -26 Ma the
Greenland-Scotland Ridge and the Icelandic insular sheif formed
in response to hotspot activity. The ocean basins to the N and
S formed contemporaneously by linear accretion along spreading
ridges, the north having a more complex history than the south.

Regional geological mapping in Iceland indicates that the
oldest exposed rTocks are 16 Ma o0ld, but that the extrusive
Icelandic pile probably dates back to before -20 Ma. The plate
boundary is traced across Iceland along the axial Neovolcanic
Zone and the South Iceland and Tjornes fracture 2zones. Off -
boundary volcanism also occurs in so-called flank volcanic zones
that are thought to be unassociated with active rifting.

Mapping of the Tertiary in Iceland has revealed that the
volcanic pile 1is built up of near horizontal lava flows
dissected by dyke swarmse and punctuated by central volcano
complexes. In the light of these results, a kinematic model of
crustal accretion in Iceland has been developed, which can be
used to calculate spreading velocities and other parameters from
measurements made in ,1d lava successions. The model also
explains the interplay of intrusion and extrusion at the plate
boundary. and. when correlated with heat flow data, prediocts a

mechanism for remelting in the crust. The present
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volcano-tectonic rifting episode at the Krafla volcano in NE
Iceland is demonstrating the dynamics of the crustal accretion
process and also the role played by central volcanoes.
Synclinal structures in the Tertiary 1lava pile indicate the
positions of extinct accretionary plate boundaries.

Seismic studies indicate that Iceland, the adjoining ocean
basins and the Greenland Iceland Ridge are all underlain by
oceanic crust, thickest beneath the Greenland-Scotland Ridge,
and of intermediate depth below Iceland. Extensive zones of
partial melting have not been observed in the Icelandic crust,
neither is their existence predicted by heat flow measurements,
but small isolated zones of partial melting exist 1in some
places. The depth to the base of the Icelandic crust has not
been mapped in detail by seismic studies.

Beneath Iceland the c¢rust is underlain by a partially
molten, low resistivity layer which is the ¢top of a mantle
exhibiting anomalously 1low P-wave velocity and high S-wave
attenuation. The upper mantle Dbeneath the Greenland-Scotland
Ridge and the ocean basins to the N and S exhibit normal P-wave
velocities. The partially molten 1layer beneath Iceland may
decouple the crust from the mantle and thus account for its high
mobility. Shallowing of the partially molten layer beneath the
Neovolcanic Zones indicates that the crust is thinnest beneath
the accretionary plate boundary, and progressively thickens away
from it.

Teleseismic delays and gravity data indicate that this

anomalous mantle extends to at least 200 km depth.
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1.3.2 Evolution of the plate boundary in Iceland

The culmination of geochemical, ¢gravity and topographic
data indicate that the present position of the hotspot is
beneath central east Iceland, in the Kverkfjoll area. The
present day distribution of volcanic zones in Iceland may be
understood in a plate tectonic context if lateral flow from the
hotspot is accepted, preferentially longitudinally along old
zones of weakness.

From at least -16 Ma to - 6 or 7 Ma the trace of the plate
boundary crossed Iceland in a zone connecting Snaefellsnes and
Skagi. The boundary then jumped eastwards and is now
represented by the Reykjanes-Langjokull-Axafjordur zomne, which
joins with the Kolbeinsey Ridge through the Tjornes Fracture
Zone (Saemundsson, 1974). Most of the seismicity of Iceland
occurs along the boundary, and in the Tjornes Fracture Zone and
the South Iceland Seismic Zone. The WE Langjokull-Kverkfjoll
Zone of recent volcanism and high topography marks the
trajectory of the migrating hotspot.

The Reykjanes-Langjokull Zone 1is at present becoming
replaced Dby a zone further E. The S part of the E Neovolcanic
Zone (the Kverkfjoll-Torfajokull Zone) is a southward
propagating accretionary plate boundary that started forming at
about -2 Ma. It connects with the Reykjanes Peninsula Zone by
the South Iceland Seismic Zone, which is usually interpreted as
an EW transform fault. That this EW "transform fault" has no
surface topographic expression, and that older surface fault
breaks are observed N of its supposed position indicates that

this 2zone may be propagating south along with the tip of the
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Kverkf joll-Torfajokull Zone (Einarsson and Eiriksson, 1982).
The fact that ridge jumps have occurred in the past implies the
existance of remnant o0ld blocks of crust between the extimnct and
active spreading axes. The presence of such a block in the N of
Iceland is supported by radiometric dating but no such evidence
is availible from the S.

The eastwards migration of the plate boundary south of the
hot spot has hence "lagged behind" that to the north. It is
proposed here that this is because the plate boundary mnorth of
the hotspot has been normal to the trajectory of the migrating
hotspot. Thus longitudinal flow NS along the Langjokull-Skagi
Zone from the hotspot ceased quickly after it migrated off axis.
South of the hotspot, however, the opening of the Atlantic has
had a different history (see Section 1.1) and the plate boundary
is oblique to the hotspot trajectory, permitting longitudinal
flow from the hotspot to be maintained for longer. It is also
proposed that the Snaefellsnes volcanic 2zone, a remnant
accretionary axis, is a weak zone which is maintained active by
lateral flow from the hotspot, made possible by its colinearity

with the trace of the hotspot.
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CHAPTER 2
2. THE STRUCTURE OF THE HENGILL AREA

2.1 Regional Setting

2.1.1 The triple point

The area herein referred to as the "Hengill area” 1is the
700 km? rectangular area that lies between 63°N55° - 64°N10’
and 21°Ww00°  21°W30’. All local place names within this area
referred to in the text are marked in Fig 2.3. It forms a
triple junction where three branches of the trace of the plate
boundary in Iceland meet (Fig. 2.1). The natures of these three
branches are very different and they are described in Dbrief

individually below.

2.1.2 The Reykjanes Peninsula

This zone exhibits high seismicity and recent volcanism.
Twelve historic eruptions have been dooumented (Jonsson, 1983).
The trace of the plate Dboundary is defined by a belt of
seismicity, less than 2 km wide in most places that comes
onshore at the SW tip of the Peninsula and runs in an easterly
direction (Einarsson and Bjornsson, 1979). The earthquakes
occupy the depth range 1-8 km. Strain built up by plate
movements thus appears to be released by brittle deformation of
the crust down to 8 km depth, and by aseismic deformation below
this. ©Small scale structures within the zone have been resolved

by the seismicity (Klein et al., 1977). Fooal meohanism
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solutions obtained for small earthquakes on temporary networks,
and two teleseismic solutions consistently indicate a
horizontal, NW trend for the direction of minimum compressive
stress (Klein et al., 1977; Bjornsson, 1975; Einarsson, 1979)
The direction of maximum compressive stress varies from vertical
to NE. Thus fault movements vary between normal dip slip
movements on NE striking fault planes, to strike slip movements
on N or E striking fault planes. The nature of strain release
varies along the seismic =zone. To the extreme west, swarm
activity and normal faulting predominate. Further to the east,
mainshock-aftershock sequences and strike-slip faulting become
more common. The zone has not been traced as it approaches the
Hengill area because the level of activity has Dbeen 1low in
recent years.

The seismic zone is crossed by a series of discrete NE
trending en echelon fissure swarms exhibiting normal faults,
open fissures and eruptive fissures. Tryggvason (1988)
interpreted these features as being indicative of a deep seated
left lateral transcurrent fault with a small tensional component
(a "leaky" transform fault). Nakamura (1970) pointed out that
the NE striking open fissures are evidence of tensional
tectonics and hypothesised that the Reykjanes Peninsula is an
obliquely spreading ridge with equal shear and tensional
components. The surface geologic formations of the Peninsula
are mainly glacial and postglacial volcanics, and obscure to
some extent, the surface tectonic features. It 1s clear,
however, that both ridge and transform fault characteristics are
displayed in the seismicity of the Peninsula.

High temperature geothermal filelds occur at the
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intersections of the fissure swarms and the seismic trace of the
plate boundary. These are, from west to east, the Reykjanes,
Svartsengi, Krisuvik and Brennisteinsfjoll geothermal areas.
The volcano-tectonic province of the Reykjanes Peninsula is
terminated in the east by the largest fissure swarm of all, that
transects the Hengill area, contains the 803 m high central
volcano Hengill and continues beyond L. Thingvallavatn to merge
with the Western Volcanic Zone. The Hengill geothermal area,
associated with this fissure swarm, is also the largest of the

geothermal areas of thls series.

2.1.3 The Western Volcanic Zone

This is a 120 km long rift zone extending from Langjokull
in central Iceland to Hengill in the south (Fig. 1.2). The
surface rocks are recent eruptives forming single or fissure
aligned 1lava shields and hyaloclastite ridges (Saemundsson,
1978). The rift is moderately seismic, activity ocourring
mainly as periodic swarms. Structure near the southern end is
dominated by a swarm of fissures and normal faults with a NE
strike that continues S through the Hengill central volcano
(Foulger and Einarsson, 1980). Lateral extension in the lavas

\

has Dbeen calculated to be about 0.5 cm a~' (Saemundsson, 1967)

or 25% of that estimated for the Reykjanes Ridge.

2.1.4 The South Iceland Seismic Zone

This EW orientated zone connects the Hengill area to the

Eastern Volcanic 2one at Hekla (Fig. 2.1). The level of
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seismicity is low at the +time of writing, but many large
destructive earthquakes are documented, which have a recurrence
time of 50-100 vyears (Einarsson et al., 1981). The whole
seismic zone has an EVW orientation at about 63°N58‘, but there
is no surface indication of such a fault. Individual
earthquakes are accompanied by NS trending surface breaks, and
their destruction zones are also aligned NS. En echelon
features of these surface breaks imply a least compressive
stress in a NW-SE direction and a maximum compressive stress in
a NE-SW direction. These data may be interpreted as indicative
of an EW trending deep seated deformation =zone, which also
conforms with a transform fault interpretation for this 2zone.
The brittle crust responds to this motion by fracturing on the

conjugate plane (Einarsson and Bjornsson, 1979).
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2.2 The Hengill area

2.2.1 Surface research

The area that forms the meeting point of the three
contrasting volcano-tectonic zones described above is 1itself a
self-contained tecotonic unit. The geology has been described in
detail by Saemundsson (1967) (Fig. 2.2) and several additions
have been made since then (Saemundsson and Bjornsson, 1970;
Saemundsson, 1978; Torfason et al., 1983). The area is
dominated by an 803 m high central volcano which is dissected by
an intense swarm of normal faults and open fissures that crosses
the area with a strike of N 25°E. To the N of the central
volcano the fissure swarm has the structure of nested grabens.
An inner graben of 4-5 km width is nested within an outer graben
of 15-20 km width. The whole graben system is continuous with
the fissure 2zone of the Langjokull Volcanic Zone. Contained
within the fissure swarm are Dboth normal faults and open
fissures with and without vertical offset. Geological
observations in this part of the graben indicate a subsidence
rate of 5-8 mm a”' over the past 8000 years. Precision
levelling over a 5 year period revealed subsidence at a rate of

' (Tryggvason, 1974). The subsidence is hence

only 2.5 mm a
probably episodic with most of the movement occurring during
short periods of high activity. Such an episode is known to
have occurred in 1789, when the whole of the fissure swarm was
seismically activated and 60 om of subsidence was observed in
the Thingvellir graben, 20 km N of Hengill (Thoroddsen, 1899).

The surface materials are mostly basaltic hyaloclastites
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(erupted under ice) and subaerial lavas. Elongated
hyaloclastite ridges characterise the area and are thought to be
a result of subglacial fissure eruptions. Cone shaped mountains
also occur, e.g. Tjarnahnukur, and these were probably formed
by eruption through a single circular orifice. Subglacially
erupted material and pillow lavas are the most common rock
types, and Pleistocene and postglacial lava flows are secondary
in importance. A knowledge of the extent of post glacial
eruptive sites, and the quantity of material extruded is an
indication of the position of the currently active zone and the
volcanic production rate over the last 10,000 years. In general
the youngest rocks of the area are to be found in and around the
fissure swarm and the rocks become progressively older the more
easterly one travels. §Six postglacial lavas have been mapped,
all of which were erupted within the fissure swarm except for
one, an early postglacial lava that erupted from Tjarnahnukur, a
volcanic cone 4 km SE of Hengill (Fig. 2.3). The most recent
eruption, and the only historically documented one occurred in
the year 1000 (the Kristnitokuhraun - the Christianity lava).
According to the sagas, it erupted whilst debate was in progress
in the Althingi as to whether Christianity should be adopted as
the official religion of Iceland. The opponents of the motion
declared the eruption to be a sign of the anger of the Gods.
Small outcrops of intermediate and acid rocks occur SW of
Hengill. The intermediate rocks are andesites, and the acid
rocks rhyolites. Intermediate rocks have also been found in
Maelifell, NE of Hengill (Fig. 2.3) (V. Hardardottir, pers.

comm. ).

A large geothermal field, 70 km® in area encompasses
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Hengill and surface displays extend over a large area to the SE
of the volcano (Fig. 2.4). No corresponding surface displays
exist to the W of Hengill. The surface expression of the
geothermal field is hence highly asymmetric with respect to the
central volcano. Many hot springs lie inside the fissure swarm
and close to Hengill. From the E side of Hengill a SE trend may
be discerned in the hot spring distribution that subsequently
widens to form a diffuse scatter of high temperature displays
many of which occupy an eroded topographic low just N of the
village Hveragerdi.

This depression also contains the deepest sections in the
oldest rocks of the area. They display highly altered dykes and
intrusions. The thin so0il cover of this area has been highly
altered locally around the hot springs.

The picture that emerges from these observations is
summarised by Bjornsson et al., (1974). The Hengill area has
contained a central volcano and been volcanically active since
the early Matuyama geomagnetic epoch. At some time during the
early Bruhnes (- 0.7 Ma to present) the original volocanic centre
became extinct and a new one formed to the W of 1it. The o014
volcanic centre was first buried by lavas and hyaloclastites,
but was later deeply eroded and its roots are now exposed in the
area N of Hveragerdi. For convenience, hereafter the present
volcanic centre and associated features will be referred to as
the "Hengill system”" and the extinct volcanic centre and
associated features as the "Grensdalur system" (Grensdalur =
Earth Valley).

The topography of the area is everywhere very rough exocept

in the Olfus lowlands to the SE (Fig. 2.3). The region of
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Hengill and the fissure swarm is characterised by high hills,
deep subsidence valleys, sheer cliffs and NNE elongated
features. E of the fissure swarm and N of the 64° parallel the
topography is intense, but lower, and accessibility is difficult
over much of the geothermal field. A transverse structure is
apparent in the topography, that strikes normal to the fissure
swarm and runs from Hengill, ESE to Ingolfsfjall. Other
features also delineate a structure of this nature. They are,
from WNW to ESE:

a) A WNW +trending hyaloclastic ridge on Mosfellsheidi, W of
Hengill.

b) WNW trending fracture lines that disseot Hengill.

c¢) The topographic ridge mentioned above. This ridge is a water
shed - streams to the N flow NNE, parallel to the fissure
swarm, and to topographic features, to empty 4into L.
Thingvallavatn. S of the water shed streams flow direotly S,
also following the trend of topographic features.

d) Faults N of the transverse structure trend NNE, parallel to
the fissure swarm. Many of those to the S trend NS. Some
faults crossing the SE part of the transverse structure
change strike in the middle.

e) The valleys Kyrgil, in the E side of Hengill and Klambragil
are intense topographic features on the transverse structure
with WNW/ESE trend. The N boundary of the topographic
depression occupied by the easternmost part of the geothermal
field also has a WNW/ESE trend.

f) A VWNW/ESE trend is clearly visible in  the surface

distribution of the hot springs immediatly SE of Hengill.
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2.2.2 Geophysical research

The Hengill area is 35 km E of Reykjavik and its suburbs,
which contain half of Iceland’s population. For this reason
there has 1long been interest in exploiting the geothermal
resource either for hot water or electricity ¢generation, and
several geophysical methods have been applied in the area with a
view to researching the geothermal area. The results of these
studies generally confirm the broad picture described above. A
brief resume of recent work is given below.

Electrical methods have been extensively applied and the
results described by Stefansson (1973), Bjornsson et al. (1974),
Stefansson (1975), Hersir (1980) and Bjornsson and Hersir
(1981). In the period 1970-1977, 66 Schlumberger and 18
dipole-dipole resistivity soundings were made. The two data
groups correlate well, and the picture that emerges 1is of a
conductive  layer (resistivity 15.a.m) at variable depth
underlying the area (Fig. 2.5). The layer is limited in the W
by the western border of the fissure swarm. Around Hveragerdi
and the site of the extinct volcano this layer occurs only at
shallow depths but it extends much deeper beneath Hengill and
the fissure swarm. It is not clear whether the area Nesjavellir
to the N of Hengill is connected to the main conductive layer or
not. The dipole-dipole soundings indicate an increase in
resistivity at 500-700 m b.s.l. under Hengill, which might
indicate a change from liquid to twp phase conditions in the
reservoir at these depths, or a greater percentage of
intrusives. S of +the high temperature area, in the Olfus

lowlands, resistivity measurements and drilling indicate the
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presence of low temperature geothermal resources ( « 160° C).

In 1976 a 100 km long magnetotelluric profile was measured
across the Western Volcanic Zone to the N of L. Thingvallavatn
(Fig. 2.6) and 7 soundings were made within and around the
Hengill high temperature area (Hersir et al., 1984). The main
result that emerged was the detection of an anomalous high
conductivity layer present under all statiomns. The layer is
about 2 km thick, and was seen to shallow from 50 km beneath a
station distant from the Neovolcanic Zone, to 8 km beneath the
centre of the zone (Fig. 2.7). The resistivity of the layer was
also seen to increase from 2.5am to 50am with increasing
distance from the centre of the zone. This anomalous conducting
layer is detected elsewhere in Iceland (Beblo and Bjornsson,
1978, 1980; Beblo et al., 1983) and is interpreted as a highly.
mobile zone of magma accumulation at the crust/mantle interface
with a temperature of about 1100° C and a melt phase fraction of
5-20% (Beblo and Bjormnsson, 1978, 1980; Hermance, 1981;
Bjornsson, 1984).

A gravity survey was completed in 1983 and the preliminary
results are available (Thorbergsson et al., 1984). The Bouguer
anomaly map (Fig. 2.8) displays several lows along the fissure
swarm, and a high over the topographical depression that marké
the site of the extinct Gremnsdalur central volcano. These data
have not as yet been modelled but the features displayed are
what would be expected if partial melt exists at shallow depth
beneath 1light hyaloclastios 1in the fissure swarm, and dense,
cool dykes and intrusions characterise the near surface
structure of the Grensdalur system.

The results of an aeromagnetic survey of the Hengill area






















































Further monitoring.
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Abstract—This paper reviews the use of earthquake studies in the field of geothermal exploration. Local,
regional and teleseismic events can all provide useful information about a geothermal area on various
scales. It is imperative that data collection is conducted in properly designed, realistic experiments.
Ground noise is still of limited usefulness as a prospecting tool. The utility of the method cannot yet be
assessed because of its undeveloped methodology and the paucity of case histories.

INTRODUCTION

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

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

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

SEISMICITY OF GEOTHERMAL AREAS

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

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

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

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

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

LOCAL EARTHQUAKES

Spatial distribution

The spatial epicentral distribution of local earthquakes and its relation to surface features has
provided insight into the geographical distribution of high temperature areas. The positions of
high temperature areas on the Reykjanes Peninsula have been correlated with the points where
fissure swarms cross the trace of the plate boundary as defined by earthquake epicenters (Klein
et al., 1977).

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

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

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

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

Poisson’s ratio may be estimated by examining the relative travel times of compressional and
shear waves from different microearthquakes to individual stations. Laboratory experiments
indicate that dry rocks display a lower Poisson’s ratio than wet ones. Somerton (1978) made
laboratory measurements of Poisson’s ratio in both dry and water-saturated sandstones from
the Cerro Prieto (Mexico) geothermal field and obtained values of 0.1 for the dry and 0.3 for
the wet samples. Majer and McEvilly (1979) obtained values for Poisson’s ratio for The
Geysers, by the passive seismic method, and obtained values of 0.15 — 0.2 inside the production
zone, and higher values outside it. The low value obtained was thought to reflect steam
domination of the reservoir rocks. Low values were also obtained for the Coso Hot Springs
area (Combs and Rotstein, 1975) and interpreted as indicating vapour domination.

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

Source properties

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

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

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

Seismic attenuation

Information about Q (the quality factor, or the inverse of the attenuation) was also obtained
for The Geysers by combining explosion seismological data and data from spectral analyses of
microearthquakes. Estimates of Q for both compressional and shear waves were obtained.
Variations in Q may be interpreted in terms of variations in the degree of water saturation,
pressure, temperature, the presence of gas, partial melting and degree of compositional
heterogeneity.

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

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

At Grass Valley, Nevada, Majer (1978) detected clear high frequency attenuation of both
earthquake and explosion generated seismic waves passing through the immediate area of the
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hot springs. This was attributed to effects within the upper 1 km of the crust beneath the
springs.

At Sierra La Primavera, Mexico, McEvilly et al. (1978a) observed substantial differences in
the attenuation of body waves of regional events, which they attibuted to the effects of the
upper few kilometers of crust, possibly a shallow zone of partially molten material.

In Long Valley Caldera (California), Hill (1976) detected clear high frequency attenuation of
explosion generated seismic waves passing at shallow depths beneath a region of hydrothermal
alteration and hot spring activity. This could be caused by crustal heterogeneity, or indicate that
the system reaches near boiling pressure at the depths penetrated by the seismic energy
(Kjartansson and Nur, 1981). Unusually high attenuation of explosion generated seismic waves
has also been reported from geothermal areas at Wairakei (Modriniak and Studt, 1959),
Broadlands (Hochstein and Hunt, 1970) and Kawerau (Studt, 1958), New Zealand;
Matsukawa, Japan (Hayakawa, 1970); and Coso Hot Springs, California (Combs and
Jarzabeck, 1977).

Monitoring operations

Earthquakes provide one of the few means for continuous monitoring of the whole field,
both before and after production has commenced. With the latter aim in mind, it is very
important to commence data collection prior to exploitation so that seismicity during
exploitation can be compared to pre-exploitation data.

There are many examples of changes in surface geothermal activity consequent to
earthquakes. For example, changes in the eruptive cycle of Old Faithful Geyser, and also effects
on hot springs in Yellowstone have been correlated to seismic activity (Rinehart, 1969; Rinehart
and Murphy, 1969; Marler, 1964). Dramatic changes in the Geysir area in Haukadalur,
Iceland, have been noted on several occasions, accompanying large destructive earthquakes in
southern Iceland (Einarsson, 1964).

Significant changes in surface thermal activity have also accompanied earthquake swarms,
e.g. in Reykjanes, Iceland (Ward et al., 1969; Tryggvason, 1970) and the Krafla area, Iceland
(Bjornsson et al., 1977, 1979; Einarsson and Brandsdottir, 1980). Periodic variations in the
discharge and temperature of thermal water in the Kagai hot spring area, Japan, has been
correlated to changes in seismic rate within the Matsushiro sequence (Kasuga, 1967).

Data from The Geysers area, California, suggest that microearthquake activity has increased
by a factor of 10 in the past 7 years. This has been attributed to accelerated fluid withdrawal
and re-injection (Marks et al., 1978; Majer and McEvilly, 1979; Denlinger and Bufe, 1980). The
apparent increase in the frequency of large events may also be attributable to the re-injection
process. Majer and McEvilly (1979) considered the microearthquakes to indicate regions of
expansion of the vapour-dominated zone, and the level of activity to be a measure of the degree
of departure from a state of equilibrium. Migration of the active zones may thus indicate
migration of the boundaries of the vapour-dominated zone.

REGIONAL EARTHQUAKES

Both regional and local events have been used in several instances to define areas of
anomalous shear wave attenuation, interpreted as magma chambers in the crust and upper
mantle. Some notable examples are studies done in the Katamai volcanic range, Alaska (Kubota
and Berg, 1967; Matumoto, 1971); the Sulphur Springs geothermal region, St. Lucia, West
Indies (Aspinall et al., 1976); at Socorro, New Mexico (Sanford et al., 1977a,b); and Krafla,
Iceland (Einarsson, 1978).
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waves were transmitted indicated, however, that either the molten portion of the body must
exist in pockets less than 4 km in diameter (the approximate wavelength of the shear waves), or
the body must have sufficient viscosity to transmit shear energy. S-waves from local
earthquakes were found not to penetrate deep enough to sample the anomalous body.

P-wave delays of more than 1 s have been observed in The Geysers — Clear Lake area. Iyer et
al. (1979) postulated the existence of a magma chamber with a core of severely molten rock
beneath Mt. Hannah, to the NE of The Geysers area, and partially molten rock underlying The
Geysers field itself. Both zones extend down to a depth of 20 km or more.

Young and Ward (1978) analysed P-waves from over 60 teleseismic events recorded over the
Coso Hot Springs, California, and modelled two-dimensional variations in attenuation. In a
later study the model was extended to three dimensions (Young and Ward, 1980). Their method
involves dividing the rock volume of interest into cells, and calculating the attenuation of each
of these. Based on these data a model for the Coso Hot Springs KGRA is proposed with high
attenuation at near surface (0— 5 km), due to ‘lossy’ lithology or partial fluid saturation; an
intermediate fractured zone (5 — 12 km), through which heat is transferred by fluid movement;
and a deep zone (12 — 20 km), containing intrusives or magma. A two-dimensional model has
also been calculated for The Geysers — Clear Lake field, which indicates a high attenuation zone
in a position corresponding to gravity anomalies and P-wave travel time residuals (Ward and
Young, 1980).

GROUND NOISE

For completeness, some mention of ground noise should be made. The method commonly
consists of sampling the ambient ground noise over the surface of the geothermal area with a
dense station network. Two main lines of approach are followed.

Firstly, the theory has been proposed that hydrothermal processes within reservoirs (e.g. a
phase change) radiate seismic energy. To test this hypothesis noise levels are contoured on the
surface in order to delineate noise sources.

Secondly, consideration is taken of the type of elastic wave propagating, and processing then
aimed at inverting the propagation characteristics to obtain information about the distribution
of medium properties (e.g. seismic velocity and attenuation), and the location of sources.

High levels of ground noise have been detected at many sites in the vicinity of hot springs and
geysers, and some evidence presented for the existence of radiating sources at shallow depths.
For example, at Grass Valley, Nevada (Liaw and McEvilly, 1979); Long Valley, California (Iyer
and Hitchcock, 1976); and Yellowstone National Park (Iyer and Hitchcock, 1974). At Wairakei
and Waiotapu, New Zealand, depths of less than 200 m were attributed to noise sources
beneath sites of surface activity (Whiteford, 1975). There is also some evidence that geothermal
areas with no visible surface expression may not be noise emitters, e.g. East Mesa, California
(Iyer and Hitchcock, 1975) and Kurobe, Japan (Ehara and Yuhara, 1978). As yet, no deep
subsurface emitter has been located.

Formidable difficulties are associated with the application of this method to geothermal
prospecting. The greatest of these are high levels of cultural and meteorological noise
interference, laterally variable and unassessable ground amplification (due to variable geology),
and poorly constrained crustal models. The lack of station correlation prohibits the location of
sources, and powerful surface sources such as hot springs mask weaker seismic waves from
buried emitters, so amplitude mapping will only yield information about shallow sources. In
order to demonstrate the existence of body waves radiated by deep emitters within geothermal
systems, large station arrays and sophisticated processing methods would be necessary.

Analysis of ground noise remains, as yet, a tool of very limited applicability in geothermal
prospecting.
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FURTHER DEVELOPMENTS

The main points emerging from a review of the use of the passive seismic method as a
prospecting tool at present is that there is a paucity of case histories, and no well-developed
systematic methodology for the delineation of anomalous portions of the crust, with the
possible exception of the treatment of teleseisms. Indeed, results may be contradictory, or
ambiguous in the light of parallels drawn with laboratory experiments, or at best difficult to
interpret. On the positive side, however, seismic monitoring is cheap, has yielded valuable
information about reservoirs in many cases, and can be used to ‘see’ much deeper than
conventional geophysical methods.

When exploration of a prospect commences there is a strong case for conducting a
preliminary monitoring experiment using a small number of stations, over as long a period as
possible, in order reliably to assess the level, and temporal nature, of local and regional activity.
Only then can a more sophisticated experiment be designed on a realistic basis. In areas which
have a high seismicity prior to exploitation there is an especially strong case for commencing
monitoring early, particularly if injection wells are likely to be used.

To the author’s knowledge, The Geysers is the only exploited geothermal area where
continuous seismic monitoring and spectral analysis was, and is, being done with a view to
modelling the reservoir.

Many questions remain to be answered before the potential utility of the method can be fully
assessed, and many more case histories with intensive studies are necessary. The possibility of
developing methods to map attenuating areas should be investigated. Spectral analysis, and the
calculation of source characteristics could provide an answer to whether the phenomenon of a
‘geothermal’ earthquake exists. Changes in the rate of seismicity due to production activities
should be evaluated, and efforts made to find discriminants between natural and induced
earthquakes. Finally, more laboratory work needs to be done to enable the results of seismic
studies to be interpreted with a minimum of ambiguity, in terms of reservoir characteristics.
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