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ABSTRACT

With increased emphasis on geothermal development, new
exploration methods are needed in order to improve the
general  understanding of geothermal  reservoirs,
characterize their extent and assess the potential for
sustainable utilization. Monitoring of micro earthquakes
and acoustic emissions within geotherma areas may
provide a new tool for evaluating the spatial extent of
geothermal fields, their dynamics and model rock-fluid
interactions. In this project, data was collected within the
Hengill-Hellisheidi geothermal area. A temporary seismic
network was in operation from June 13 to August 13, 2007
and the area covered was 220km2. In this period more than
60 events were recorded during the field campaign, which
were |ocated using the program Hypoinverse 2000.

Seismicity in the Hengill-Hellisheidi area during the
observation period was low. Most of the events followed a
NW-SE trend, from Reykjadalur, across Olkelduhdls into
Hengill, correlating with surface geothermal manifestations.
A few events were aso located within the fissure swarm
north and south of Hengill. Earthquakes at Olkelduhds
clustered at 4-6 km depth whereas events within the Hengill
fissure swarm have a broader depth range, from 0 to 9 km.
These earthquakes are most likely associated with tectonic
movements or hydraulic fracturing and fluid flow within the
geothermal systems. A preliminary study of the noise
distribution within the Hengill-Hellisheidi geothermal fields
has reveded 4-6 Hz spectral peaks at seismic stations
located in the vicinity of surface geothermal manifestations.
Further investigation is needed to determine their
relationship to the Hengill-Hellisheidi geothermal field.
Spectral peaks within the range of 8-30 Hz have been
observed at most of the stations and are probably related to
various sources of noise such as wind and overpressurized
boreholes.

1. INTRODUCTION

Geophysical exploration is the study of the Earth's physical
parameters and its surroundings using physica methods
such as seismic, electrical and electromagnetic, magnetic
and radioactivity methods. It plays an important role in
exploring for geothermal resources, in delineating,
evaluating and monitoring utilization of geothermal fields.
Temperature measurements and €electrical/electromagnetic
methods detect anomalous temperatures and conductivity
anomalies which are coupled to geothermal activity. They
are widely used in siting drilling targets (Telford et a.,
1990). Seismic methods have not been so popular in
geothermal exploration but in the last decade or so, their
importance has been recognised. More than a dozen
countries are involved in utilizing geothermal resources,

both moderate- and high-temperature geothermal systems
for generating electric power, and lower temperature
resources of several types for space heating and industria
processing (Fridleifsson and Freeston, 1994).The basic
components of a geotherma system are: a heat source, a
reservoir, and conduits or pathways to allow circulation of
fluid. Where impermeable cap rock is present the
geothermal system can be pressurised (Figure 1).

The practical objective of geothermal research is to locate
potentialy attractive geothermal fields that can be exploited
for eectric power generation and other uses. Heat sources,
avallability and characteristics of fluids, reservoir
temperature and flow channels the main parameters
investigated. They are sometimes are manifested at the
surface whereas in other cases there are virtualy no surface
expressions of an underlying resource. To evaluate these
‘blind resources’, different geological, geochemica and
geophysical methods have been applied.

Seismic methods use the propagation of elastic waves to
image sources and structures within the Earth. Earthquake
locations and fault plane solutions give information about
active faults and permeable zones in a geotherma system.
In the geothermal industry, monitoring of seismic activity
has been used to study geotherma reservoirs and their
processes. These processes can be ground noise
(microseismics) generated by the geothermal system (e.g.
boiling and/or convective flow), microearthquakes and
earthquakes on active faults, and hydraulic fracturing and
tensile cracking of cooling intrusions (Hersir and
Bjornsson, 1991).

Earthquakes are an essential part of geothermal systems for
they break up the bedrock by faulting and fissuring and
provide paths for water to percolate down into the thermal
areas creating permeability, thus, geothermal areas are
constantly changing (Bolt, 2004). Many geothermal
systems exist in volcano-tectonic areas and are
characterized by a high level of microseismic activity.
Numerous studies show that recent intrusions are associated
with high levels of earthquake activity and tectonic activity
can thus indicate cooling intrusions. The main objective of
this study was to give the author practical training in
geothermal  exploration using seismic  methods,
emphasizing seismic data interpretation and anaysis of
naturally occurring loca seismicity. To achieve this, highly
precise earthquake locations are needed as well as a dense
coverage of seismic stations. The locating of earthquakesin
the geothermal area was done using a temporary seismic
network (HH2007). The results were compared with that of
the automatic SIL network and used to understand better
the Hengill-Hellisheidi seismicity in relation to the
geothermal fields. A pilot spectral anaysis of the regiona
“seismic noise” was also performed.
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Figure 1: Geothermal system showing its components;
differently shade/ coloured dotted lines show
different temperatures as the water heats up
(Geother mal Education Office, 2007).

2. 2.BACKGROUND
2.1 The Hengill Volcanic System

2.1.1 Tectonic Setting

The Hengill central volcano is characterised by tensional
stress paralel to the N110°E spreading direction
(Sigmundsson et a., 1997). The volcano is intersected by a
fracture system or fissure swarm that extends for 60-80 km
from southwest to northeast. There are also strike-dlip faults
in a N-S direction. The fracture network is periodicaly
activated providing conduits for the episodic eruption of
basalt and the emplacement of dykes and aso controls the
circulation of hot water and steam from the centre of the
Hengill system. Besides the major fissure swarm, there are
some faults and eruptive fissures transecting the centre of
Hengill in a NW-SE direction towards the Hveragerdi
system, i.e. perpendicular to the main tectonic trend. The
Hengill volcanic complex is suggested to be divided into
the Hveragerdi-Grensdalur (Graendalur) volcanic system
(eastern part of the area) that was active between 700,000
and 30,000 years ago, but is now partially eroded down to
the chlorite zone; the Hrémundartindur system, whose
surface formations are younger than 0.2 Ma, and the
currently active Hengill system (Saemundsson and
Fridleifsson, 1980). The magma moves into the shallow
crust at temperatures of about 1200°C and supplies heat to
the hydrothermal system (Bodvarsson et al., 1990).

2.1.2 Geology and Geothermal Activity

Iceland is a relatively young country built up over the past
16 Ma by basaltic volcanism along the slow-spreading Mid-
Atlantic ridge. It is located at the junction of the Mid-
Atlantic ridge and the Greenland-Iceland-Faeroe ridge
(Figure 2), the former being part of the global midoceanic
ridge system that defines the constructive plate boundary
between the American and the Eurasian plates. The
spreading rate is close to 2 cm/year (DeMetz et al., 1994).
The structure and the activity of Iceland’s plate boundary is
strongly influenced by the Icelandic plume (Tryggvason et
al., 1983) and expressed by a series of seismic and volcanic
zones. It comprises four presently active volcanic zones:
Northern Volcanic Zone (NVRZ), Eastern Volcanic Zone
(EVRZ), the Western Volcanic Zone (WVRZ) and the
Reykjanes Peninsula (RP). The South Iceland Seismic Zone
(SISZ) is a transform zone between WVRZ and EVRZ
characterised by high seismic activity (Stefansson et d.,
1993). Each rift zone is made up of volcanic systems,
consisting of a central volcano transected by a fissure

swarm (Figure 2). Some central volcanoes have developed
caderas (Seemundsson, 1978). Located at the triple
junction of the RP, WVZ and SISZ, (Saemundsson, 1979),
the Hengill- Hrémundartindur-Grensdalur volcanic systems
sustain powerful geothermal fields with an areal extent of
50 km2.

Iceland plate boundary Q 100 km

.
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i

Figure 2: Regional map of Iceland showing the study
area (black sguare); inset is a map showing
Iceland in relation to the Mid-Atlantic ridge
(mod. from Einarsson and Saemundsson, 1987).

The Hengill central volcano, formed in the past 0.8 Ma, is
the site of powerful geothermal fields with an areal extent
of 50 km2. At least three volcanic eruptions have occurred
in the area in the last 11,000 years; the most recent one
2,000 years ago (Saemundsson, 19953, b). Bedrock typesin
the area are volcanic, mainly composed of various
lithofacies of subglacialy formed hyaloclastites (basdtic
breccias, tuffs and pillow lava) and Holocene lava flows
(Figure 3).

The geotherma activity is related to recent northeast-
trending dykes and faults within the Hengill fissure swarm,
from Hellisheidi to Nesjavellir, north of Hengill (Arnason,
1993). Surface geothermal activity is also present within the
older volcanic systems (Figure 4), Hrémundartindur and
Grensdalur, further east, following a northwest striking
trend from Hengill across Olkelduhds to Klambragil,
Reykjadalur and Grensdalur-Hveragerdi (Figure 4). During
enhanced earthquake activity, changeshave been observed
in the surface geotherma activity (Sigmundsson et a.,
1997; Clifton et a., 2002). Investigation of the Hengill
volcanic complex indicates that super critical conditions
probably exist at a shallow depth (5 km) and perhaps at less
than 3 km depth associated with the youngest volcanic
structures in the western part of the Negavellir system
(Fridleifsson et a., 2003). The Hengill-Hellisheidi
geothermal system is active, and is estimated to have a
power potential of 1 GW of electricity (Reykjavik Energy,
2007).

2.2 Hengill-Hellisheidi: Seismic Activity and Crustal
Structure

Present day seismicity in Iceland is governed by tectonic
complexities that derive from the westward motion of the
Mid-Atlantic ridge relative to the Icelandic hot spot
(Saemundsson, 1978). Most earthquakes in Iceland are of
the usual high frequency type, reflecting brittle crust,
though lower frequency earthquakes also occur, especially
in volcanic regions (Einarsson and Brandsdéttir, 2000).
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3



Wanjohi

Most destructive earthquakes in Iceland in historical times,
have originated within the SISZ, most recently in 2000.
(Einarsson, 1991; Jakobsdéttir et al., 2002; Clifton and
Einarsson, 2005; Hackman et al., 1990, Sigmundsson et d.,
1997). Current seismicity of the SISZ is characterised by
semicontinuous clustering activity and aftershocks from the
June 2000 earthquakes (Jakobsdottir at al., 2002).
Background seismicity throughout the Hengill triple
junction consists of continuous, smal magnitude
earthquakes (Foulger and Einarsson, 1980; Foulger, 1988z;
Sigmundsson et al., 1997; Agustsson and Halldérsson,
2005).

Between 1994 and 1998, the Hengill triple junction was
subjected to both tectonic extension and shear during
episodic periods of enhanced seismicity related to strike-
dlip and normal faulting (Clifton et a., 2002), culminating
in a ML=5.1 earthquake on June 4, 1998 and a ML=5
earthquake on November 13, 1998. More than 80,000
earthquakes were located within the Hengill,
Hrémundartindur and Grensdalur volcanic systems during
this period. Geodetic measurements, GPS, surface levelling
and InSAR detected maximum uplift of 2 cm/yr above a
modelled inflation centre at 6.5-7 km depth south of
Olkelduhdls, between the Hromundartindur and Grensdalur
volcanic systems (Sigmundsson et a., 1997; Feigl et a.,
2000). A number of surface fault movements on segmented
right-lateral strike-slip faults were detected in association
with the June 4th event (Feigl et a., 2000; Clifton et al.,
2002).

2.3 Synthesis of Previous Work

The local earthquake tomographic (LET) study of the
Hengill volcanic area by Foulger and Toomey, (1989) and
Toomey and Foulger (1989) revealed high-velocity bodies
within the Grensdalur and Hrémundartindur volcanic
centres, interpreted as hot, but solidified, intrusions,
presently fuelling surface geotherma areas within these
systems. A small low-velocity body (approximately 3 km3)
imaged beneath the northeast flank of the Hengill centra
volcano was tentatively interpreted as a region containing
partidd melt. A revised three-dimensional crusta model
using a digital seismic network deployed in 1991 (Miller et
al., 1998) was unable to confirm the existence of a low-
velocity body beneath NE-Hengill, suggesting it to be an
artefact of the inversion procedure and showing Hengill to
be devoid of major compressional velocity anomalies.
However, Tryggvason et a. (2002), also using LET, imaged
reduced P- and S-velocities beneath the Hengill fissure
swarm with velocities ranging from 5.9-6.3 km/s and 3.4—
3.65 km/s a 3-9 km depth and a Vp/Vsratio below 1.7,
which they attributed to a highporosity region containing
supercritical fluids. Miller et al. (1998) constrained a ~40
km3 high-velocity body of > 0.4 km/s at 1-5 km depth
beneath the Grensdalur vol canic centre and a ~20 km3 body
of > 0.3 kn/s at 2-5 km depth underlying Olkelduhds. The
third high-velocity body extends down to 4 km depth
beneath HUsmdli, an old basalt shield on the southwest
flank of Hengill. Similarly, Tryggvason et a. (2002)
imaged high velocities beneath Hrémundartindur, Hismli,
and Grensdalur, although at dightly greater depths. No S
wave attenuation, indicative of areas of partia melt, has
been observed within the Hengill region (Miller et al.,
1998; Tryggvason et a., 2002). However, the LET models
do not rule out the possible presence of small pockets of
melt (0.01 km3) as suggested by Sigmundsson et a. (1997)
at 6.5 km depth beneath the Hrémundartindur volcano.
Negative Vp/Vs anomalies imaged within many geothermal

areas have been atributed to variations in rock
compressibility, i.e. variations in porosity and pore-fluid
pressure caused by variations in temperature or the presence
of vapour. A NW-SE trending anomaly of low Vp/Vs was
also observed from Grensdalur, across Olkelduhdls to the
region south of Nesjavellir, extending from the surface to
~4 km depth (Miller et al., 1998). This low Vp/Vs anomaly
is dominated by two vertical zones, dipping southeast from
S-Negjavellir and northwest from Grensdalur. The deeper
parts of the low Vp/Vs bodies correlate with high Vp
volumes. Whereas the deepest parts of the high Vp bodies
are seismogenic, the low Vp/Vs bodies are nearly aseismic.
Using LET and active sources, Tryggvason et a. (2002)
observed Vp/Vsratios generally below 1.7 at 3-4 km depth.

Refraction and LET studies show the thickness of the upper
crust (depth to the iso-velocity contour of6.5 km/s) to be
close to 7 km beneath the Hengill system whereas the
overal crustal thickness ranges from 17 to 20 km within
this region (Bjarnason et d., 1993; Weir et a., 2001;
Tryggvason et a., 2002). Non-double couple focal
mechanisms, initialy observed a Hengill by Foulger
(1988b), have been attributed to the process of contraction
cracking within the cooling geothermal heat source
(implosions) or tensile opening of cracks (explosions).
Their distribution has been used to demarcate hot rocks
fudling the geothermal reservoir. Initia foca mechanisms
indicated that about haf of the Hengill events exhibit
normal and strike-dip faulting in response to a horizontal,
NW-oriented minimum compressive stress, while the other
half shows evidence for mechanisms with a non-double
couple component. However, Miller et al. (1998) concluded
that 75% of the earthquakes recorded by the 1991 Hengill
seismic network had a non-double-couple (non-DC)
mechanism, whereas 25% were consistent with a double-
couple mechanism. The non-DC mechanisms were
observed to be consistent with simultaneous tensile and
shear faulting, the dominant mode of shear faulting being
right lateral on north-northeast-sticking near-vertical faults.

Bjornsson et al. (1986) conducted a regional geophysical
survey in the Hengill area observing that the continuous
micro-earthquake activity within the region can be
correlated with surface geothermal activity. In the absence
of an extended magma chamber in the upper crust beneath
Hengill, they considered the geotherma system to be fed
from deep circulation (to about 5 km) of groundwater in a
highly fractured crust with a surface temperature gradient of
150°C/km.

3. SEISMIC WAVES AND BASIC THEORY

3.1 Types of Seismic Waves

Seismic waves are caused by the sudden breaking of rock
within the earth or by an explosion. They travel through the
earth and are recorded on seismographs (when stress varies
with time, strain varies similarly and the balance between
stress and strain results in seismic waves). The waves travel
at velocities that depend on the elastic moduli and are
governed by equations of motion (Lay and Wallace, 1995).
The waves are refracted and reflected at veocity
discontinuities in the crust. There are different kinds of
seismic waves which travel in different ways across the
earth. The two main types of waves are body waves and
surface waves (Figure 5). Body waves can travel through
the earth's interior, but surface waves can only move along
the surface of the planet like ripples on water. Earthquakes
radiate seismic energy as both body and surface waves.
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Figure 5: Seismogram showing P-waves, S-waves and
surface waves (taken from Press and Siever,
1974).

Body waves travel through the interior of the earth and have
shorter travel times than surface waves. There are two kinds
of body waves: primary (P-waves) and secondary (S
waves). The velocity of both P and S-waves are dependent
on density and elastic moduli. Primary or compressional
waves (P-waves) are the first waves to arrive at a seismic
station and are faster than S-waves. They can move through
solid rock and liquid by pushing and pulling the material
they move through just like sound waves push and pull the
air. P wave particles move in the same direction that the
wave is moving in, the direction that the energy istravelling
in, which is called the direction of wave propagation. The
polarization of P-waves is always longitudinal (in isotropic
and homogeneous solids). This means that the particles in
the body of the earth have vibrations along or parallel to the
direction of travel of the wave energy. Secondary waves (S
waves) are transverse waves, which make the earth shake
from side to side (pure shear strain). Slower than P-waves,
they arrive second and can only move through solid and not
through liquid media. It is this property of S-waves that led
seismologists to conclude that the Earth's outer core is a
liquid. These waves are, therefore, strongly attenuated or
disappear completely when they travel through partialy
molten rocks. S-waves move rock particles up and down or
sideto-side, perpendicular to the direction of wave
propagation (Figure 6).

i

Horizontal ground motion

undisturbed medium

Figure 6: P- and S-waves travelling through a medium;
the large arrows show direction of propagation
and the small arrow showsthe particle motion.

Earthquakes give information on the stress field and the
tectonic nature of the area where they occur and on the
transmission path from source to receiver by observation of
seismic waves. The location of earthquakes is determined

Wanjohi

from the time taken by P and S-waves to travel from the
focus to a seismograph. The travel time of a seismic wave
(eg. P and S) from a source to a given point on Earth’s
surface (seismograph) depends on the distance between the
two points (Bolt, 2004). To determine the location of an
earthquake, m = (t,x,y,z), we measure the arrival of seismic
waves at seismic stations assuming knowledge of the
velocity structure between the hypocenter and the seismic
station.

The travel time to a station from any seismic event can be
defined by a non-linear function,

T

Ol

s =G(mu)

where Tobs, m (t,x,y,z), u are arrival time measured at a
seismic dtation, the origin time and geographical
coordinates of the hypocenter, and velocity model used.

For a homogeneous earth with velocity V, the i-th observed
arrival time can be written as:

+J(>ﬁ—><)2+(m—y)2+(a—2)2

T =1,

(i=123..N)

where x; (%,¥i,2), to, X (X,y,2), N are the location of the i-th
station, the common time origin, the event location, and
number of observations.

Thisis already non-linear in the event location coordinates.
If the velocity is variable in space, further non-linearity is
introduced through the dependence of ray paths on velocity.

To proceed, this non-linear problem can be linearized and
solved through a series of iterations. This is done by
expanding the function G using the Taylor series around a
starting model, m0. We try to find a better solution by
perturbing the model until some convergence criteria are
reached. The quality of the solution will depend strongly on
these initial estimates as the problem is being solved
iteratively (Menke, 1984):

Here the model perturbation, dm, is referenced to the model
from the previous iteration, mO. Thisis alinear relationship
between m and T, which we can reorganize in a matrix
form by defining a data vector, d:

di = Ti - Gi(mO;u), (observed minus calculated time)

Each iteration can thus be expressed as a linear inverse
problem of the form:

d=Gdm
where G contains the derivatives Gi[m=mo.

Thisis then solved by a standard linear equation solver, e.g.
the Gauss-Newton method or damped least squares.
Detailed mathematical formulation of the non-linear
earthquake-location problem is discussed by e.g. Lee and
Stewart (1981) and Lay and Wallace (1995). The difference
(misfit) between observed and caculated arrival times,
which is determined from the model of the previous
iteration, is the residua arrival time on each seismic station
for a given event. This residua is minimised in a least-
squares sense by iteration where the location of the
hypocenter is changed. In standard earthquake-location
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procedures like Hypoinverse (Klein, 2000), the velocity
model is fixed and therefore the location is the only
unknown. Both P and S-wave picks can be used to
determine hypocenter locations. The program requires the
user to have a velocity model for both wave types, a station
list, an initia location and phase data input files. The
location method involves the following steps:

e Calculating the root-mean-square residual time
for the current location, oT;

e Cdculating an adjustment vector, dm, in the
direction which minimisesthe cT;
the solution

e Repetition by iteration until

converges.

The Hypoinverse program calculates the full 4x4
covariance matrix of the solution and derives from it the
error elipsoid containing the horizontal and vertical errors.
The error calculation requires an estimate of the variance of
the arrival-time data, given as:

0’ =0’ +yo?

where ()'r2 is the reading-error variance and y is a

weighting factor to include the effect of a poor solution.
This second term absorbs misfit due to errorsin the velocity
model, e.g. the effects of athree-dimensional structure.

4. DATA ACQUISITION AND PROCESSING

4.1 Station L ogistics and Operation

This study is part of the HH2007 project that aims at
monitoring acoustic emissions within the Hengill-
Hellisheidi geothermal fields. Data was collected in the
Hengill-Hellisheidi geothermal area from June 13 to August
13, 2007 using a temporary network covering an area of
220 km2. The seismograph network comprised of 19
stations (Appendix |) covered in two deployments using 10
Refraction technology (RefTek) 130.01 digital recording
instruments and three-channel, 5-second Lennarz
seismometers. The recording was continuous with a sample
rate of 100 samples/s. Each seismic station consisted of a
RefTek seismic data acquisition unit with a flash-card disk,
a seismometer, a GPS receiver and was powered by a12 V
battery. The first deployment was in the western part of
Hengill while the second deployment was in the eastern
part (Figure 7). The acquisition system and batteries were
sealed in plastic bags and covered with linoleum to prevent
water ingress; all cables were buried as far as possible to
prevent the effects of wind noise degrading the signal.
Seismometers were placed as close to outcropping rocks as
possible in order to avoid noisy conditions and high
attenuation associated with tuffs, soils, sediments and other
soft surface depositsin order to achieve as high a signal-to-
noise ratio as possible. Pits were dug for the seismometers
through loose surface cover in areas where outcropping
rock was not available in situ. A flat base was then
constructed with cement (where needed) for the instrument
to be mounted upon. In most cases the instruments were
mounted directly on hyaloclastic bedrock. Figure 7 shows
the seismic network with recording stations appearing as
filled triangles. Information on station names and
coordinates can be found in Appendix I.

21%1g'Ww

2178w 21714

Figure 7: The seismic network, light/yellow triangles show thefirst deployment while dar k/or ange ones show the second
deployment.
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4.2 Data Processing

Data used in this study was recorded by the temporary
HH2007 seismic network as well as by the SIL network,
which is the permanent regional seismic network in Iceland.
Data from the temporary network was downloaded directly
from the instrument onto a laptop iMac computer and
processed using PASSCAL software. Processing included
extracting seismic events from the dataset using a routine
extract.csh written by Menke and modified by Brandsdottir.
Data displaying a good signal-to noise ratio were then
analysed using PQL (IRIS, 2007). Picking of the arriva
times was done using the PQL program (which has a series
of interactive tools such as filtering and spectral frequency
display of the waveforms) based on adequate signal-to-
noise ratio irrespective of the frequency of the seismic
arrival. Accuracy of observed arrival times depends mainly
on:

e  Accuracy of the station location;

e Samplinginterval;

e  Accuracy of the time stamp (GPS);
e  Phase clarity or impulsiveness.

A total of 60 local events were picked from the dense array
yielding 580 P-picks and 530 S-picks. Some high quality
data with clear P and S phases were recorded and in such a
case picking was easy (Figures 8 and 9). In some cases, it
was difficult to distinguish between the P and S phases
from the background noise (Figure 10), thus a band pass
filter (2 - 8 Hz) was used to filter the noisier events to
improve the arrival time estimate (Figure 11).

Five different weights (Table 1) were assigned to each
arrival (P- and S-wave), based on picking uncertainties.
Most of the P-wave arrivals were picked to within 80 ms
uncertainty, but most Swave arrivas had a higher
uncertainty of about 120 ms. No S-waves with observation
weight 0 and 1 were picked. Additional P and S picks were
obtained from the SIL network to aid in accurate location of
events.

2007.133 =)
-

Figure 8: Seismograms for an event recorded on August
13, 0350 hrs. showing the vertical component
from 7 stations, clear P-wave arrivals can be
identified easily and are marked by red/dark
solid lines; the black box shows the time span of
the seismogram.
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Figure 9: Seismograms for an event recorded on August
13, 0350 hrs. showing the horizontal component
from 8 stations; clear P-wave arrivals can be
identified easily and are marked by red/dark
solid lines. The upper scaleisthe absolutetime.
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Figure 10: Seismograms showing high frequency noise
that masks the P and S arrival times (before
filtering); the upper scaleisthe absolutetime.

Figure 11: Seismograms showing clear P- and S-phases
after band pass (2-8 Hz) filtering of the signals
shown on Figure 10; the two vertical lines
delineatethe P and S phases, respectively.
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TABLE 1: Weights assigned to travel time picks (P- and
S wave arrival times); these weights are used by
thelocation program to reflect the arrival quality

L Number of P-pick Number of S-pick
Weight P-picks clarity S-picks clarity
0 = Full weight 490 Very clear - -
1 = Weight 50 Clear - -
2 = Half weight 25 Almost clear 400 Clear
3 = Quarter weight 10 Unclear 95 Unclear
4 =No weight 5 Poor 35 Poor

Hypoinverse assumes that the recording stations are
situated on a horizontal surface (above a plane-layered
velocity model) and station elevations are not used. In the
crustal model, velocity can vary only with depth. A simple
velocity model was used with linear velocity gradients
within layers and no velocity discontinuities (Figure 12).
With linear gradients, the discontinuities in travel-time
derivatives caused by a discontinuous velocity profile are
smoothed out. This is the model normally used for locating
earthquakes with the Icelandic SIL system. The elevation
range for the 19 observation sites is about +200 m
corresponding to a travel time of about +100 ms, which is
comparable to the picking uncertainty.

Velocity km/s

0 T T T T

20

Figure 12: Linear-gradient crustal velocity model used
to derivethelocations.

4.3 Seismicity in the Period of June 13 — August 13, 2007

More than 60 events were recorded during our two month
field campaign. A total of 60 events were located using data
from the two station deployments (Appendix I1). The first
array was deployed June 13-21 and the second array July
26-28. Earthquakes through August 13th were located.
Fewer events were located during the second deployment.
In order to obtain areliable comparison with the earthquake
locations from the automated SIL network, the SIL velocity
model was used. By comparison of our locations with the
SIL network locations, precision of location improved by a
factor of about 2. Both the epicentre and hypocentre
locations were better constrained in our case than in the SIL
locations. Table 2 shows few examples of the variation in
depth of our locations and the SIL locations. SIL’s vertical
errors are considerably higher. The shallowest earthquake
located by the network was 0.8 km while the shallowest
SIL hypocenter was at 3.1 km.

TABLE 2: Depth comparison of locations made using
the same model by different networks

Our locations SIL locations
Event time Depth | Vertical error Depth Vertical error

(km) (km) (km) (km)
20070616 0138 6.6 0.4 59 0.4
20070619 0411 54 0.3 5.2 0.6
20070707 0212 4.8 0.3 6.6 1.0
20070714 1021 6.0 0.5 6.2 0.8
20070721 0539 6.1 0.5 5.3 1.7
20070725 1254 0.8 0.3 3.1 0.8
20070728 0123 85 0.5 8.0 0.5
20070731 0727 5.1 0.2 2.0 1.2
20070809 1316 6.7 0.4 7.0 0.4
20070811 1339 4.4 0.1 5.6 0.7
20070813 0350 45 0.2 5.6 0.7

The HYPOINVERSE locations had an average horizontal
error of 0.27 km and a vertical error of 0.6 km as opposed
to the SIL locations which had horizontal error of 1 km and
vertical error of 2 km. The root mean square (RMS) varied
from 0.00 to 0.07 except in 4 events that had RMS of 0.11.
The earthquake location quality was classified (by the
location program) with letters a, b, ¢, and d representing
excellent, good, fair and poor locations, respectively. Most
of the events located (80%) had excellent or good locations
while the rest (20%) had fair or poor locations. It is evident
that our locations were better constrained than the SIL
locations owing to the fact that a dense array was used.
Magnitudes were not determined for the events located but
by correlating them with the SIL earthquakes, the majority
of the earthquakes had magnitudes in the range of 0.1-2 Mo
though some few events (5) had magnitudes 2 and above.
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Figure 13: Locations of 60 earthquakes in Hengill-
Hellisheidi area in relation to the volcanic
systems. Red (dark) circles show epicentre
locations based on the local temporary network
and the SIL network, while blue (lighter) ones
show locations from the regional SIL network.
Red (dark) solid lines show the volcanic system
and dotted red (dark) lines show central
volcanoes.



Seismicity in the Hengill area during the period of June 13
to August 13 was rather low (Figure 13) as compared to
previous records in the same time frame. On average, there
were 2 events per day. Most of the events within our study
area followed an amost linear NW-SE trend across
Olkelduhds (Figure 13) or fell within the NE-SW trending
Hengill fissure swarm. In both cases, they seemed to
closely correlate with surface geothermal activity. A cluster
southwest of Hengill belonged to a swarm by Mt. Vifilfell
in June.

Although most earthquakes occurred predominantly along a
NW-SE trend, some events also occurred along the NE-SW
trending fissure swarm. There is a strong correlation
between the  earthquake locations,  geothermal
manifestations and the tectonic features (Figures 14 and
15). Hypocenters east of 21.3°W cluster at 4-6 km depth
along a NW-SE seismic belt whereas hypocenters parallel
to the NE-SW fissure swarm have a higher depth range, 0-9
km (Figures 16 and 17). The same epicentral distribution
was obtained using old crustal models derived for the
Reykjanes Peninsula and Krafla region athough the
earthquake hypocenters varied by up to 0.5 km. Another
short earthquake survey in August-September 1999
reveded a similar epicentra and depth distribution of
microearthquakes within the study area with most of the
hypocenters clustering at 3.5-5.3 km depth within the
Hrémundartindur system and Olkelduhdls, but 4-8 km
depth south of Hengill (Allen, 2001). A master event
relocation of 10 events indicated that the Hrémundartindur
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events occurred at 5.5 km depth along a N-S striking
lineament. A focal mechanism of the master event indicated
right-lateral strikeslip movement with a normal component
along aN30°E striking fault (Allen, 2001).

Tectonic and topographic evidence of an active fault zone
following a NW-SE trend from Grensdalur across
Olkelduhdls to Hengill may be indicative of tensile shearing
and high permeability with relatively high seismicity and
geothermal activity. Without focal solutions, it is not
possible to determine the nature of this earthquake activity
and it can only be speculated that tectonic activity coupled
with fluid movements might be causing the seismicity.
However, increased geothermal activity following the
seismic activity within the Hengill region during 1994-1998
and the SISZ earthquakes in June, 2000 lends further
evidence to the link between seismicity and increased
permeability (Bjornsson et al., 2001; Jonsson et d., 2003).

Fewer events were recorded during the second deployment.
The second array was deployed 26th July thus there was no
time to analyse much of the data as the study period was
short. Ten earthquakes were located on the second array
and all the earthquakes (Figure 17) followed the same trend
(NWSE). It is clear that there is some mechanism
controlling these earthquakes, possibly fluid flow and
tectonics. It is during this time that the deepest located
earthquake was recorded, at a depth of 8.85 km on 28th
July. The mgjority of the hypocenters during the second
deployment were in the depth range of 4-5 km.
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Figure 46: Epicentre locations of 31 events in the area;
red and green coloured circles represent our
locations while blue ones represent SIL’s. Grey
and black triangles represent our stations (first
and second deployment, respectively). Right and
bottom show variation in depths with latitude
and longitude, respectively. The red solid lines
show the volcanic systems while the dotted ones
show the central volcanoes.
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Figure 57: Epicentre locations of 10 events in the area
located by the 2nd array. Red (dark) coloured
circles represent our locations while blue
(lighter) ones represent SIL’s locations, white
trianglesrepresent the stations.

A peculiar swarm occurred on July 24, 2007, consisting of
numerous microearthquakes increasing gradualy in size
between 2100 and 2210 hrs. and reaching a Mo magnitude
of 1.6 according to the SIL network (Figure 18). The swarm




originated at Olkelduhdls. Similar swarms have been
observed in geothermal fields and have been explained as
resulting from cooling contraction due to circulating
groundwater in hot rock at depth (Sigmundsson et al.,
1997). Stefansson et a. (2006) proposed that frequent but
minor seismic swarms within the SISZ could be related to
upwelling fluids.

4.4 Seismic Noise

With increased emphasis on geothermal development, new
exploration methods are needed in order to improve the
general  understanding of geothermal  reservoirs,
characterize their extent and assess the potential for
sustainable utilization. Monitoring of acoustic emissions
within geothermal areas may provide a new tool for
evaluating the spatial extent of geotherma fields and
modelling rock-fluid interactions. Three-dimensional
seismic data have been used to assess the spatial and
temporal distribution of noise within several high-
temperature geothermal fields in Iceland. Seismic noise in
the 4-6 Hz range within the Svartsengi field can be
attributed to steam hydraulics and pressure oscillations
within geothermal reservoirs (Brandsdéttir et al., 1994).
Seismic noise surveys compliment electrical resistivity
soundings and TEM-surveys by providing information
pertinent to the current geothermal activity and the extent of
steam fields within the uppermost crust of the geothermal

+
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reservoir. Information related to acoustic emissions can,
thus, help define targets for future wells.

A preliminary survey of spectral peaks at a few of the
HH2007 stations showed 8-30 Hz peaks to have the most
energy close to blowing boreholes, such as HBK
(Brankollublettir), where they are more than 30 times
higher in amplitude than elsewhere. The frequency of this
noise falls in the same range as observed within Svartsengi
and was attributed to boreholes there (Brandsdéttir et al.,
1994). The source of peculiar spectral peaks at 8-10 Hz and
close to 15 Hz at station HGH (Grauhnjdkar) remains
unresolved (Figure 19), they may, however, be associated
with wastewater injection close to the HGH site.

The preliminary study of the tempora noise distribution
within the Hellisheidi geothermal fields revealed 4-6 Hz
spectral peaks at stations located in the vicinity of surface
geothermal activity (Figure20). Noise spectra in the
frequency range 2-7 Hz bring out the noise levels thought to
be associated with geothermal activity. Surface geothermal
activity is evident in the vicinity of stations HSH, HRB,
HOL and HBK. All these stations exhibit spectral peaksin
the 4-6 Hz range. In addition, a peculiar peak at 2.5 Hz is
observed at HRB (RjUpnabrekkur) station, located within a
geothermal field and at 3.5 Hz at HOL (Olkelduhdls) and
HSH (Svinahlid).
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Figure 68: Plot of the earthquake swarm that occurred on July 23 at 2100-2210 hrsat Olkelduhéls area; the station codeis
indicated on theleft and timeiswritten in bold at the bottom.

Figure 79: Spectral plots of 6 stations on a calm morning (Sept 10); it isa 20 minute aver age plot between 2 and 50 HZ; note
thevariationsin noise levels, shown in countson the Y axis.
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Figure 20: Spectral plotsof 6 stations on a calm (no wind) morning (Sept 10); it isa 5 minute aver age plot filtered between 2
and 7 HZ to eliminate bor ehole noise at HBK and water fall noise at HRB.

Some of the noise observed can be correlated with weather
(wind) and with open (blowing) holes. The sharp spikes
observed are more likely to be of artificial origin than of
natural causes. The spikes could also be caused by rain on
the sensor from drops of condensed vapour forming within
the bucket protecting the sensor. Broader spectral peaks are
more likely related to a natural process or source, which
have not yet been established. More detailed surveying is
needed in the vicinity of each geothermal location in order
to determine the source of these signals.

4. DISCUSSION AND CONCLUSIONS

The extensive high-temperature geotherma area studied
encompasses the Hengill, Hrémundartindur and Grensdalur
central volcanoes. The whole area displays a continuous
background of small magnitude earthquake activity that
correlates spatialy with surface heat loss (Foulger, 1988a
and b). Of the geothermal reservoirsin the Hengill area, the
one below Olkelduhdls has been shown by geochemical
studies to have maxima of 300-310°C (Torfason et a.,
1983). Olkelduhds is an area with intense surface
geothermal activity. Although seismic activity varies with
time, the seismicity map presented in this paper is in some
ways similar to most maps produced by different scientists
who have worked in the area. Ward and Bjornsson (1971),
Foulger and Einarsson (1980), and Rognvaldsson et al.
(1998) presented seismic maps dominated by a cluster
about 6-10 km southeast of Hengill. Ward and Foulger
concluded that the seismicity was due to contraction
cracking associated with cooling and circulating
groundwater while Régnvaldsson et al. concluded that
ductile motion a depth might be the source of the
earthquakes coupled with tectonic movements. However,
Rognvaldsson et al. (1998) gave an dternative hypothesis
that the earthquakes were caused by dilation in the presence
of high fluid pressure.

It is premature to decide conclusively the cause of micro
earthquakes in the study region, based on the relatively
small number of events that occurred during the study
period. Most earthquakes occurred near Olkelduhdls, which
is a highly active high-temperature geothermal field. Thus,
fluids play a probable role in the mechanism. Deeper
earthquakes, in a range 4-6 km, occurred at Olkelduhds
while shalower earthquakes occurred elsewhere in the
Hengill fissure swarm. This suggests that both hydraulic
fracturing and tectonic activity controlled the occurrence of
the earthquakes. The fact that no earthquakes occurred
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deeper than 7.5 km has been taken as an indicator of the
brittle-ductile boundary (Stefansson et al., 1993).

No focal mechanisms were determined for the earthquakes.
Thus, the type of faulting in the area could not be
concluded. During the period between 1993 and 1996, the
dominant type of faulting in the area, determined from fault
plane solutions of more than 10,000 microearthquakes, was
strike-slip (Rognvaldsson et a., 1998). Rognvaldsson et al.
(1999) reported that at Olkelduhds (from January 1 to May
20, 1998), fault plane solutions showed a combination of
right-lateral strike-slip and normal faulting. Miller et al.
(1998) reported that about 75% of the earthquakes in the
Hengill-Grensdalur area have non double-couple radiation
patterns and are interpreted as being due to tensile crack
formation within the heat source of the geothermal fields.
Tryggvason et al. (2002) observed that at a depth of 4-10
km below the Hengill area, the velocity of P- and S-waves
is reduced, more for P-waves than S-waves (low Vp/Vs).
This is interpreted as a heavily fractured volcanic fissure
system and the low velocities are caused by supercritical
fluids, some of magmatic origin. All the above arguments
show that there is a conflict as to the cause of the
earthquakes in the Hengill area.

In conclusion, it is observed that most of the earthquakes
during the study period are strongly correlated with
geothermal activity. More analysis of the data is called for
in order to confidently interpret them. Fault plane solutions
should be determined for the earthquakes so as to
confidently determine the source of the earthquakes.
Anaysis of geotherma noise should be emphasized to
discover sources of the spectral peaks at 2.5-6 Hz. This
might indicate fluid flow. Shear-wave attenuation should
also be analysed.
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