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ABSTRACT

Hengill volcanic complex is located at a triple-junction
between two segments of the spreading ridge between
North American plate and European plate, and a transform
fault (South Iceland Seismic Zone). This area is subject to
intense seismic activity, which is monitored continuously
by a permanent seismologica network, the SIL network of
the Icelandic Meteorologica Office. A well-devel oped
geothermal system is exploited and the extracted vapour
allows Icelanders to sustain for part of their needs in power
supply and heat. In order to improve the understanding of
the relationships between the seismic activity and
geothermal exploitation, a network including 7 broadband
seismological stations was set up from June 26", 2006 until
October 17", 2006, in the framework of the FP6 funded |-
GET project. Data analysis alowed us to detect more than
600 earthquakes, amongst which long-period (LP)
earthquakes were observed. We locate 339 micro-
earthquakes with clear P- and S- arrival times and we
improve the knowledge of the velocity structure by
performing a joint inversion of hypocenters and 3D
tomography. We find a high velocity anomaly in the area of
Olkelduhals at about 2-4 km depth and a low vplvs ratio
anomaly beneath the northern part of Mt. Hengill below 4-5
km. The northern and western limit of the detected
anomalies but cannot be determined accurately by lack of
coverage of the network in those areas. We compare our
velocity model and resistivity anomalies obtained from
electrica and TDEM surveys. The new structural features
at Hengill suggest new opportunities for studying the
relation between local seismicity and fluid exploitation. We
find that LP observed earthquakes happen close to
exploitation wells when extraction rate is changed. We
model LP earthquakes using a wave propagation modelling
finite difference scheme with topography, velocity model
and attenuation. We find that the synthetic LP earthquake
has frequencies similar to those recorded in the observed
LP earthquakes. This suggests that the resonance of a part
of the geotherma system may explain characteristics of
low-frequencies and that a sudden change of pressure due
to exploitation rate change may be the trigger for LP
seismicity.

1. INTRODUCTION

The objective of seismology in geothermal areas is to
contribute to the imaging and monitoring of hydrothermal
systems. We want to image the extension of the geothermal
system to possibly locate the productive fractures, and to
follow with time the evolution of the geothermal resource.
The analysis of the natural and induced seismicity is usualy
performed with  “short-period” seismometers data
(frequency band >1 Hz) (e.g., Fabriol et Beauce, 1997).

Analysed signals correspond to micro earthquakes linked to
rock rupture that generate high seismic frequencies, and
associated with stress changes due to fluid displacement or
cooling. These andyses dlow determining hydro
mechanical properties (e.g., permeability) of geothermal
systems (Audigane, 2000), or fracture orientation (Evans et
al., 1996).

The analysis of seismic broadband signals (0.01 Hz to 100
Hz) adlows accessing to structural and dynamical
parameters on active volcanoes. For instance, the volcanic
conduit at Stromboli volcano, Italy, was imaged from the
analysis of Long Period signals (0.2 — 5 Hz) and tremor
(Chouet et ., 2003). Such LP signals with similar duration
and frequency content characteristics were reported on
volcanoes (e.g., Chouet, 1996), oil fields (e.g., Dangel et
al., 2003) and geotherma fields (e.g., Jousset, 2006).
Chouet (1986) proposed a model that explains the spectral
content and the duration of long-period events: on the basis
of the results of Biot (1952) and of Aki et al., (1977), he
developed a fracture model in which the mechanica
interaction between the fluid within the fracture embedded
in the elastic solid is considered as a coupled system and
analysed completely: the fluid-filled fracture resonates
following several modes. The resonance is described
analytically by Ferrazini et Aki (1987). The fundamental
mode, very energetic, comprises “slow waves’, aso caled
“crack-waves’, which travel along solid/fluid interfaces
(Jousset et a., 2003). The “slow wave” frequency content is
dependent on the geometrical and physical properties of the
fluid, of the fracture and of the hosting rock. The detailed
spectral analysis of LP earthquakes at volcanoes allowed
many studies to improve our understanding of structural
and dynamical features of volcanic and hydrothermal
systems (e.g., Kawakatsu et a., 2000; Almendros et d.,
2001; Nakano et al., 2003; Chouet et al., 2003; Kumagai et
al., 1999; 2002).

We describe in Section 2 our genera approach to study
geothermal fields with broadband seismology. In section 3,
we present data acquisition at Hengill geothermal field,
Iceland. In section 4, we analyse the structure of Hengill
geothermal field by showing results of the seismic
tomography performed using VT earthquakes. In section 5,
we focus on the analysis of long-period earthquakes
observed during our experiment.

2. BROADBAND SEISMOLOGY AS A TOOL TO
IMAGE AND MONITOR GEOTHERMAL FIELDS

Under the hypothesis that the physical mechanisms
generating LP earthquakes and the resonance within
volcanic and exploited geothermal systems are the same,
broadband seismologica networks are able to give insights
for exploration and monitoring of exploited geothermal
systems. In order to assess the source mechanisms of LP
earthquakes, reflecting the mechanical behaviour of rocks



Jousset et al.

under fluid pressure, lower frequencies need to be recorded,
e.g., using broadband seismometers (Jousset et al., 2004b).

Three themes may be developed from the analysis of the
broadband signals (Figure 1): 1) Structure: earthquakes
location, waveform and spectral analysis, tomograph 2)
Dynamics: fluid movement, hydraulic fracturing, physical
properties of the media, .3) Seismic hazard knowledge.

Within this strategy, wave form inversion has been shown
to be very useful to infer source mechanism of LP
earthquakes (Legrand et al., 2000 ; Chouet, 2006). In order
to perform the waveform inversion, we need 3 fundamental
information 1) Seismological observations from a network
of seismic stations; those observations need to be calibrated
and having a frequency band adapted to the frequency of
the searched signals; 2) A collection of Green's functions,
i.e., synthetic seismic signals, computed from the modelling
of the wave propagation in 3D in complex media (solid,
liquid and gas) at high temperature. 3) An agorithm for
inverting data, which looks for the selection of Green's
functions within the whole collection, that best fit
observations in the least square sense. The result is a
hypocenter location and the moment tensor of the source
and therefore the source mechanism.

Regional
seismicity and Natural
teleseisms seismicity geothermal field dynamics
Hydrothermal An_qbnent Seismic hazard
noise
system

\ / Geothermal field structure
[Anisotropy, Shear-wave

Geothermal Induced P
_> splitting, Tomography,...
lexploitation seismicity piing graphy

Figure 1 — Strategy for the study of geothermal systems
using broadband seismology.

Therefore, the analysis of the signals recorded by a network
of broadband seismometers alows direct observation of
interactions between fluids and solid (e.g., in fractures),
where those fluids sustain sudden pressure variations. We
applied this approach at the Hengill geothermal system, by
setting up a seismologica network comprising 7 broadband
seismometers. We processed data using classical techniques
of seismic andysis, and we modelled seismic waves using a
finite difference code (Jousset et al., 2004d), recently
transformed in 3D.

3. DATA ACQUISITION

3.1 Geological Setting

The Hengill geothermal areais about 200 km? (Arnorsson et
al., 2008). It is a volcanic complex located in the southern
end of the western volcanic zone (WVZ) of Iceland. It is at
the junction of the WVZ, the Reykjanes Peninsula (RP),
which is the landward extension of the Reykjanes spreading
ridge, and the South Iceland Seismic Zone (SISZ), which is
atransform zone, transferring a part of the crustal spreading
from the WVZ to the eastern volcanic zone (Einarsson,
2008). The Hengill volcanic complex hosts three main
volcanic centres, which are, listed from SE to NW and
decreasing age, Graandalur (0.3-0.5 My), Hromundartindur
on the decline and Hengill at the peak of activity. The
Gramdalur volcano was substantially eroded during glacial
time, but Hromundartindur and Hengill consist mainly of
little eroded hyadoclastite. Both Hrémundartindur and

Hengill have erupted in postglacia times. Hrémundartindur
last erupted about 11 thousand years ago and Hengill 5
thousand and 2 thousand years ago. The extrusive volcanic
products are mainly basalts but with significant occurrences
of acidic rocks SW of Mount Hengill Sigmarsson et a.,
2008). The Graandalur-Hrémundartindur part of the Hengill
volcanic complex is seismically very active (Jakobsdottir,
2008). The Hengill central volcano is bisected by about 3-5
km wide and about 40 km long fissure swarm, extending
N30°E, from the coast and to the NE towards lake
bingvallavatn. The fissure swarm was active in 1789, with
extensive rifting and subsidence. The Seismic Iceland
Lowland (SIL) network (Stefansson et d., 1993) is a
permanent seismic network operated by the Icelandic
Meteorological Office. In the period from 1991 to 2001
high seismic activity occurred in the eastern Hengill area
but with different tectonics. The SIL network recorded over
90 thousand earthquakes. Similar active periods occurred
around 1915 and 1950-1955.

Figure 2 — Topographic map of Hengill Volcano,
Iceland, with the location of the broadband
seismological stations (HE1, HE2, HES3, HE4,
HE5, HE6, HE7) and SIL network stations
(KRO, SAN, HEI). Small gray sguares are
locations of geothermal wells; they are grouped
in three areas (Negavelir, Hélisheidi and
Olkelduhals). The three main volcanic centers
areindicated in italics (Hengill, Hromundatindur
and Greendalur). Grey lines represent fissure
swarms at surface. Inlet shows the location of
Hengill volcano in | celand.

3.2 Data Acquisition

We set up anetwork of 7 broadband stations (Guralp CMG-
40TD and CMG-3ESPD, recording a a sampling rate of
100 Hz) from the 19" of June until the 20" of October 2006
(Jousset and Francois, 2006). Data from our network was
augmented with data from 3 stations from the SIL network
(Jacobsdottir, 2008), set up to record data continuously
(Figure 2).

3.3 Data Processing

Our data set comprises three sorts of files that had to be
arranged in a common format for consistent processing.
Reading, processing and classifying seismic data have been



performed with an integrated tool, called Seismotool
(Jousset, 2006) written in Matlab. It is an interactive
platform in which automatic detection and processing was
applied to the 4 months data set using sliding windows, asiif
data would be acquired in rea-time. Severa tasks are
automatically performed: 1) read data files according to the
file format at all stations for a duration of 3 hours; 2)
perform event detection using a STA/LTA technique on the
envelope of the signas, 3) perform event calibration
according to the instrumental response provided by the
constructor and stored in a database; 4) classify events
according to the number of stations at which the detection
flag was raised, and 5) build alist of detected and classified
events, i.e., an earthquake catalogue.

4. JOINT INVERSION OF HYPOCENTER
LOCATION AND 3-D VELOCITY MODEL

To improve our knowledge of the 3-D structure of exploited
geothermal systems, we perform local seismic tomography
inversions, with micro-earthquakes recorded by seismic
network. Previous tomography studies at Hengill area (e.g.,
Miller et al., 1998) reveal the main structural features of the
volcanic area and the triple junction, but they are not
sufficiently detailed for a accurate analysis of the structural
features of the geotherma system itself. In particular, the
vplvs ratio and attenuation measurements are very
diagnostic of pore-fluid and temperature conditions when
used in conjunction with vp (Evans et a., 1994). In
addition, the improvement of the velocity model is required
in order to locate long-period earthquakes (e.g., Lokmer et
al., 2007).

Data required to perform 3D seismic tomography are P-
wave and S-wave time arrivals. In order to pick the
compressional (P) and shear (S) arrival times required for
the tomography from the VT earthquakes, we implemented
in Seismotool (Jousset, 2006) an algorithm consisting in
computing An Information Criteria (Akaike, 1973) directly
on the amplitude vector of the seismogram (Maeda, 1985).
For a digital seismogram x[1,N] of length N samples, the
AIC valueis defined as:

AIC(K)=k log{var[x(L,K)]} + (N-k-1) log{ var[x(k+1,N)]} (1)

where k ranges through al the seismogram samples, var
means the variance and log is the logarithm.

Our picking method minimizes errors due to change of
operator. Error estimation on picking is aso implemented
in Seismotool. The error is estimated by the use of two
picking values instead of only one as usually done. The two
picked times define a time interval during which the wave
arrival time might be located with uniform probability.

We invert 339 micro-earthquakes with clear P- and S-
arrival times detected by at least 4 stations (2266 P- and
2432 S- waves arrival times) to apply tomography inversion
of the compression P-wave and shear S-wave structure of
the geothermal reservoir. We use the computer program
SIMULPS12 (Evans et al., 1994), which solves
simultaneously for earthquake locations and crustal
structure by the iterative damped-least-square method. The
progran  VELEST (Kissing, 1994) provides one-
dimensiona vp (and vs) models used as a starting point for
the inversion. A careful choice on the earthquakes and
inversion parameters has been done prior to the inversion
(Eberhart-Phillips, 1993).
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Figure 4 — Vp/Vs ratio from the joint inversion of
hypocenters and velocity model at 3 km depth.

The structure is parameterised by the values of the P-wave
velocity vp and the vplvs ratio at the nodes of a 3-D grid,
and the observed P- and S- arrival times are inverted by an
iterative least-squares method to determine simultaneously
the coordinates of earthquakes hypocenters and the values
of vp and vplvg ratio at the grid nodes. The solution is
obtained by iterative damped least squares inversion. The
full resolution matrix is caculated (Yao et al., 1999). Prior
to each 3-D inversion, the damping parameter is chosen
empirically by evaluating a trade-off curve of data variance
and solution variance as the damping varies with the model
grid and the data set (Haberland et a., 2006). We
performed a series of simultaneous hypocenter-velocity
inversions progressively increasing the complexity in the
model and refining the mesh of the 3-D grid. Data variance
decreased after each step. We started using a coarse 3-D
grid spacing of 2 km, with several nodes outside the target
geothermal system, in order to constrain the volume that
our data set can image. Then we inverted our data set with a
denser grid down to a grid spacing of 1 km (Figure 3). The
same approach has been used to compute the vp/vs ratio
(Figure 4).
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The joint inversion successfully confirmed the known
structural features and provided a increased resolution. In
order to validate our result, a series of tests were performed
including a checkerboard test and rays tracing, which
reveals that our data set and network covers well the area of
interest (Jousset et al., in press).

injection wells, a produced geothermal field usualy has
lower fluid pressure (e.g., Allis and Shook, 1999) and some
parts may have lower water saturation in comparison to the
surrounding rock (e.g., Hsieh and Ramey, 1978).
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Figure 5 - Long-period earthquake on 1st July 2006 at
Hengill. (top) 60 seconds of unfiltered signal (bottom)
frequency spectra. Note that the frequency content at all
stations is similar. We believe it is a source effect rather
than a path effect.

5. ANALYSIS AND MODELLING OF LONG-
PERIOD EARTHQUAKES

Non-double earthquakes were recorded at Hengill (Julian et
al., 1997) and were associated to fluid migration in the
geotherma system. Amongst the earthquakes recorded at
Hengill from the 19" of June until the 20™ of October 20086,
20 events have characteristics of Long-Period earthquakes,
i.e., their durations last severa tenths of seconds and their
frequency content reveals peaks of resonance between 0.2
to 5 Hz (Figure 5).

In order to model LP earthquakes at Hengill, we assume
that the geotherma reservoir may be simplified as a
“container” in which the fluid content is much higher than
elsewhere in the surrounding crust. Such model is
consistent with observations revealing that fracture porosity
is usualy higher inside a geotherma reservoir; it is also
usualy a small fraction of matrix porosity (Gruszkiewicz et
al., 2001). Matrix porosity may be higher or lower inside a
system. In addition, as pressure drops after production
begins, geothermal fields often begin to boil and develop a
steam cap (eg. Allis, 2000). Therefore, except near
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Figure 6 — Synthetic long-period earthquake modeled
using 3D finite-difference including velocity
model and topography of Hengill. No attenuation
isincluded in this case. The grid spacing is 100 m
in horizontal direction and 50 m in vertical
direction. Time step is 0.003 s. (top) 10 s of
unfiltered signal (bottom) frequency spectra.

The very high compressibility of the steam cap dampens
pressure transients in the permeable system, but it also
increases the impedance contrast between the interior of the
geothermal system and its surrounding. Stresses are
perturbed by localized chilling due to injection and, over a
longer term, by deformation along the margins and interior
of the volume that compacts as pressure and temperature
drops. Several geothermal fields show a seismic response to
sudden large changes in field production, suggesting that
even heavily damped pressure transients can trigger micro
earthquakes (e.g., Romero et a., 1994). Note that at Hengill
the injection wells are located outside the aperture of our
network. The observed LP earthquakes are not related to
any fluid re-injection but to extraction flow only.

In our model, the fluid container may be such an area where
crack and fracture density is higher, e.g., due to higher
porosity, and from which geothermal fluids are extracted.
This area may be as small as a crack, or be larger as the
whole geotherma reservoir. Seismic velocities and
densities are therefore different than in the surrounding
rocks, but may well not be resolved with seismic
tomography. When a sudden change of fluid pressure
(either due to natural earthquakes or due to a change in the
extraction rate) occurs within or in the vicinity of the fluid
container, seismic waves are generated and are trapped in



this area of high fluid content, due to large impedance
contrast between the fluid properties inside the container
and surroundings rocks. The frequency content of the
seismic signalsisdirectly related to the size of the container
and the physical properties of the rock and fluid, through
the stiffness factor (Ferrazzini and Aki, 1977).
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Figure 7 — Relation between seismicity and geothermal
fluid production at various wells at Hengill.
(Top) Seismicity at Hengill. Black triangles:
broadband stations; black squares: SIL stations.
Red circle: epicentres of VT earthquakes. Red
stars. epicentres of LP earthquakes. White
elipses underline the time clusters of LP
earthquakes. Blue squares: exploitation wells.
Black squares. location of wells where head
pressure of well is highlighted. (Bellow) Time
evolution of VT earthquakes (red circles) and LP
earthquakes (stars) depths; daily instances of VT
earthquakes; pressure at various wells. Red and
pink curves represent the pressure evolution for
wells located at the black rectangles in the map
(seetop).

We implement this model within a 3D finite-difference
code (Jousset et a., 2004) for modelling synthetic LP
signals. Topography, 1D velocity model and attenuation of
waves are also implemented. The computational grid covers
the central area of our network (12*12*7 km).

This modelling approach alows us to test various source
mechanisms and fluid container geometry and physical
properties by anaysing the frequency content of the
synthetics as a function of the modd parameters. For
example, Figure 6 shows 10 s of synthetic signals for a

Jousset et al.

resonance parallelepiped located at 2 km depth to the East
of Hellisheidi power plant (see location in Figure 2). This
500*100*600 m® container is filled with a fluid with P-
wave velocity Vp=1700 ms?; S-wave velocity Vs=0 ms?
and density of 1200 kg.m™. Note that the frequency content
at al sations is similar, and similar to the frequency
content of the observed signals.

Observed LP earthquakes seem to occur close to
exploitation wells, when production rate changes. The
occurrence of LP events seems to be correlated to pressure
changes at wells. However, it is difficult to conclude
definitively on their origin, as most of them are located
outside the aperture of the network. As the signd is
emergent, it is difficult to obtain an accurate location from
accurate P-wave picking. Other techniques like amplitude
locations or waveform inversion may help in discriminating
between possible source mechanisms.

6. CONCLUSIONS

The velocity structure of the Hengill area, as reveaed by
the joint 3D tomography inversion, was compared to other
geophysical data. The location of high P-wave velocity
coincides with area where a deep conductor is at shallowest
depth (about 2-3 km), according to the results from the 1D
inversion of TEM and MT soundings and 3D inversion of
MT soundings acquired within the I-GET project (Arnasson
et al., 2009; Figure 8). No sign of attenuation of seismic S-
waves is observed under the Hengill area, indicating
absence of extensive magma chambers at depth. The area
where high velocity bodies are found correlates with
positive Bouguer anomalies, indicating dense rocks at
depth.

The seismicity is located at the top boundary of the high
velocity body a the SE of Mount Hengill. This area
corresponds to the NW-SE oriented low resistivity anomaly
at the depth of 3-5 km. The intense seismic activity from
1991 to 2001 reveded a distinct transform tectonics. The
anomaly is under an area where E-W oriented faults meet
N-S oriented faults. Synthetic Aperture Radar
Interferograms (INSAR) show that between 1993 and 1998
there was a considerable uplift going on (up to about 18
mm/year) with the centre of the uplift SE of Mount Hengill.
All the different data sets can be explained by hot but
mostly solidified intrusions and dikes. The accumulation of
intrusions is facilitated by the transform tectonics. The
recent intense seismic activity and uplift are thought to
reflect an intrusion phase. The reason why the
intrusion/dike complex is so highly conductive is not well
understood. It can, however, be concluded with relatively
good confidence that the deep conductors reflect very hot
rocks that are heat sources for the geothermal systemsin the
Hengill area.

During our experiment, the recorded micro-seismic activity
is probably related to the cooling of deep magmatic bodies
and to geothermal fluids activity within Hengill volcanic
complex.

We found evidence that the geothermal system exploitation
may trigger long-period earthquakes. They may be related
to the change of pressure at the vicinity of the wells due to
variable exploitation rate of geothermal fluid. We modelled
the LP earthquake as the resonance of a fluid container,
which are excited by sudden pressure variation in
association with the fluid extraction rate fluctuation. Further
investigations are needed.
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