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ABSTRACT

We present tomographic results obtained around
geothermal reservoirs using seismic data recorded
both on-land Reykjanes, SW-Iceland and offshore
along Reykjanes Ridge. We gathered records from a
network of 83 seismic stations (including 21 Ocean
Bottom Seismometers) deployed between April 2014
and August 2015. We obtain crustal velocity images
from several tomography methods. First, we used
local earthquakes to perform travel time tomography.
The processing includes first arrival picking of P- and
S-phases using an automatic detection and picking
technique based on Akaike Information Criteria. We
locate earthquakes by using a non-linear localization
technique, as a priori information for deriving a 1D
velocity model. We then computed a 3D velocity
model by joint inversion of each earthquake’s location
and velocity lateral anomalies with respect to the 1D
model. Our results confirms previous models obtained
in the area, with enhanced details. Second, we used
ambient noise cross-correlation techniques which
involve the computation of cross-correlation between
seismic records. Empirical Green’s functions are
estimated and analyzed to derive an S-wave velocity
model by surface wave tomography. Third, noise
correlation theory shows that zero-offset P-wave
reflectivity at selected station locations can be
approximated by auto-correlating and stacking station
data. With few assumptions, single-station auto-
correlations  provide local 1D high-resolution
structural acoustic-contrast versus depth information.
We show that the application of ambient noise
interferometry for reflection retrieval complement
well the results from both classical and noise
tomography methods.

1. INTRODUCTION

The Iceland Deep Drilling Project (IDDP) is
investigating on Reykjanes the economic feasibility of
production of electricity in supercritical geothermal
reservoirs, with higher enthalpy and lower viscosity
(Dunn and Hardee, 1981, Fournier, 1999). The
magnitude of enhanced productivity for the same
amount of flow rate is seen to be ~10 times higher for
supercritical reservoirs in comparison to conventional
wells (Albertsson et al., 2003, Fridleifsson and Elders,
2000). Prior to drilling, our understanding of structural
and dynamic characteristics of geothermal systems
can be improved through application of advanced
and/or innovative exploration technologies. Amongst
geophysical exploration methods, resistivity methods
are widely used in order to investigate crustal structure
features of geothermal reservoirs. A combination with
seismic methods is desirable (Ussher et al., 2000).

One of the most cost effective methods to deduce the
crustal structure of geothermal systems is passive
seismology. P- and S-wave velocities (Vp and Vs,
respectively), as well as the Vp/Vs ratio vary in
geothermal reservoirs due to fluid composition, rock
porosity and temperature (e.g., Jousset et al., 2011).
Unlike resistivity imaging, active and passive seismic
techniques have however rarely been used in volcanic
geothermal areas, because processing techniques were
not adapted to geothermal conditions. Toomey and
Foulger (1989), Foulger et al. (1995) and later Jousset
et al. (2011) used local earthquake waveforms to
investigate Hengill volcano complex with local
seismic tomography in order to image velocity
perturbations. The tomography inversion applied in
these studies has successfully shown several high-
velocity bodies and a low-velocity body representing a
region of partial melt.

Recent advances in volcano-seismology and
interferometry have introduced new processing
1
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techniques for assessing subsurface structures and
controls on fluid flow in geothermal systems. In
particular, seismic tomography methods, such as
surface wave tomography using seismic ambient noise
can image crustal structure in terms of seismic
velocity perturbations  three-dimensionally  (e.g.
Brenguier et al., 2007; Jousset et al., 2010). In
addition, Draganov et al. (2007, 2009) have shown
that ambient noise cross-correlation technique are able
to retrieve body waves, which provide high-resolution
velocity-versus-depth as well as subsurface structural
information.

We deployed a network of 30 seismic stations on
Reykjanes, SW Iceland from April 2014 until August
2015 (Jousset et al., 2015; 2016; Blanck et al., 2016).
The aim of this study is to collect a high quality data
set that allows the computation of a 3D velocity model
imaging the crustal structure, using several seismic
imaging methods, i.e., travel time tomography,
ambient noise tomography and reflection seismology.

2. GEOLOGY, GEOTHERMAL ACTIVITY IN
THE REYKJANES PENINSULA

2.1 Geodynamic context

Iceland is located in the Northeast Atlantic where the
Mid Atlantic Ridge interacts with the Iceland Hotspot.
Reykjanes is located between the Western Volcanic
Zone (W Iceland) and the offshore Reykjanes Ridge in
the southwest of Iceland. It represents a zone of high
seismic activity and recent volcanism, with a large
component of regional sinistral shear movement, and
with several volcanic systems, which are the
westernmost in  Iceland (Gudmundsson, 1987).
Spreading has been active at Reykjanes since 6-7 Ma.

The peninsula is characterized by dike intrusions at
depth providing the heat source for the geothermal
system (Gudmundsson, 1995; Gudmundsson and
Thorhallsson, 1986). The peninsula is composed of
mainly young and highly permeable basaltic
formations of Pleistocene age. Tholeiitic basalts range
from picrite basalts (oldest) to olivine tholeiites to
tholeiites (youngest) (Zindler et al., 1979). Eruptions
occur in episodic intervals of roughly 1000 years.
Periods of strong volcanic activity last a few hundred
years and are followed by volcanically quiet periods,
also lasting several hundred years. The most recent
volcanic eruption in Reykjanes occurred in 1151
(Gudmundsson, 2000).

The crustal structure of Reykjanes was the topic of
investigation in several geophysical and particularly
seismic studies (e.g. Bjarnason et al., 1993; Menke et
al., 1995; Weir et al., 2001). Surface velocities range
from 2.1 to 4.2 km.s™*. At increased depths, down to
4-5 km, seismic velocity increases rapidly and shows
typical gradients for oceanic crust. In the surrounding
ocean basin the thickness of the crust ranges from 8-
11 km, which is larger than a typical oceanic crust
(thickness of 7.1+/-0.8 km, e.g., White et al., 1992).
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2.2 Geothermal activity in Reykjanes Peninsula

Based on high-temperature geothermal areas,
magnetic anomalies and eruptive centers, the
peninsula has been divided into five different volcanic
systems:  Hengill, Brennisteinsfjoll,  Krisuvik,
Svartsengi and Reykjanes (Pedersen and Grosse,
2014), to which a high temperature geothermal system
is associated, and exploited. The high-temperature
hydrothermal systems at Reykjanes are a result of
tectonic activity, low elevation, highly permeable rock
formations and high precipitation combined with high
heat flow generated at the ridge axis (Gee et al., 1998).
Reykjanes is located ~40 m above sea level and due to
its highly porous and faulted rocks, rainwater can
enter the system easily.

The Reykjanes geothermal system is located in the
SW-area on the tip of the peninsula and is
characterized by surface manifestations like steam
vents, mud pits and warm ground. The geothermal
system is a seawater-recharged hydrothermal system
and interacts highly with the oceanic crust. A power
plant has been operating at this site since 2006 with an
efficiency of 100 MWe. Two shallow wells at depths
of 1225 m and 960 m produce saturated steam from
the steam cap with a thermal capacity of ~2700 kJ/kg
(Fridriksson et al., 2010). At a depth of more than 1
km, temperatures range from 275° to 310°C and fluid
consists of chemically modified seawater with
components of magmatic gases due to the basaltic host
rocks (Arndrsson, 1978). Increasing surface activity in
the area of the reservoir seems to be linked with an
increase in seismic activity. The energy production
and exploitation of geothermal reservoirs in Reykjanes
is rather limited and expansion requires further
exploration. As drilling wells are a major matter of
expense in geothermal reservoir exploration, efforts to
perform geophysical exploration are fully justified.

3. TRAVEL TIME TOMOGRAPHY AT
REYKJANES

3.1 Seismic activity at Reykjanes

Seismic activity in Iceland is occurring in the Tjornes
Fracture Zone, in the South Iceland Seismic Zone (the
majority at Hengill triple junction) and in Reykjanes
Peninsula (Jakobsdéttir, 2008). In Reykjanes, the
seismic activity occur at potential active area like
volcanoes, in the surrounding of geothermal exploited
areas (induced seismicity) and in the Reykjanes Ridge.
Big earthquake swarms may occur all along the
Peninsula (Jakobsddttir, 2008). Furthermore, rather
higher magnitude events also occur, e.g., an Mw 5.2
event located at Sveifluhdls, near Kleifarvatn on 23
August 2003. The vast majority (90%) of detected
earthquakes occur at depth of ~1.5 km and are normal
faulting or strike-slip events (Klein et al., 1977). The
high abundance of local earthquakes in Reykjanes is
very beneficial for a successful and reliable
tomographic inversion.



3.2 Overview of seismic travel-time tomography
method

Seismic tomography is a geophysical technique for
imaging the three-dimensional distribution of physical
properties like elasticity, anisotropic parameters and
density in the subsurface (Aki and Lee, 1976). As a
result, it is possible to analyse the subsurface in terms
of lithology, temperature, fracturing and fluid content.
The first local earthquake tomography studies were
carried out by Kissling (1988).

The principle of the method is based on the analysis of
ray-paths of (typically) arrival times (or attenuation
measurements), which are crossing each other in the
crust. In a mathematically simplified way, this
represents a system of linear equations. The biggest
challenge is that (heterogeneous) structures within the
volume and ray-paths crossing the volume interact
with each other and are thus themselves part of the
problem, making seismic tomography a non-linear
inverse problem (Evans et al., 1994). In practice, this
inversion problem can be linearized and the solution
can be constrained by a priori information. The
resolution of the resulting image is strongly dependent
on the distribution and amount of ray-paths within the
volume.

3.3 Seismological Network and data acquisition

We deployed 30 seismic stations (20 Trillium
Compact Broadband seismometers (BB) and 10 short-
period Mark L-4C seismometers (SP)) and we used
existing networks (Blanck et al., 2016). Each station
comprises a seismometer, a data logger, a GPS unit
and a power source (Figure 1). The position of each
seismometer was determined with a DGPS
(Differential GPS) system (Trimble), which provides
an accuracy of less than a meter. The orientation of the
seismometers were determined using a fiber-optic
gyrocompass, which gives azimuth with an accuracy
of about 0.1 degrees. The IMAGE network comprises
DATA-CUBE data loggers (distributed by Omnirecs):
unlike regular systems (e.g. REFTEK) they are small,
light, waterproof and are extremely low power
consuming data logger with an integrated flash. Just
30 Ah battery were used as source of power, and could
last for 3 months. The sampling rate for all stations is
200 Hz. Seismic data was stored in raw format on 15
GB flash memory. The data were extracted locally
every 71 days and transferred from ISOR headquarters
in Reykjavik to GFZ-Potsdam via ftp-server.

3.4 Data Processing

We analyzed the records using an integrated tool
(Seismotool ©) written in Matlab by Jousset (2006)
and with seismcomp (Blanck et al., 2016). Seismotool
enables us to process passive seismic data recorded on
networks and performs several tasks automatically:

* read data according to the file format at all stations;
* perform calibration of records according to the
instrument response (stored in a database).

Jousset et al.

* perform event detection using a STA/LTA (Short
Term Average / Long Term Average) technique on the
envelope of the signals;

* classify events according to the number of stations at
which the detection flag was raised.

* analyze waveforms for P and S manual or automatic
picking.
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Figure 1: Seismic network used in this study and
example of deployment of a seismic station of
the IMAGE network (see Blanck et al., 2016
for details).

Details of each step of the processing are given in
Franke (2015). Visual inspection of the data can be
performed for picking arrival times and associated
error for both P- and S-phases wherever possible. In
order to support the accuracy of P- and S-phase
picking, we use the Akaike Information Criterion,
(Akaike, 1973). The criteria defines the onset of the
wave as the point where the AIC has a minimum value
(Jousset et al., 2011). Instead of just selecting one
value as a phase arrival, we place two picking values
in the interval where we locate the phase arrival. The
time range defines the picking error for that phase.
This criteria allows us to weight P- and S- wave’s
picks and consider better high quality events, in order
to reduce potential errors in the 1D and 3D
tomography inversion. An automatic  picking
procedure for the AIC was tested and applied.
Misplaced and missing phases were corrected using
visual projection of the Wadati diagram, in which S
arrival time (or S-P arrival time) are plotted against P
arrival time (Wadati, 1933, Chaterjee et al., 1985,
Figure 2).
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A joint inversion of arrival times for hypocenter
locations and velocity structure was first performed
one-dimensionally and used as input for the same
procedure in 3D. A priori information about the
subsurface and estimated hypocenter locations
contribute to a better and more reliable result from the
tomographic inversion. A preliminary localization was
performed with a constant velocity model by a grid
search non-linear inversion in which travel times are
computed (Jousset et al., 2011). This localization
served as a priori information for the 1D velocity
inversions. For our study, we used Vp of 4 km/s and
Vp/Vs ratio of 1.76 (Franke, 2015).

The minimal 1D velocity model of the subsurface
consists in finding the best model (in terms of vertical
position, amount and thickness of seismic velocity
layers). The quality of the final model is expressed by
the minimal difference (misfit) of observed and
calculated travel times, in the least square sense. We
used VELEST (Kissling et al., 1994). In the first step,
the forward problem is solved by ray tracing from
event source to receiver location and the ray paths
through the 1D model are computed. Then, the
damped least squares matrix is computed and the
corresponding inverse problem is solved by full
inversion of the matrix. Hypocentre locations, model
and station corrections are adjusted iteratively.

For the 3D model inversion, we used SIMULPS
(Thurber, 1983; Eberhart-Phillips, 1990) in which an
iterative, damped least-squares method inverts seismic
arrival times and computes earthquake locations in a
3D velocity field (Evans et al., 1994). The
parametrization is defined by node values in a -D grid
were Vp and Vp/Vs values are assumed to follow
trilinear functions (Charlety et al., 2006). The forward
problem is solved by approximate 3D ray-tracing
(Thurber, 1983) and pseudo-bending (Um and
Thurber, 1987). We use the 1D velocity model derived
from our own data from VELEST as a priori
information. In SIMULPS the damping parameter is
chosen by examining a plot of the data misfit against
the model variance, the trade-off curve. We chose a
damping value of 25 and 30, which produces a good
compromise between data misfit and model variance.

3.5 Results

We present partial results of our processing of seismic
data. We focus on a recording period of 9 months,
from March to December 2014 at Reykjanes.

3.5.1 Seismic activity

Among the 2000 detected events, we focus here on
712 local earthquakes (and correspondingly 11 125 P-
and S-phase couples and travel times) and we picked
P- and S- wave arrival times manually. A minimum of
6 stations where P- and S-phases respectively are
clearly detected and in accordance with the general
alignment in the Wadati diagram and a corresponding
reasonable Vp/Vs ratio. The average picking error for
P-waves is 0.018 s and 0.054 for S-waves. From the
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Wadati diagram (Figure 2), we inferred a Vp/Vs ratio
of 1.76+/-0.06, which is in the range of previous
studies.

Figure 2: Wadati diagram of all 720 earthquakes
with P- and S- wave’s arrival times from
April 2014 until December 2014. Our
analysis lead to Vp/Vs = 1.76+/-0.06.

3.5.2 1D velocity model tomography

The 1D velocity model is parametrized in horizontal
layers of constant P-wave velocity. The first 4 km
(from 1 km elevation to 3 km depth) have 1 km thick
layers. Then from 3 to 5 km depth, 5 to 8 km and 8 to
12 km, layers are 2 km, 3 km and 4 km thick,
respectively. Many tests with a different combination
of initial parameters with respect to Vp a priori values,
gradients and Vp/Vs ratios have been performed in
order to inverse for the best 1D velocity model
(Franke, 2015).

Velocity [km/s]

0ot 2 3 4 5 6 7 8 9

Figure 3: Minimum 1D velocity model obtained
from the many tests performed with 377
earthquakes from April to December 2014.

Figure 3 shows the results for the least RMS of all our
inversions. The model shows an almost constant
velocity structure down to 2 km depth of 4.24 — 4.28



km/s. The velocity structure increases in large steps
from 4.71 to 7.14 km/s between 3 and 8 km depth.

Hypocentre localizations are also given as an output of
the inversion (Figure 4). Apart from a few outliers,
most events are located in a west-southwest to east-
northeast striking line. Offshore events are located in a
dense cluster in the west of the Reykjanes geothermal
reservoir. An azimuthal gap criteria was applied on
earthquake location with respect to the station
locations. The number of events usable decreased
dramatically from 712 to 377 (from 11 125 to 4 818 P-
and S- phase readings) prior to 1D inversion. The 1D
tomography inversion relocated 86 events outside of
the network reducing further the events number from
377 to 191. However, by performing the inversion on
the base of these 191 earthquakes, the structure is
similar to the one shown in Figure 3 (with 377
earthquakes). The 1D velocity structure derived by 1D
tomography (Figure 3) is in agreement with other
models derived for SW Iceland (e.g., Bjarnason et al.,
1993).
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Figure 4: Earthquake locations deduced from the
minimum 1D velocity model obtained from
the many tests performed with 377
earthquakes from April to December 2014.

3.5.3 3D velocity model tomography

We performed many 3D inversion tests according to
the results of the 1D tomography. In accordance with
the trade-off curve (not shown), damping was set to
25. The final RMS value for the best inversion was
0.142. Figure 5 displays ray paths from the 377
earthquakes recorded at 26 stations. The ray paths
density is a good proxy for the resolution estimation.
Avreas of reduced ray coverage correspond to areas of
low resolution.

Figure 6 shows two slices at two different depths and
an EW cross-section of the 3D tomography results.
The crosses in the map views and cross sections

0 510152025303540
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indicate the points of parametrization of the lateral and
vertical space. Intense colours indicate well resolved
areas. Spaces with weak colour reveal a lack of ray-
paths coverage and are poorly resolved. Fields of no
colour are not well resolved at all. Earthquake
locations are represented by red dots.

A high velocity anomaly in the southwest tip of
Reykjanes is visible at all depths. The anomaly shows
the highest absolute P-wave of ~8.5 km/s velocity at 5
— 7 km depths and decreases at shallower depth. At a
depth of 0.5 km the area shows a P-wave velocity ~5.5
km/s. Vp decreases rapidly to the northeast by a
magnitude of 2 — 2.5 km/s. At depths of 2.5 to 4.0 km
a low velocity anomaly is clearly imaged to the
northeast of the high velocity anomaly. This feature is
also present at further depth. The lack of resolution
however, makes it difficult to get an idea of the whole
picture at these depths. A further high velocity
anomaly is located at -22.475°W/63.85°N. It is
rudimentary visible at a depth 0.5 km and can be
monitored down to 3.5 km depth.

a2 4 6 81012 14

Depth (km)

Depth (km)

Figure 5: Ray path of the 377 earthquakes of this
study to the 26 stations (triangles) at the
surface.

The high velocity body in the southwest can be seen in
all tests we have performed. In particular, we
performed an inversion with a damping raised from 30
to 120. The high velocity anomaly is still present,
although not as dominant as when damping is 30. The
low velocity anomaly detected northeast of the high
velocity body is not visible clearly as the high velocity
body but still present. We interpret the results of this
test as a confirmation of the robustness of our results.
In addition, the preliminary 3D inversion with 2000
earthquakes and including picks from the OBS data
confirms this high Vp anomaly in the south-west of
Reykjanes and reveal its extension along the ridge.
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Figure 6: (top) 2 slices (bottom) cross-section,
showing the results of the 3D tomography
performed with 377 earthquakes from April
to December 2014.

Figure 6 shows also an EW cross-section of the
results. The profile crosses the high velocity body to
the west and resolves the velocity structure down to a
depth of 6 km. Earthquake hypocenters are
concentrated in an area between 63.90 N and 63.85 N
in a depth range of 3 — 7 km. The full high velocity
anomaly can be imaged and reveals P-wave velocities
ranging from -4.5 — 8.5 km/s. The upper 4 km of the
high velocity body are particularly well resolved.
Compared to the northern part of the cross section, we
clearly see an increased velocity gradient around the
high velocity body.

3.6 Tentative interpretation

Due to the reduced station number and earthquake
number, only a partial interpretation is possible.
Tryggvason et al. (2002) detected a high P-wave
velocity anomaly at 6-7 km depth at the same area.
We find this high velocity anomaly in the
southwestern tip of Reykjanes, which correlates with
the location of the Reykjanes geothermal area. High P-
wave velocities can be explained by a variety of
features. In this particular geological setting however,
fluid saturation can be one factor for increased P-wave
velocities. The reservoir is located closely to the sea
and as described earlier, generates its hydrothermal
fluids through seawater. However, geodetic
observations reveal subsidence of the ground in that
area. This suggests that the rate of refill of seawater
into the reservoir is not very high. Another factor that
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increases Vp, can be a magma intrusion of denser
material. This would correlate with recent volcanic
activity at Reykjanes, which is also in agreement with
a high heat flux.

4. REYKJANES AMBIENT NOISE SURFACE
WAVE TOMOGRAPHY

It has been shown that ambient seismic noise is able to
produce images of the sub-surface, by using cross-
correlation techniques and can further be used for
structural analysis with tomographic methods (e.g.,
Ryberg et al., 2016).

iltered 0.2-80 H
S e ey
=

time lag (s)

Figure 7: Daily cross-correlations computed for
more than a year of records at stations HAS
and SKG. Note the stability of the Green
function, except during storms in winter
months (e.g., days ~250 to ~350).

Figure 8: Causal and acausal parts of the cross-
correlation function (top trace) for the
station pair GEV-KUG (distance ~26 km).
Travel time (group velocity) picks are
indicated by white circles.

We performed cross-correlation of ambient noise
using the high quality data of our network to retrieve
the empirical Green’s functions. The observed cross-
correlations are generally dominated by surface
waves. The proximity of the Atlantic Ocean and the
large and intense storms produce strong ambient
noise, making this technique particularly efficient in
Iceland (Figure 7). We stacked daily cross-correlations
between the broadband sensors, and obtained 465
cross-correlation functions (pair of stations). The
group velocities were estimated using a multiple-filter,
frequency-time analysis (Dziewonski et al., 1969). We
picked manually the dispersion curves on the vertical
component only. All station pairs show clearly visible
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Rayleigh wave dispersion curves in the typical period
range between 5 and 1 s (Figure 8).
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Figure 9: Rayleigh wave group velocity
measurements in the study area. (Bottom)
grey dots represent individual group velocity
determinations, black dots show the average
dispersion curve with their respective
standard deviations. The top panel shows the
number of measurements as a function of
signal period.

-0 10 o 10 20
Vs perturbation (9], Depth = 0.2 kM, V. e = 1.33 ks

Figure 10: Preliminary results of the ambient noise
tomography at Reykjanes for 2 depth-slices.
(Top) 200 m depth. Note the higher Vs
anomaly at the tip of Reykjanes and at the
location of Svartsengi. (Bottom) 1800 m
depth. Note the lower Vs anomaly at the
location of the ridge.

For each period, we derived group velocity maps from
the group velocities (or travel time picks of Rayleigh
waves) between stations, by applying the FMST (Fast
Marching Surface Tomography) package by
Rawlinson and Sambridge (2005). Then, although the
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inversion of group velocity dispersion curves for S-
wave velocity (Vs) depth functions is not trivial (given
the highly non-unique character of this procedure), we
used the iterative linearized least-square inversion
procedure of Herrmann and Ammon (2004). Figure 9
shows preliminary results using this method. Further
validation in under process.

5. REYKJANES AMBIENT NOISE REFLECTION
INTERFEROMETRY

In order to complement our results and to image P-
wave reflections underneath Reykjanes Peninsula, we
applied  Ambient-Noise  Seismic  Interferometry
(ANSI). For that purpose, we processed the
continuous records to retrieve primary reflected body
waves (P-waves), which could provide high-resolution
velocity/depth  functions, as well as subsurface
structural information. In general, surface wave noise
is much stronger than body-wave noise that is required
for producing reflection images. There is, however,
evidence that reflections can also be retrieved
(Draganov et al., 2007, 2009).

In his pioneering ‘daylight imaging’ paper, Claerbout
(1968) already described the ANSI principle for plane
waves in a plane-layered earth. His early results imply
that the P-wave reflectivity recorded at zero source-
receiver offset can be approximated by auto-
correlating and stacking continuous transmission data
over long periods of time, typically days or weeks. It
is thereby assumed that the lateral velocity variations
in the subsurface are relatively small and that
uncorrelated noise sources illuminate the subsurface
from below. Under these assumptions, single-station
auto-correlations may provide local 1D structural
acoustic-contrast versus depth information. When
repeating the auto-correlation method for a line or grid
of seismometers, a sparse 2D resp. 3D image of
seismic reflectivity emerges. The resolution of such a
structural image depends on the frequency content of
the noise sources. And if repeated for other periods of
time, time-lapse variations of seismic reflection -
amplitudes and — times may additionally be retrieved
(Weemstra et al., 2016).

Here, we only show a data processing result obtained
from long duration continuous data recordings from
just one broadband seismometer and compare that
result to ad-hoc seismic trace inversions for velocity
and depth (Verdel at al., 2016).

In Figure 11, an example is shown of a zero-offset
reflectivity result (leftmost trace) in the frequency
band 3-8 Hz for a single broadband seismometer,
station LFE, located approximately 7 km from the
nearest coastline (Figure 1), after stacking 40
consecutive days of auto-correlated recorded noise
(vertical component of particle velocity only). The
second trace from the left shows the same result but
after spectral whitening such that it can be easily
compared with modelled reflectivity scenarios. It can
be seen from a comparison with the third trace from
the left that a velocity-depth model with a thick
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shallow high velocity layer (Model 3) far better
matches the LFE station data than the results from the
other two models shown (see the two rightmost panels
and the corresponding velocity models plotted on top
of those). This type of velocity-depth information can
be considered a useful local refinement of results from
tomographic inversion of surface waves.
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Figure 11: ANSI-processed reflectivity for station
LFE (two traces on left) and modelled
reflectivity (TNO, 2016).

By applying the ANSI method to all stations on
Reykjanes, a sparse map of zero-offset P-wave
reflectivity in the upper few kilometres of the
Reykjanes area is created. This approach is expected
to address the question raised by geothermal field
operator HS Orka: “Down to which depth do our
geothermal reservoirs extend?” Ambient noise data
recorded by the entire on-land broadband seismometer
network is currently being analysed in detail. If the
auto-correlation results justify additional processing
efforts, the following step would be to cross-correlate
station-pairs in this seismometer network for the
production of virtual source panels that contain P-
wave reflections. This has the potential of further
reducing uncertainties in, for geothermal exploitation,
relevant subsurface parameters, such as the spatial
distribution of seismic velocity jumps.

6. CONCLUSIONS AND CURRENT WORK

A crustal seismic P-wave velocity model for
Reykjanes, SW Iceland, has been derived by 3D
seismic travel time tomography from local
earthquakes. More than 2000 seismic events were
recorded from April 2014 to August 2015 by our
network. We presented here partial tomographic
analysis on the basis of sub-set of 712 local
earthquakes and the on-land seismic network. 377
earthquakes were localized within the area of the
seismic network and were selected to compute a
minimum 1D velocity model for the region. This
model served as initial model for a non-linear
inversion of seismic travel times to obtain the 3D
velocity structure. The best fitting 3D velocity model
reveals a high velocity anomaly located in the
southwest tip of Reykjanes correlating with Reykjanes
geothermal field. A second high velocity body
corresponds to the location of Eldvdrp geothermal
field.
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We also performed surface wave tomography with a
subset of the network. Our preliminary results reveal
an S-wave velocity structure compatible with lower S-
wave velocities in the Ridge.

In order to improve the results of seismic tomography,
more ray paths are required. In a first attempt to step
beyond the results of the present study, we obtained
preliminary tomography results by using more than
2000 earthquakes and stations from the Icelandic SIL
(belonging to the Icelandic Meteorological Office,
IMO) permanent network, and from ocean-bottom-
seismometers (OBS) deployed (in cooperation with
the Alfred-Wegener-Institute for Polar and Marine
Research. The results confirm the main obtained result
of this study, i.e., a high Vp anomaly starting at the tip
of the Peninsula and extending towards the ridge.

In general, relating seismic observations with rock
properties, especially in volcanic areas, is not trivial.
There are certain rules one could apply when
interpreting tomographic images, but they have to be
considered with care, due to the complexity and non-
uniqueness in the context of seismic velocity or
attenuation and rock parameters. In many seismic
tomography analyses a decrease of P- and S-wave
velocity is correlated with increasing temperature. The
magnitude of this effect is expressed rather weakly,
but increases abruptly when temperature exceeds a
certain threshold and the considered volume is
composed of partially molten or completely molten
material. This applies especially to the behavior of S-
waves. Fluid saturation generally induces higher P-
wave velocity Negative P-wave velocity anomalies
(lower relative Vp) are associated with changes in
lithology, crystal structure, crack density and the
presence of different phases (lyer, 1992; Mavko,
1980; Mavko and Nur, 1978). Rock properties derived
from seismic observations are difficult to relate
because several characteristics affect variations in
seismic features in the same way. The classic
parameters under investigation in seismic tomography
studies are velocity (Vp and Vs) and attenuation (QP
and QS) and their rations Vp/Vs and QP/QS. Thus, the
inherent non-uniqueness of tomography
interpretations requires some form of a priori or
additional information to constrain  possible
interpretation options (Lees, 2007). Our future work
will incorporate those results into a updated structural
model of Reykjanes, which will also be eventually be
constraint with a resistivity model. Additionally, a
fibre optic cable was deployed on Reykjanes. One aim
is to monitor the vertical heat distribution in a
borehole and the other approach is to register signals
on a lateral profile (Jousset et al., 2016; Reinsch et al.,
2016).
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