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Abstract

This MSc-thesis project is an investigation of petrophysical properties of a fossilised
high-temperature hydrogeothermal system in Geitafell in the south-east of Iceland.
It involved both laboratory determinations of elastic properties on small samples
as well as in-situ measured seismic and electrical properties. The objective was
to get actual field values on three profiles which started in intrusive material (old
magma chamber, gabbro), continued to the transition zone (hornfels) and ended
in the altered host rock (basalt) which was intersected by a decreasing number
of dykes and sheets towards the end of the lines. Three other lines were chosen
to yield information about the variations (different degrees of alteration) in the
host rock. Data quality for all measurements was moderate (mainly due to poor
contact between geophones/electrodes and the ground). Data pre-processing and
inverse modeling were used to turn the measured data into the most reasonable
images of subsurface structure. A high smoothing factor was applied to counter
the under-determination nature of the inverse problem. The seismic arrival times
needed to be corrected for static shift. As a result, ranges of P-wave velocities and
resistivities could be extracted from subsurface models on the basis of several defined
criteria. The P-wave velocities measured in the field were then compared to P-wave
velocities at various pressures measured in the Rock Physics lab at ETH Zurich.
These rock samples were collected from the field site in Geitafell and geochemical
analysis showed that the differences in composition were minor. The determined
velocities for both measurements are in good agreement with each other and the
rather high velocity values can be attributed to low porosity. The small differences
between the field and lab velocities can be explained by the different frequencies

and length scales used in the measurements.
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1 INTRODUCTION

1 Introduction

Since the Swiss Government has decided to discontinue its nuclear energy program and
because of the increasing societal demand for new sources of clean energy, it is essential
to develop and apply geophysical techniques to explore and characterise geothermal reser-
voirs. This will provide a better understanding of the potential future energy supplies.
Therefore research on the petrophysical properties of the subsurface of hydrogeothermal

systems is of high interest and provided the motivation for the present study.

1.1 Geothermal systems in Iceland

Il Active volcanic zone (<0.8 mya)

I Upper Tertiary bedrock (<3.3 mya)
Lower Tertiary bedrock (>3.3 mya)
Glaciers

e Active high temperature
geothermal systems

Figure 1: Map of Iceland with locations of studied hydrothermal systems. Krafla and Reykjanes represent
an active system, while Geitafell in South-East Iceland is a fossilised one. The map is copied from [Elders,
2010].

Geothermal systems in Iceland can be broadly classified into three categories: high-
temperature active systems, low-temperature systems and fossilised high-temperature
systems which occur in Quaternary and Tertiary formations [Arnérsson, 1995]. They
are shown in Figure 1. The reason for their existence and geographic expression is a man-

tle plume beneath Iceland and the diverging European and American lithospheric plates
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[Arndrsson, 1995]. This rifting has let to an increased temperature gradient [Arndrsson,
1995]. New crust is formed in the center of this rifting, while older rock material (oldest
rocks date back to 15-17 m.y.) becomes more eroded with increasing distance from the
rifting zone [Franzson et al., 2001]. Most rocks are of basaltic composition but with a
few exceptions andesitic and rhyolitic rocks are also found [Franzson et al., 2001]. Both
sub-aerial and sub-glacial lava occur in large volumes, while sedimentary rock deposits
are only minor and found where erosional processes are active [Franzson et al., 2001].

The rocks of high-temperature areas are geologically very young and permeable [Arndrsson,
1995] and consist of basaltic lava series intervened by hyaloclastites [Franzson et al., 2001].
More intrusive rocks in the form of sheets and dykes become more common at deeper lev-
els [Franzson et al., 2001]. Figure 2 is a schematic diagram showing all involved rocks in

a high-temperature system such as at Iceland.

Figure 2: Schematic Figure of a high-temperature system. The caldera is surrounded by host rock (basalt)
and new lava flows, while intrusions and dykes occur periodically over the active time of the system. The
thickness of lava flows can vary as well as their chemical composition. Temperature decreases with
increasing distance from the caldera but each system has its own individual maximum temperature.
Intruded dykes can increase the temperature locally for a certain period of time. The blue dotted line
shows a possible erosion horizon of a future fossilised system [Grab, 2014].

The water cycle of a natural hydrogeothermal system is driven by a heat source (solidi-
fication and cooling of magma intrusives) and its natural recharge is cold rainwater and
groundwater from the vicinity [Arnérsson, 1995], as shown in Figure 3. The reservoir tem-
perature is then a combined effect of the groundwater flow and the rate of heat transfer

from the heat source to the water [Arndrsson, 1995].
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Figure 3: Schematic model cross section of a high-temperature geothermal system in Iceland including
the targeted area of the IDDP project, where the reservoir has supercritical conditions, [Elders and
Fridleifsson, 2010].

Fossilised or extinct high-temperature geothermal systems are associated with a central
volcanic complex, which was then partly eroded, hence the inner structures such as cone
sheets and dykes are exposed at the surface [Arndrsson, 1995, Fridleifsson, 1983a,b]. This
is shown by the blue dotted line in Figure 2. The rocks exhibit evidence of hydrothermal
alteration [Arnérsson, 1995, Fridleifsson, 1983a,b]. This complex process is an interaction
of thermal fluids with rocks controlled by permeability and temperature [Franzson et al.,
2001]. The primary constituents of volcanic rocks are replaced by temperature-typical
alteration minerals [Franzson et al., 2001]. These geothermal systems show then a depth-

zonal distribution of secondary minerals [Arnérsson, 1995, Fridleifsson, 1983a,b].

1.2 The COTHERM project

A research project called COTHERM (COmbined hydrological, geochemical and geophys-
ical modeling of gecoTHERMal systems) funded by the Swiss National Science Fundation,
was launched in 2012 for a better understanding of magmatically-driven subsurface pro-
cesses in natural geothermal systems [Driesner, 2012]. It is a synergistic project linking
hydro-thermal modeling with fluid-rock chemical interaction modeling, geophysical simu-

lation and ground truthing from field studies in Iceland.
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The IDDP (Icelandic Deep Driling Project) is seeking to drill into deeper zones (see Figure
3) where supercritical fluids occur instead of drilling conventional geothermal wells that
produce a mixture of steam and water. The pressure enthalpy diagram for water is shown
in Figure 4 [Elders and Fridleifsson, 2010] and illustrates the point. This should increase
the enthalpy of the production well enormously, hence a lot more electrical energy can be
produced [Elders and Fridleifsson, 2010]. Because of unsuccessful first attempts [Elders
and Fridleifsson, 2010] more projects such as the EU-funded IMAGE (Integrated Methods
for Advanced Geothermal Exploration) project have been initiated to get more accurate
information about the physical and chemical properties of the contact zone in a fossilised

high-temperature hydrogeothermal system.

Figure 4: Pressure enthalpy diagram for pure water. Unconventional geothermal systems have much
higher enthalpies than the conventional ones and act with supercritical fluid and superheated steam
instead of liquid and steam [Elders and Fridleifsson, 2010].
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1.3 Previous investigations

The use and interpretation of geophysical measurements is an important way to identify
and characterise geothermal systems because the subsurface shows inhomogeneities in
the physical properties (density, elasticity, electrical resistivity, etc.). These are highly
affected by the local pressure, temperature and fluid content conditions. Viewed from the
geological perspective, factors such as rock type, porosity, fracturing, cementation and
many others influence the physical rock properties. Small-scale features can be resolved

at shallow depths, but not the actual target at greater depths [Driesner, 2012].

1.3.1 Petrophysical lab measurements of basaltic rocks

Laboratory studies on the electrical properties of Icelandic rocks were carried out by
Flévenz et al. [2005] and Kulenkampff et al. [2005], in which the conductivity of altered
(smectite, chlorite) basaltic rocks were measured and the dependence on temperature and
pressure were analysed.

Comparable measurements of basaltic rock samples from the upper crust of high temper-
ature areas but not from deeper parts were carried out by Kristinsdéttir et al. [2010] and
Jaya et al. [2010]. They obtained precise results on both electrical resistivity and P-wave
velocity and their dependence on temperature.

Laboratory determinations of seismic velocities and fluid permeability on lava flow from
Etna were reported by Fortin et al. [2011] who could show that the velocity increases with
increasing hydrostatic pressure due to the closure of the pre-existing thermal cracks.
Madonna and Tisato [2013] tested a new seismic wave attenuation module in the labora-
tory which can measure the attenuation at low frequencies.

An investigation on Icelandic basaltic rock samples was performed by Adelinet et al.
[2010] to distinguish differences in elastic properties during measurements with low and
high frequencies in dry and saturated conditions, respectively. These experiments give a
first approach of how to deal with the problem of comparing field data (LF) and lab data
Due to the lack of knowledge of physical rock properties in the lower crust in Iceland,
rock samples from all over Iceland were collected at the surface and are expected to be
equivalent to those from a geothermal reservoir [Franzson et al., 2001]. Our study is based
on a similar approach. The analysis by Franzson et al. [2001] indicated that the rock al-

teration in basaltic lavas is related to the primary porosity of the rock. Grain density
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first decreases with increasing alteration. Grain density increases then for much higher
temperatures due to the formation of higher density alteration minerals [Franzson et al.,
2001].

General petrophysical findings and models for elasticity and seismic velocity are listed in

the book by Mavko et al. [2009].

1.3.2 Geophysical field measurements

The broad lithospheric structure of Iceland is fairly well known, mainly from refraction
profiles as well as P and S wave travel times from microearthquakes [Menke et al., 1998|.
The crust is generally 25 to 31 km thick but also structures such as high-velocity domes
from central volcanos have been delineated [Menke et al., 1998]. The 3-D velocity struc-
tures has been deduced to depths of 10-15 km in the southwest of Iceland where local
structures such as the Hengill central volcano were delineated [Tryggvason et al., 2002].
Reduced wavespeeds were interpreted as supercritical fluids within the volcanic fissure
system [Tryggvason et al., 2002].

In addition to the seismic analyses of the subsurface in Iceland, extensive studies of resis-
tivity structures have been made in active volcano areas. Shallow conductive layers were
found from transient electromagnetic (TEM) and magnetotelluric (MT) measurements
which can be explained by the presence of alteration minerals [Arnason et al., 2010]. This
low resistivity structure at the outer margin of the reservoir is typically underlain by a
more resistive core towards the inner part where less conductive alteration minerals are
present [Arnason et al., 2000]. Hence resistivity values can also be used as a thermometre
[Arnason et al., 2000).

More focused geophysical field measurements have been conducted to characterise the
subsurface of Iceland, mostly across active zones e.g. Eysteinsson and Hermance [1985],
Hersir et al. [1984], Planke et al. [1999] and to correlate different data types e. g. Her-
mance and Grillot [1970]. Magnetic properties of rocks from the Geitafell gabbro complex
were also investigated [Schoenharting, 1979].

How a difficult and complex terrain can affect geophysical field measurements and some
ideas on how to avoid problems is well described by Maurer and Hauck [2007], in the

context of elucidating on alpine rock glacier.
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1.4 Aims of MSc-thesis

To learn more about the properties of a fossilised high-temperature system (Geitafell)
two MSc projects forming a combined geophysical and geochemical study were under-
taken within COTHERM. They began in summer 2013, with the objective to perform a
detailed geochemical characterization (exact mineralogy) of several outcrops and comple-
mentary to this, a geophysical study (field and lab measurements) was carried out in the
same area. The primary purpose was to better understand how geophysical signals on
various scales can be interpreted in terms of actual geology in a geothermal context.

In this thesis, the specific aim was to determine the petrophysical properties of represen-
tative lithological units in a fossilised hydrogeothermal system. Seismic and DC electric
field data, targeting the first few tens of metres, were recorded to yield information about
the seismic velocities and resistivities of the subsurface.

One important question is whether the body shape of the old magma chamber be par-
tially reconstructed from such measurements? Another related question is how do physical
properties of rocks change in a fossilised hydrothermal system when moving further away
from the old heat source (old magma chamber) of the circulating water? I wish to ascer-
tain whether lower ambient rock temperature during the active stage of the hydrothermal
system (and therefore a slightly different chemical composition) have any affect on the
physical rock properties.

The success of the investigation depends mostly on the quality of the field data.
Representative rock samples were collected from the field and then analysed in the Rock
Physics lab at ETH. Hence, a comparison of field and lab data of seismic velocities can be
made. But this needs to be done carefully due to the different length scales and different
frequencies used in the field and in the lab measurements.

My MSc-thesis project should support the geophysical modeling part of the COTHERM
project with actual field data of a fossilised system (Geitafell) to enhance the synthetic
geophysical modelling of an active system, and related studies on synthetic data inver-

sions.
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1.5 Thesis outline

Chapter 2 gives an overview of the local geology of the study site in Iceland. Field
work and all chosen profile lines (in relation to the geology) are also detailed in this
chapter. The basic principles of the methods used are described in Chapter 3. They
cover seismic refraction tomography, electrical resistivity tomography and seismic velocity
determinations. This chapter deals also with the data processing techniques employed.
The reconstructed subsurface models are presented and described in Chapter 4. Chapter 5
is a Discussion chapter. It includes the quality of the measured data as well as comparisons
with petrophysical lab data and relationships to geochemical and physical properties. In

chapter 6, I present Conclusions for the study and an Outlook for future work.



2 STUDY SITE

2 Study Site

Fridleifsson [1983a] undertook a large-scale geological analysis of the Geitafell central com-
plex (see appendix A, Figure 42). It is therefore opportune to perform further geophysical
investigations to learn more about the petrophysical properties (resistivities, seismic ve-

locities) of the rocks involved in a hydrogeothermal system.

2.1 Geology

Geitafell volcano complex in South-East Iceland (see Figure 1) is a fossilised high tempera-
ture hydrogeothermal system (today deeply eroded) which was driven by a magmatic heat
source [Fridleifsson, 1983a, 1986, Burchardt and Gudmundsson, 2009, Burchardt et al.,
2011, Arndérsson, 1995]. The lifetime of this system has been estimated to be between
200’000 and 300’000 years some 5 to 6 m. y. ago, so intrusions may have been occurred
periodically over this time [Fridleifsson, 1983a, 1986, Burchardt and Gudmundsson, 2009,
Burchardt et al., 2011]. Figure 5 shows the study site including the parts of the high-
temperature system that still can be found after the erosion caused by the nearby glacier
(Hoffellsjokull).

Figure 5: Study site in the south-east of Iceland including a schematic diagram of an eroded fossilised
high-temperature system. Geophysical measurements were carried out at Geitafell and Hoffell. The
borders of the alteration zones are only drawn schematically and are not at the exact location. The
intrusion density decreases with distance away from the old magma chamber [Grab, 2014].
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The Gabbro (intrusive body) is estimated to have a thickness of 0.5 km and to cover
an area of 1 x 2.5 km and was located at 1 km depth below the ground surface [Fri-
dleifsson, 1983a, 1984, 1986]. The initial temperature was assumed to be 1225 °C and
the average temperature of the host rock between 125 °C and 225 °C, hence the thermal
gradient was between 100 ° C/km and 180 ° C/km [Fridleifsson, 1983a, 1986]. These
values were derived from mineral deposits within the gabbro and host rock [Fridleifsson,
1983a, 1986]. Seven mineral vein systems and twelve intrusive phases were found in the
Geitafell volcanic system including their time relation [Fridleifsson, 1983a,b]. The miner-
alogical evidence suggests that supercritical and superheated fluid layers may have existed
in the hydrothermal system [Fridleifsson, 1983a,b, 1986]. Furthermore, four mineral zones
(secondary minerals: chlorite, epidote, garnet and actinolite; they indicate different tem-
perature conditions) appear in the host rock [Fridleifsson, 1983a,b, 1986]. They were
mapped by Fridleifsson [1983a] and can be found in Appendix B, Figure 43. Chlorite
appears above a temperature of 100 °C, epidote above about 200 °C and garnet and acti-
nolite are high temperature alteration minerals (~300 °C) [Henley and Ellis, 1983, Lagat,
2007]. These minerals and other typical alteration minerals are shown in Figure 6, along
with their temperature range. It shows what temperature the system needs to be for a

certain mineral to form, hence these minerals can be used as a thermometre for the past.

Figure 6: Alteration minerals plotted as a function of temperature. The main alteration minerals found
in Hoffell are highlighted (Figure copied from [Lagat, 2007]).

10
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For simplification purposes the following classification of rock types was used in the pre-

study (mapping) for the later geophysical measurements:

e gabbro

dyke/sheet (basalt/dolerite/dolerite porphyric/rhyolite)

hornfels

basalt (host rock, with or without vesicles + actinolite/garnet/epidote/chlorite)

rhyolite

Gabbro can be seen as the old magma chamber and dykes and sheets as intrusions into
the host rock which comprises basalt (see Figure 7). Dykes, sheets and also the host rock
can vary a lot, hence several sub-classifications were used. Hornfels is the result of heated
host rock due to contact metamorphism and can normally found close to the contact zone
between the old magma chamber and the surrounding rocks. Rhyolitic material can only
be found in minor amounts, therefore it is not as important as the others but still worth

mentioning.

Figure 7: Photograph of sheets and dykes at eroded Geitafell volcano complex surrounded by basalt (host
rock). Gabbro (old magma chamber) can be found in the back, hence the view is from the outside of the
old magma chamber into it. The closer to the gabbro, the more sheets and dykes can be found.

11
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2.2 Field work

Geophysical field data acquisition was carried out in September 2013 and was an essen-
tial component of this thesis research. I was specifically interested in determine seismic
wavespeeds and resistivities of the involved rocks in a hydrogeothermal system. Hence a
geological pre-study was essential. Omar Fridleifsson’s PhD-thesis with all his geological
mapping (see the Appendix, Figure 42 and 43) was used as a basis for further mapping
by ourselves. Additionally, we were given a geological introduction directly in the field
by Omar Fridleifsson. We concentrated afterwards on localizing the exact transition of
gabbro and basalt at several chosen places where field measurements were considered as to
be plausible practicable. The resultant map which shows the geology is given as Figure 8.
All this geological field work was conducted in August 2013, including a lot of small-scale
geological mapping from the other MSc-project.

The mapped transitions let us define a starting point of the profile lines which we wanted
to measure afterwards. We decided to measure at three sites (A, B, C) in Geitafell (see
Figure 9) to obtain several results close to the contact. The main interest was to image
the first few tens of metres on a line starting from the old magma chamber (gabbro),
going to the transition zone where we expect hornfels (just a few metres thick) and then
finishing in basaltic hostrock with a decreasing number of dykes towards the last mea-
suring point of the line. We also wanted to learn more about the relation between the
physical properties of the rocks and their alteration at three sites (X, Y, Z) in Hoffell (see
Figure 9). The slightly different chemical composition and the change in grain size has
an affect on the petrophysical properties. But there is to suggestion that these variations
are very small and it was not clear that they could be detected from geophysical field
measurements.

In summary, we made measurements at six locations (seismic and DC electric measure-
ments) during our geophysical field campaign in September 2013. The exact locations are
shown in Figure 9. A two metre spacing for both geophones and electrodes was applied
in the field. This distance was chosen as a compromise to gain a good enough resolution
but also to reach a penetration depth of several tens of metres. All station positions were
surveyed by means of GPS. A multi-electrode system (Syscal or Geotom) was used in the
field to measure rock resistivities and a shotgun or a hammer was used for the seismic
source. A more detailed list of recording parametres can be found in chapter 3, in the

subsection on recording parametres.

12
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Besides these field measurements, rock samples from each litholocigal unit were collected
for further investigations in the Rock Physics Lab at ETH.

Figure 8: Geological mapping was done at two locations (A and B) where there was considered to do
geophysical field measurements later on. Many outcrops were analysed in detail followed by identifying
the rock type. Afterwards, a contact line was drawn between gabbro and basalt (host rock). To mention
is that this line can be trusted where it was mapped on outcrops but not really everywhere else because
sometimes it is rather difficult to find the exact transition. The outer border of basalt / dyke which can
be seen in the top right corner is not really a border but no more geological field work was done there.
So, it can be assumed that basalt will continue there but with fewer dykes.

13
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2.3 Profile lines

Figure 9 below shows locations of all geophysical profiles in relation to the geology. Three
lines are in Geitafell (A, B, C) and three in Hoffell (X, Y, Z). More detailed information

about each of them are given below and illustrated in Figures 9 - 14.

Figure 9: Location map of all profile lines in relation to the geology. Three lines were chosen at Geitafell
(A, B, C) and three at Hoffell (X, Y, Z). Line X is in the actinolite zone, line Y is in the garnet zone and
line Z is in the epidote zone (see Appendix B, Figure 43).
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2.3.1 Geitafell

Figure 10 shows the profiles superimposed on a photograph of the area Geitafell. In the

follwoing paragraphs I describe each one individually.

Figure 10: The three geophysical profile lines at Geitafell superimposed on a photograph of the area. All
lines start in the host rock (basalt) and end towards the center of the picture in the gabbro.

Line A

The contact zone between the magma intrusion (gabbro) in the west and the surrounding
hostrock (tholeiite lava; basalt) in the east is shown in Figure 11. It is intersected with
several dykes, cone sheets and acid phases. Hornfels (~2-5 metres thick) can be found at
this boundary due to contact metamorphism. Tholeiite lava has seen several alterations
due to the cooling (maximum actinolite). The first few electrodes/geophones in the east
of line A were planted in alluvial material (gravel). The topography increases towards the
west where small rocky hills appear alternately with flat regions consisting of soggy soil.
The soil at the west end of the seismic line is fully saturated with water. Both the seismic
line and DC electric line had the same starting point A (first geophone / first electrode)
but not the same finishing point A’. We were able to plant in 96 electrodes. This leads to
a total profile length of 190 metres using a two metres spacing. This was the maximum
length we could reach for the DC electric measurements due to limited electrode cables in
the field. More cables were available for the seismic measurements, hence 120 geophones

recorded signals during the measurements, giving a total profile length of 238 metres.
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(a) Geophone and shot positions of line A.

(b) Electrode positions of line A.

Figure 11: Seismic and DC electric measurements at line A in relation to the local geology. Shown are
all electrode and geophone positions with each having a 2 m spacing to the next one. 96 electrodes and
120 geophones were used, hence this leads to a total length of 190 m and 238 m, respectively. 61 shots
were recorded for the seismics (every 4 m one shot). The starting point A was the same for both seismics
and DC electrics.

16



2.3 Profile lines 2 STUDY SITE

Line B

This line is the longest seismic line with a total length of 382 metres (192 geophones). It
starts in toleiite lava (basaltic rocks in the actinolite zone intersected by several dykes) in
the east. This area consists partly of gravel which covers the hard rock. More outcrops
can be seen towards the middle of the line where rocky parts alternates with parts of rocks
covered by vegetation. The line crosses then the contact zone consisting of hornfels before
it ends in the gabbro where the rocks are again well visible. The location was chosen
among other things due to the flat topography. There are some steep parts, especially
close to the small river in the eastern part of the line and also close to the geological border
(gabbro/basalt). But otherwise also due to the small road it is very good accessible. The
same positions but less cables were used for the DC electric measurements (total length:
198 metres). The actual positions of geophones, shot locations and electrodes are shown

in relation to the local geology in Figure 12.

Line C

Line C is characterised by large altitude differences (~60 metres). Figure 13 shows all
positions where geophones or electrodes were pushed into the ground, again in relation
to the local geology. Both measurements started at the same starting point C. There
we can find basalt with an increasing amount of dykes intersecting towards the contact
zone. A river (north-south) crosses the profile line (east-west) where one can find a lot of
unconsolidated material in various sizes. The topography increases on both sides of the
river by several tens of metres. The rocks are mostly covered by vegetation. Outcrops of
gabbro can be seen towards the end of the line in the west. Some parts were too steep and
slippery during the seismic measurements and this is the reason why some shot locations
are missing there. Otherwise we recorded the seismic signals using 168 geophones from
shots at an interval of four metres. The total distance of the DC electric measurement is

again only 190 metres, while the profile length for the seismic measurement is 332 metres.
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(a) Geophone and shot positions of line B.

(b) Electrode positions of line B.

Figure 12: Seismic and DC electric measurements at line B in relation to the local geology. Shown are
all geophones (192) and shot locations (each 8 m one shot). The total length from the first geophone to
the last is 382 m. The distance between two geophones/electrodes is 2 m. 100 electrodes were planted
in, leading to a total length of 198 m for the DC electric line.
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(a) Geophone and shot positions of line C.

(b) Electrode positions of line C.

Figure 13: Seismic and DC electric measurements at line C in relation to the local geology. In total, 7
cables with each 24 geophones were used (total length along the topography: 332 m). Shots were done
every 4 m. Both geophones and electrodes have a 2 m spacing. 96 electrodes were used (total length:
190 m). The starting point C was the same for both measurements.
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2.3.2 Hoffell

Three locations in Hoffell were chosen to measure electric and elastic properties of basaltic
rocks. They are shown in Figure 14 superimposed on a photograph of the area. The
aim was to take measurements at different alteration zones. These appear here on flat
soil. Therefore these locations looked to be suitable when considering the map of Omar
Fridleifsson (Appendix B, Figure 43) where everywhere else topography plays a much
larger role. Line X is in the actinolite zone, line Y is in the garnet zone while measurements
on line Z represent the epidote zone. All seismic and DC electric lines have a total length of
190 metres and 198 metres, respectively (two metres spacing of geophones and electrodes).
The local geology consists of toleiite lava layers (each ~3 metres thick) which all have a
slightly different appearance. Homogeneous basalt, basalt with vesicles and dolerite with
or without porphyric crystals are the main constituents of these layers. Most of the rocks
on the outcrops are heavily weathered. Gravel and a soggy soil cover almost everywhere
the top lava flow layer. But some parts are visible at the surface due to the fact that

these layers are dipping a few degrees.

Figure 14: Locations of the three geophysical profile lines at Hoffell superimposed on a photograph of
the area. Line X is in the actinolite zone; Line Y is in the garnet zone; Line Z is in the epidote zone. The
lines in the picture are only drawn approximately on their real locations.
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3 Methods and Techniques

Two geophysical methods, electrical resistivity tomography (ERT) and seismic refraction
tomography (SRT), were chosen to estimate physical ground properties and to image the
first few tens of metres of the subsurface. The basic physical principles and some pro-
cessing steps are outlined below. In addition, seismic velocities of collected rock samples
were measured in the Rock Physics lab at ETH Zurich.

3.1 Electrical resistivity tomography
3.1.1 Basic principle of DC electrics

Ohm’s Law defines the resistance R by the ratio of the potential drop to the applied

current. v
R=— 1

- 1)

The resistance of a given subsurface body is proportional to the specific length L and

inversely proportional to the area A:

L
R=p— 2
P (2)
The proportionality constant p is the true resistivity and a fundamental point property

of each material. Figure 15 explains formulae (1) and (2) by means of a simple sketch.

Figure 15: Electrical circuit, where R is a resistor, V is the potential difference across R, and [ is the
injected current. L is a length and A is a surface on the block [Reynolds, 2011].

Resistivity is determined trough a combination of equation (1) and (2) and is the product

of the resistance and a length:

p="20m] 3)
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If the ground is not uniform, the obtained resistivities are no longer true resistivities but
so called apparent resistivities p,. Apparent resistivity is the product of the measured

resistance R and the geometric factor K for a given electrode array:

Pa = RK[Qm] (4)
where AV
R=—[0)] (5)
1 1 1 1

K = 2n] ]~ m]

AM MB AN NB
In (6) A and B are the positions of the current electrodes, while M and N are the positions
of the potential electrodes.

Numerous array types exist but two of the more common ones, Wenner and Dipole-Dipole,
are depicted in Figures 16 and 17. These types of electrode configurations have different

current flow patterns and therefore different sensitivities, see Figure 18 and 19. The

sensitivities depend on the electrode configuration as well as the subsurface model.

Figure 16: Wenner configuration. A and B are cur-
rent electrodes while M and N are potential elec-
trodes. p, = 2waR. Sketch based on [Lowrie, 2007].

Figure 18: An example of the subsurface sensitiv-
ity from a Wenner configuration is shown in this
figure. This type of configuration has a good ver-
tical resolution [Reynolds, 2011].

Figure 17: Dipole-Dipole configuration. A and B
are the current electrodes while M and N are po-
tential electrodes. p, = mn(n+1)(n+2)aR. Sketch
based on [Lowrie, 2007].

Figure 19: An example of the subsurface sensitiv-
ity from a Dipole-Dipole configuration is shown in
this figure. This type of configuration has a good
lateral resolution [Reynolds, 2011].
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3.1.2 Data acquisition

The targeted depth at Geitafell was about 20 to 30 metres in order to avoid measuring
only weathered rocks. In addition, a vertical and horizontal resolution of a few metres
was needed to delineate the contact zone. Therefore, an electrode spacing of two metres
was selected for all geophysical profiles to fulfil these two criteria.

A multi-electrode resistivity system (Syscal or Geotom) was used, which can measure
several configurations at the same time. Ninety-six electrodes can be connected to the
system Syscal, while the Geotom has 100 channels available. This gives a total horizontal
length of 190 and 198 metres along the topography. The device Syscal was favored for
field measurements due to its stronger currents (hence power), which can be injected into
the subsurface. But the backup device Geotom had to be used in the field on several
occasions due to technical problems with the Syscal. Table 1 stipulates which system was
used on each profile.

Three different types of electrode configurations (Wenner, Dipole-Dipole and Schlum-
berger) were used to achieve a combined good coverage and optimal resolution of the
subsurface [Reynolds, 2011]. Numerous depth levels (increasing distance a in Figure 16)
were tested in the field but 16 levels was decided to use most of the time. Each injected
current pulse was repeated four (minimum) to ten (maximum) times. These measurements
were stacked until the standard deviation was smaller than a certain value (dependent on
field conditions between 3-10 % of the measured voltage) or reached the maximum num-
ber of stacks. These values indicate the repeatability, the smaller the better. A complete
set of measurements for one electrode geometry such as Wenner array involves between
1’000-2’500 measurements until all depth levels are covered.

Igneous rocks tend to have high resistivities, but resistivity also depends on the mineral-
ogy (secondary minerals) and on the pores and cracks and any fluid which might fill them
[Reynolds, 2011, Kirsch, 2009]. Hence the near surface can be very conductive depending
on weather conditions.

Potential differences V' (voltages), in the range of millivolts, are the values which are
actually measured in the field. This measured voltage was then divided by the injected
current I (which is in the range of milliamperes and changes for each measurement). The
ratio V/I was then multiplied by the geometric factor, which also changes for each mea-
surement, to get the apparent resistivity. Problems arose while measuring the potentials

whenever there was poor contact between an electrode and the ground. This can be
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mitigated to some extent by pouring salty water around the electrodes and/or planting
the electrodes even further into the ground. But such effort is limited and so the surface
conditions together with background noise dictate the data quality. At Geitafell there was
minimal cultural noise but it was very difficult to drive the electrodes into the outcropping
rock.

To summarise, DC electric measurements were carried out with different devices at six
locations during the field campaign in Iceland in September 2013. All relevant informa-
tion can be found in Table 1. A lot difficulties such as poor ground contact, instrument

malfunction and changing weather conditions accompanied our measurements.

3.1.3 Data analysis

A computer program called DC2dInvRes was used for qualitative data analysis and for
editing the raw data. Pre-processing is best done when the data are assembled in pseudo-
section form. Figure 20 shows a pseudo-section of a Wenner measurement from line C. It
shows the raw data from the field measurement, where each cell represents one apparent
resistivity data point (in Q@m). The horizontal position of the cell is the midpoint between
the outer electrodes. The pseudo-depth is related to the electrode separation (equal to
'a’ in case of the Wenner array or the intersection of the 45° lines from the current and
potential dipoles in the case of the Dipole-Dipole array). The larger the pseudo-depth the
larger the electrode offset, meaning that the currents penetrated deeper into the ground
and therefore the data point represent a deeper zone in the subsurface. Single data points
or even all measured data from a single electrode can be easily deleted in this pseudo-
section if it appears that it is particularly noisy or spurious.

The data quality can suffer from poor ground coupling and it can also be affected by
the geomorphology or other environmental influences. Data points with extremely high
resistivity values were deleted as well as data points with a high estimated error. Also
some data points were deleted at deeper depth levels where there was little convidence in
the 2D nature of the data. I.e. due to 3D effects where current flows probably choose to
take a less resistant path around a hill or along the conductive surface instead of flowing
deep into the subsurface (line A).

Data quality varies a lot on the different profile lines. A good and a poor example of an

edited data set are shown in Figure 20 and 21, respectively.
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Figure 20: Pseudo-section from line C. The horizontal axis describes the horizontal distance while the
vertical axis represents the pseudo depth. The values are in Qm where low values stand for low resistivity
(high conductivity) and high values for high resistivity (low conductivity). This pseudo-section represents

a good quality data set.
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Figure 21: Pseudo-section from line A before and after editing. It represents a poor quality data set in

which several data points needed to be deleted.
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3.1.4 Data inversion

Synthetic resistivity data, calculated for a specified resistivity model, can be generated
and compared with the observed resistivity data by means of the program BERT (bound-
less electrical resistivity tomography). The inversion progressively adjusts the model to
achieve the best fit between the computed (synthetic) and observed (measured) data. The
difference between them is measured by the root mean square (RMS) error. Figure 22

shows the main sequences in this inversion.

Figure 22: Scheme of a BERT inversion based on the BERT-tutorial [Giinther and Riicker, 2013].

A starting or initial guess model (e.g. the pseudo-section) together with all topography
information and grid structure information are necessary inputs. The program uses a
triangulated grid for both forward modeling and for the inversions. Grid elements get
lager towards the side and bottom boundaries. The inversion will be under-determined.
This means that there are more equations to solve than data points are available from
the measurement. There is not enough information to determine a unique model, several
possible solutions exist. Hence constraints need to be added such as smoothing and
damping to find a best fit solution of the inverse problem [Giinther and Riicker, 2013].
It was decided to apply relatively high smoothing to all profile lines and not necessarily
the smoothing factor ending up with the smallest error. Of course the smoothing factor
was chosen in the region with the smallest error but other factors were more important.
Due the fact that the data quality is moderate and we were not really interested in small
untrustworthy features in the model, this high smoothing was applied which leads to much
larger structures. The sensitivity pattern in a model indicate at which depth the model
can be trusted or not anymore. Low sensitivity areas can change their value in the model
but have no effect on the data. So these areas should not be included in the models. They
sometimes appeared already at little depths which led to decrease the model depth. All

relevant information on the inversion parametres can be found in Table 1.
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3.1 Electrical resistivity tomography
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3.2 Seismic refraction tomography
3.2.1 Basic principles of refraction seismics

Seismic waves propagate through the subsurface along various paths but the first arrivals
follow the high velocity parts of the subsurface. At a velocity contrast, the waves will

change direction in accordance with Snell’s law:
sini/sinr =V, /V, (7)

sini. = V1 /V, (8)

where (7) is the formula for general refraction and (8) is the formula for critical refraction.
They are shown in Figure 23. Quantifies ¢ and r are the angles of incidence and refraction,
while i.. is the angle at which critical refraction occurs i.e. r=90°. Critical refraction only
occurs if velocity increases with depth, that is if V5 > V. If there is a gradual change
in velocity with depth, the rays are curved. This means that the wave is continuously
refracted (diving wave).

A seismic source (e.g. hammer or shotgun) generates a seismic wave which propagates
through the subsurface along various paths (eg. direct, reflected, refracted, critically re-
fracted or diving waves) and are then detected by geophones at certain offset distances
along the ground surface (see Figure 23). The first arrivals will then be used to cal-
culate a subsurface velocity model [Reynolds, 2011]. The velocities are dependent on
rock composition, density, temperature, pressure, the presence of fluids and the degree of

fracturization [Huenges and Ledru, 2010].

Figure 23: Raypath diagram, showing paths for direct, reflected, refracted and critically refracted rays
[Reynolds, 2011].
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3.2.2 Data acquisition

Seismic measurements were taken at all six locations in Geitafell. The focus was on the
same target depths and resolutions as for the DC electric measurements. The longer
the horizontal offset the deeper the ray paths go through the subsurface but the greater
the offset, the weaker the signal. To maximize this but still retain sufficient resolution,
a 2 metre spacing between geophones was employed. Different numbers of cables (each
having 24 channels) were used in the field at the various sites depending on access and
predefined targets. A maximum of eight cables was laid out at line B, hence a maximum
horizontal offset of nearly 400 metres was reached on this line. The length of each line
and the number of recording channels are listed in Table 2.

The source was normally a shotgun (blank cartridges, bore 12) which was buried around
half a metre into the ground. This went well at places where small holes could be drilled
into the surficial soil. Everywhere else where hard rock was at the surface and it was
impossible to use the shotgun, a hammer (4.5 kg) was used for the seismic source. This
weaker hammer source was stacked ten times to yield a similar source intensity to the
shotgun. The distance between each shot was four metres with a few exceptions. All

relevant information on the seismic acquisition is summarised in Table 2.

3.2.3 Data analysis

A qualitative data analysis was done by looking at the raw data in shot gather as well
as receiver gather format. This gave a first impression of the quality of the data, hence
noisy traces could be identified. Poorly coupled geophones, dead traces and misfires were
deleted from the data. The shot gather also showed how far away the first breaks could be
seen clearly and at which distance the noise mastered the seismic signal and no clear first
break could be seen anymore. Some of the shots gave clear first breaks on all geophones
and could be reliably picked. Others are almost everywhere overprinted by noise. Figure
24 shows a good and a poor example of a shot gather. Each line had different weather
and ground conditions, hence data quality differs a lot between the lines but also between
the shots. Unfortunately, almost all data contained a lot of noise, hence the quality was
rather poor in general. The cause was mainly strong wind and rain but also the sometimes
unstable contact between geophones and the ground.

The geometry information was added to the raw data and first arrivals were then picked

using a Matlab program interface. The picking was done with an accuracy of about one
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millisecond. A weighting of picked travel times in the noisy part was considered but in
the end travel times were either picked in this noisy part of the gather or were not picked
at all. Poor quality data could be assigned a weighting but this did not really make sense
because then almost all travel times would get a reduced weighting. So it was just simpler

to apply a weighting factor of zero or one to the picked travel times.

Figure 24: Two shot gathers from line B showing the variation of data quality. The top gather represents
a good shot without a lot of noise while the second one contains a lot of noise and the each 2 m apart
first breaks are difficult to identify. Each trace (x-axis) corresponds to a different geophone (channel).
The vertical (y) axis is the travel time in ms.
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3.2.4 Data inversion

The first arrival data set constitute the input to a surface 2-D tomographic algorithm.
It uses a fast finite-difference eikonal solver to calculate the predicted times for a given
model. The inversion incorporates appropriate damping and smoothing constraints and
was developed by Lanz et al. [1998]. Velocity parametres, source-receiver coordinates and
an initial model need to be supplied before the synthetic travel times can be computed.
The difference between observed and predicted travel times (residuals) are minimized by
the inversion. The resultant velocity models can then be tested for reliability by means
of ray diagrams or plots of synthetic and observed travel times.

The use of a realistic starting model is very important for all further steps in the inver-
sion. It will make sure that the model updates in the correct direction. Hence several
calculations were done but in addition different starting models were tested. Since the
program is based on continuously refracted diving waves, which return to the surface, it
is essential that the starting model incorporates a positive velocity gradient, i.e. increase
of velocity with depth. The aim of this testing was to reach a small error after the first
iteration of the observed and the synthetic data. The starting model of each line was
adjusted individually due to the different surface topography.

The smoothing and damping factors will then regularise (stabilise the inversion) and ad-
just the model for further iterations. The smoothing factor regulates the neighboring
cells in a model such way that they do not differ too much from each other e.g. minimal
roughness. The damping factor regulates how much the model can be adjusted after each
iteration and seeks to make it close to the starting model or some preferred model. A
high damping factor adjusts the model slowly, hence more iterations are necessary. Sev-
eral combinations were tested but in the end relative high smoothing and damping factors
were chosen for all lines due to the rather poor data quality in order to avoid introducing
too small features in the model which cannot be trusted. The other cause was to prevent
all rays from taking the same path because the aim was to cover (interrogate) most of the
model parts by the rays. All relevant inversion parametres for all lines are given in Table
2.

Synthetic data after the final iteration of the inversion and observed data should overlap
each other and show minimal scatter in an offset-time diagram. The agreement or overlap
was in some cases well achieved but not everywhere. The spreading of the data in this

diagram should also be tightly clustered in a way that all data points are concentrated in
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a narrow zone. A good and a poor example of such misfit plots are given in Figure 25.
Only area with a good enough ray coverage in the velocity model have high reliability.
Therefore cell size was kept the same with depth (relatively small, one by one metre) and
a high smoothing was applied. The ray coverage could be improved by these two factors
but it was far from optimal. The rays were concentrated in some parts of the model more
than others. This was probably caused by the fact that not all shots triggered at the
same time. Hence the origin time (onset) differs from shot to shot by several milliseconds
and therefore it needs to be corrected. This is referred to as shot static. The idea was to
use the already inverted smooth velocity model as the starting model and do the inver-
sion again with only a few iterations, but this time to invert for the origin times as well.
This additional feature of the inversion was developed by Maurer [1996]. How much this
correction is applied can again be controlled by a damping factor.

To summarise, the whole data inversion was done in two parts. The aim of the first
part was to get a smooth velocity model having already a small error between observed
and synthetic data. This was then used for the second part in which it was used as the
starting model. Only a few iterations were carried out in this part and additionally the
origin times were determined, to compensate for the shot static. Parametres can be found

in Table 2 and all results together with the ray coverages are shown in chapter 4.
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Figure 25: Observed and synthetic data plotted in an offset-time diagram. The blue points are the
observed data while the red points represent the synthetic data points after final inversion. The first
diagram (line B) shows a good example in which all observed data points are concentrated in a certain
zone and the synthetic data points can match them quite good. The opposite can be seen in the second
diagram (line A) for a poor quality result.
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3.2 Seismic refraction tomography
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3.3 Seismic velocity analysis in the lab

Vp and Vs measurements were carried out on the collected rock samples from the field site
in the Rock Physics lab at ETH Zurich. An ultrasonic pulse (1 MHz) was fed to a source
transducer (transmitter Tx) on one side of the sample and the arrival times were then
measured on the opposite side by means of another piezoelectric transducer (receiver Rx).
To get velocities from these arrival times, the sample length needs to be known as well.
The densities and porosities of the samples were also determined for completeness. The
first arrival times were picked under several pressure conditions (10 - 250 MPa) due to
the expected increase in velocity with continuous increasing pressure (closure of cracks).
Data quality was much better compared to the data quality from the field measurements.
An example of the first break picking together with a scheme of the laboratory device is
shown in Figure 26. Note that the lab velocities are usually higher than field velocities
due to the use of much higher frequencies in the lab, and also the lab samples are usually

in-fact specimens unlike the field situation where cracking and fracturing may occur.

Figure 26: Scheme of the laboratory device (modified after [Shih, 2012]) and diagram with first break
picking from arrival times (P-waves) under different pressure conditions (10-250 MPa). The data shown
here are from a rock sample which was collected from line Y from the geophysical measurements.
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A part of this study is to find out more about the relation between seismic field mea-
surements and seismic lab measurements. Only P-wave velocities were measured in the
field and therefore my focus here is also on the P-waves in the lab under dry conditions.
The collected rock samples can be categorised from several point of views. Four different
aspects are described below, in which the first two are more important for this study:

Firstly, we were interested in the seismic velocities of the following rocks: gabbro, do-
lerite, hornfels and basalt. This is the same sequence as it was found in the measured
geophysical field profiles A, B and C. It starts in the old magma chamber (gabbro) with
a lot of dyke material (dolerite). Hornfels can be found at the transition to the altered

host rock (basalt). Figure 27 shows photographs of these four rock samples.

(a) Gabbro (b) Dolerite (c) Hornfels (d) Basalt
Figure 27: Rock samples from each lithological unit found on the profile lines A, B and C. Starting from

the old magma chamber towards the altered host rock.

Secondly, we were interested in the elastic properties of different host rock material. Each
experienced a different degree of alteration. The first rock sample was selected from
the actinolite zone, while the second one is from the garnet zone and the third one was

collected from the epidote zone (see photographs of samples in Figure 28).

(a) Basalt actinolite zone (b) Basalt garnet zone (c) Basalt epidote zone

Figure 28: Rock samples (basalt) from different alteration zones. To notice is that the rock sample from
the epidote zone additionally has vesicles.
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The host rock (basalt) tends to include a variable amount of vesicles. Some have no
inclusions, others have small ones and some are filled. Their composition can vary a lot
but they consist of typical secondary minerals such as actinolite, epidote, chlorite, zeolite,
quartz, calcite, garnet or pyrite. Some can also be filled with gas/air. To see how the
elastic properties change with the amount of vesicles present, the rock samples shown in

Figure 29 were also measured in the Rock Physics lab.

(a) Basalt with no (b) Basalt with a (¢) Basalt with (d) Basalt filled
vesicles. few vesicles. vesicles. with vesicles.

Figure 29: Rock samples (basalt) with differing numbers of vesicles present.

Not only the basalt varies in its constitution but also the dolerites. Some have a similar
grain size (aphyric) others tend to be porphyric. Three examples of dolerites are shown

in Figure 30.

(a) Dolerite aphyric 1 (b) Dolerite aphyric 2 (c) Dolerite porphyric

Figure 30: Different types of dolerites (aphyric and porphyric).
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4 Results

4.1 Subsurface models at Geitafell (Profiles A, B and C)

The velocity and resistivity subsurface models derived for line A are shown in Figure
32. The velocity model should be viewed with caution and is less important for the final
analysis due to a rather poor ray coverage (rays are highly concentrated on certain paths).
The resistivity model is equally problematic, it yields little more information about the
surface conditions than a differentiation of rock types. The soggy soil parts as well as the
subsurface consisting of gravel and the parts which are covered by vegetation represent the
conductive (<2'000 Qm) area in the subsurface model. The high resistive area (>8000
Qm) represents a hard rock surface where it was difficult to plant the electrodes. So both
subsurface models are not used for further interpretations, unlike subsurface models from
line B and C.

Subsurface models (velocity and resistivity) from line B and C are shown in Figure 33 and
Figure 34, respectively. Their quality is moderate (ray coverage and ray distribution) and
interpretations are reasonable to make. The velocity models show a trend of increasing
velocity towards the west. The subsurface velocity models can also be split into three
sections. The first five metres are unconsolidated and weathered rocks (<2000 m/s).
The next ten metres (up to a velocity of about 4’500 m/s) are rocks which are probably
affected by surface nearby fractures. The third section (>4’500 m/s), starting at around
fifteen metres below the surface, is fresh material. Hence this is the depth used for the
analysis. Typical velocities for basalt (intersected with dykes and sheets) are extracted
(see Table 3) from the models close to an area where they were localised trough the well
drilling. Velocity values for gabbro are extracted (see Table 3) from an area where we
know gabbro to appear outcrop. Indications can be found at the surface from geological
mapping and it is assumed that the rock type will not change with depth at this location.
To summarise, typical values were chosen from a certain depth, where no more weathered
rock is expected and the ray coverage is adequate. Further information such as the bore-
hole information and geological mapping was taken into account. An example from line
B is shown in Figure 31.

The extracted resistivity values at site B and C represent also mainly the surface condi-
tions (Figure 33 and 34) but unlike site A, a trend of increasing resistivity towards the

west can be seen in the resistivity subsurface models. The most reliable resistivity sub-
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surface model (in terms of geological interpretation) is by far the one from line C. A few
metres of weathered rocks can be identified close to the surface (btw. these weathered
partly unconsolidated rocks is indicated in all seismic profiles by velocities which are less
than 2’000 m/s). The area where gabbro can be expected has resistivity values around
10’000 2m while the area with basalt (intersected with dykes and sheets) show resistivity
values between 2’000-5’000 Q2m. All these values refer to the fresh material. No values
from weathered rocks or unconsolidated and saturated material were included.
Weathered rocks close to the surface can be identified both from velocity and resistivity
models. But no clear contact zone between the old magma chamber (gabbro) and the
surrounding host rock (basaltic lava flows intersected with sheets and dykes) can be iden-
tified. Instead, it is possible to extract certain typical values from the subsurface models
and they are listed in Table 3.

Table 3: Typical values (P-wave velocities and resistivities) extracted from the subsurface models at
Geitafell.

Rock type P-wave velocities Resistivities
[m/s] [€2m]

Gabbro 57300 - 6’500 ~ 107000

Basalt 4’700 - 5’300 2’000 - 5’000

(intersected with sheet and dykes)

Figure 31: Histogram and boxplot of basalt and gabbro P-wave velocities from line B. The values involved
come from the areas of the white boxes marked in Figure 33.
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4.1.1 Bore hole information from the IMAGE project

Core drillings were carried out in May 2014 at several places close to the measured geo-
physical profiles as a part of the IMAGE (Integrated Methods for Advanced Geothermal
Exploration) project. The resultant geological logs are shown in Figure 35. None of the
wells drilled into the gabbro, hence a clear contact zone cannot be seen in the logs. But
the logging showed that host rock, dykes and sheets alternate randomly. It seems the
rocks in the well close to line C consist mostly of dykes and sheets and maybe some gab-
bro. This might be an indication that the well was close to the contact zone or at least

in an area consisting of intrusions.

Figure 35: Well logging sheet from boreholes close to the measured geophysical lines at Geitafell. Original
information at the drilling (May 2014) was written up by Omar Fridleifsson but slightly modified here
(personal communication).
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4.2 Subsurface models at Hoffell (Profiles X, Y and Z)

The principal expected difference in the rocks from the three profiles at Hoffell is their
degree of alteration. But this attribute is unfortunately not the only one because each
lava flow has also its own characteristics (differences in grain size, numbers of vesicles
etc.).

The subsurface velocity models derived from lines X and Z exhibit a similar velocity
range. However, the velocity model from line X has an area where velocities are lower.
This variation could be the result of an intersecting dyke. Such a dyke has been mapped
in the field during the measurements at approximately this location. The dyke has its
orientation perpendicular to the profile and this prominent border (fractures) could lead
to a zone with lower velocity. The velocity model obtained for line Y shows similar ve-
locities but some areas have slightly lower velocities. A summary of the P-wave velocity
ranges extracted from the velocity models at Hoffell can be found in Table 4. The criteria
for selection were that the area from where the values were extracted needed to be from
a certain depth (below weathered) and needed to have a good ray coverage.

The three inverted subsurface resistivity models at Hoffell show clearly how the weather
conditions and therefore the soggy and saturated soil influenced the measurements/models.
The only model (line X) which shows a resistive upper most part is the one where measure-
ments were carried out under dry conditions. The moisture might also affect the deeper
parts of the model because it shows slightly higher resistivity values than the other profiles
taken under wet conditions. A comparison of the extracted resistivity values of the three
profiles is given in Table 4. Only values which were not directly affected by the weather
conditions were used.

To summarise, no direct and clear relation between the alteration and the elastic/electric
properties can be seen. And only ranges of velocities/resistivities can be extracted instead

of accurate values.

Table 4: Typical values (P-wave velocities and resistivities) extracted from the subsurface models at
Hoffell.

Line P-wave velocities Resistivities

[m/s] [2m]
X 47500 - 6°000 3000 - 5’500
Y 4000 - 6°000 3000 - 5’000
Z 4500 - 6000 3000 - 5’000
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Figure 36: Histogram and boxplot of P-wave velocities from lines X, Y and Z. The values involved are
taken from the areas of the white boxes shown in Figures 37, 38 and 39.
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4.3 Lab measurements

The rock samples collected from the field site in Iceland were examined in the Rock Physics
lab at ETH Zurich. Our main interest was in the P-wave velocities. They were classified
into four different groups (dependent on rock type/conditions) for comparison purposes,
each examining a different aspect. Figure 40 shows these four diagrams of measured P-
wave velocities as a function of confining pressure (10-250 MPa). A linear regression was
then carried out on each curve between pressures of 100 and 250 MPa to be able to extract
the velocity Vpg at normal pressure. This is the intercept of the linear fit with the zero
pressure axis shown by the coloured boxes on the velocity axis. All calculated velocities
and other properties of the measured rocks in the lab are listed in Table 5.

Figure 40a shows the velocities of the four main rocks. Gabbro has the highest velocity
followed by the dolerite rock sample. Basalt and hornfels seem to have a slightly lower
velocity. This trend is probably due to the higher density of the rocks towards lower
velocity or it might also be the effect of microcracks at the borders of the minerals. If the
size of the minerals gets smaller, more microcracks appear.

Basalt velocities can vary substantially (dependent on rock conditions) and this is shown
in Figure 40b and 40c. There are several factors responsible for the variability. All
rocks involved have more or less the same chemical composition. But the minerals were
crystallised over a different time scale, experienced a different level of alteration (build-
in secondary minerals differ) or have different sizes and numbers of vesicles. Lava flows
slightly differ from each other and this makes it difficult to find a representative sample.
But it can be seen that the basalt from the actinolite zone has the highest velocity,
followed by the basalt from the epidote zone and finally the basalt from the garnet zone.
Hence, we cannot establish a trend that would suggest a decrease of P-wave velocity
with decreasing alteration (decreased temperature during the time the hydrogeothermal
system was active). Differences are rather caused by the mineral size or the porosity of
the rock. But the differences can also be explained by the fact that the rock samples
from the epidote and garnet zones are more weathered than the rock samples from the
actinolite zone.

Figure 40c shows that vesicles can also have an influence on the velocities of the rock
samples. The basalt with no vesicles present has the highest velocity. The others vary
over a range of about 1’000 m/s. It might be that the shape and size of the vesicles play

an important role. Some vesicles might have a more stable shape than others, hence a
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higher velocity.

Besides basalts, dolerite velocities can also vary a lot. Three samples and their measured
velocities are shown in Figure 40d. It seems that the size of the minerals has an effect on
the P-wave velocities with an increase in velocity with larger mineral sizes.

To summarise, gabbro has the highest velocity wavespeed, followed by dolerites. But they
vary over a range of about 500 m/s. Also, basalts seem to vary in their P-wave velocity
over a range of about 1’000 m/s depending on other characteristics. It seems the smaller
the mineral size the lower the P-wave velocity.

Table 5: P-wave velocity results from lab measurements categorised into four parts according to rock

type and rock condition. Vp0 velocity values were calculated from a linear regression of data points from
100 to 250 MPa.

Rock sample Porosity  Rock Matrix VpO
density density
(7] [kg/m?]  [kg/m®]  [m/s]
Gabbro 297 £0.24 2840 £7 2927 £1 6478 +4
Dolerite 3.46 £0.08 2907 £2 3011 £1 6366 +2
(2) Hornfels 2.59 £0.04 2758 £0 2831 £1 5474 £12
Basalt 3.72 £0.08 2975 £2 3090 £1 6141 £5
Basalt actinolite zone 3.72 £0.08 2975 £2 3090 £1 6141 £5
(b) Basalt garnet zone 1.20 £0.09 2967 +£2 3003 £1 5986 £16
Basalt epidote zone 2.71 £0.08 2745 £2 2821 £0 5989 £9
Basalt with no vesicles 3.72 £0.08 2975 £2 3090 £1 6141 £5
Basalt with few vesicles 3.25 £0.16 2710 £4 2801 +£1 4968 +14
(©) Basalt with many small vesicles 2.71 +£0.08 2745 +2 2821 +0 5989 +9
Basalt with many big vesicles 3.01 £0.09 2703 £2 2787 £1 5428 £11
Dolerite aphyric 1 3.86 £0.08 2839 £2 2953 £1 5891 £15
(d) Dolerite aphyric 2 3.46 £0.08 2907 £2 3011 £1 6366 £2
Dolerite porphyric 3.31 £0.08 2839 £2 2937 £0 6413 £9
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(c) (d)

Figure 40: P-wave velocity results from lab measurements. The coloured boxes show the velocities Vpyg.
These values represent the P-wave velocities of the rocks at zero pressure with closed cracks. (a) The
four main rock samples (gabbro, dolerite, hornfels and basalt). (b) Rock samples (basalt) from different
alteration zones. (c) Rock samples (basalt) with a different number and size of vesicles present. (d)
Different types of dolerites.
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5 Discussion

5.1 Field campaign, data quality and inverse modeling

The field campaign passed without major problems or interruptions at Geitafell in Iceland
in August and September, 2013. Reconnaissance as well as small-scale geological mapping
was carried out by David Baumann and myself. Geophysical field measurements (DC
electric and seismic) were conducted at six separate locations and afterwards we collected
representative rock samples as well. The samples were chosen so that each lithological
unit and characteristic samples were present.

Bad weather, including windy and rainy days, influenced the data quality to an extent
but most of the measurements planned were able to be carried out. The field site was
remote from civilization in a rural area close to the glacier Hoffelljokull, and so cultural
noise was low. Data quality suffered more from difficulties which occurred from poor
contact between geophones/electrodes and the ground, or from difficulties of transferring
all the energy of the seismic source into ground due to the surface conditions where it was
sometimes not that easy to drill a hole deep enough for the shotgun.

Pre-processing of the data started shortly after the survey. The measured raw data
had to be turned into a format which could be used afterwards. This meant that data
needed to be filtered and supporting information such as topography was added to the
files. An initial examination of the data gave a first impression of data quality and
hints to handle further processing steps. Several different approaches were tested during
processing but it was decided to apply rather high smoothing to all subsurface models
(P-wave velocity and resistivity) during the inversion. The reasons are that the inverse
problem was severely under-determined and we were really only interested in large-scale

variations to characterise the in-situ fresh rock velocities.

5.2 Comparison of seismic field data to seismic lab data

Seismic velocities obtained from the lab data are in general higher than the values mea-
sured in the field, mainly due to the application of much higher frequencies in the lab.
Frequencies around 100kHz-1MHz are used in the lab whereas in the field the frequency is
only 10-100Hz. There is generally some velocity dispersion present in material media due
to visco-elasticity, which leads to higher velocity at higher frequency [Mavko et al., 2009].

Moreover the lab samples are intact specimens, free of defects and cracks/joints which
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can lower the in-situ velocities. Besides the different frequencies also the scale on which
the measurements were taken are completely different. Lab measurements concentrate on
the really small-scale features such as the small cracks, grain size, porosity and secondary
inclusions while larger scale features such as weathered rocks, faults and larger geological
boundaries have an impact on the field measurements.

Both measurements showed that the rock velocities can vary over a certain range. Dif-
ferent basalts have a velocity range in the lab measurements of about 1’300 m/s (4’900
m/s - 6°200 m/s) whereas the velocity range from the field measurements is about 600
m/s (4’700 m/s - 5’300 m/s). Hence the field measurements have slightly lower velocities
as expected. This holds true also for gabbro. Field measurements indicated a velocity of
about 6’000 m/s while a P-wave velocity of about 6’500 m/s was measured in the lab.
To summarise, the P-wave velocities measured in the lab are about 5-10 % higher than
those measured in the field, but otherwise agree with each other quite well. The rather
small differences would also imply that the measured velocity values in the field are not

appreciably affected by fractures and other large-scale defects.

5.3 Geochemical composition of the rock samples

All rocks found at the field site have basically the same chemical composition (Master-
thesis of David Baumann: Alteration and petrology in a fossil hydrothermal system at
Geitafell central volcano, Iceland, 2014). The rock samples consist mostly of the minerals
pyroxene (augite; 40-60%), plagioclase (labradorite; 40-60%) and ilmenite (5-7%). Several
secondary minerals can be find as well in the rocks but only in minor amounts (< 1%;
actinolite, garnet, epidote, chlorite, quartz, calcite, pyrite and zeolite). They replace the
mineral pyroxen in most cases or are formed in veins and vesicles.

Figure 41 shows the chemical composition of some rocks collected in the field. Only the
gabbro seems to have a slightly lower SiOs content than the others, but otherwise all

rocks are located in the same part of the plot.
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Figure 41: Total alkalis vs. silica diagram of rock samples collected at the geophysical sites in Geitafell
(XRF measurements done by David Baumann, personal communication).

5.4 Comparison to other measured petrophysical properties

Christensen and Wilkens [1982] did seismic measurements on rock samples from a bore-
hole near Reydarjoerdur, which is around 80 km north-east of Geitafell. Their velocities
are in the same range as ours and they showed that with low porosity (like in our rock
samples) the velocity can indeed be that high.

The grade of alteration and therefore which minerals will be replaced and built-in de-
pends of course on the temperature but the rock alteration (number of replaced minerals)
in basaltic lavas is also related to the porosity [Franzson et al., 2001]. All our rock sam-
ples showed a very low porosity (< 4%) and therefore alteration minerals exist in minor
amounts (< 1%). Franzson et al. [2001] found that lower density alteration minerals
replace the high-density primary minerals at first and therefore the mean grain density
decreases with increasing alteration (increasing temperature). And later on for the chlo-
rite zone, epidote zone and higher alterations (higher temperature), density increases

again due to the growth of higher density minerals. But the effect of alteration on the
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velocities is rather small in our rock samples due to the low porosity and therefore the
low amount of secondary minerals. The differences in velocity in our rock samples could
be more likely due to grain-boundary microcracks which can lower the velocity [Franzson
et al., 2001].

Resistivity measurements at high-temperature hydrogeothermal systems were carried out
by Arnason et al. [2000]. They found a low resistivity cap (mainly due to clay alter-
ation and the more conductive surface/bulk) at the outer margins which is underlain
by a more resistive core towards the inner part. Our measurements were on a fossilised
high-temperature system which did not include the low resistivity cap (low alteration
secondary minerals). The more resistive core towards the inner part can be confirmed by
our measurements by the observed general trend of increasing resistivity towards the old

magma chamber.
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6 Conclusions and Outlook

Geophysical measurements (DC electric and seimsic) were carried out at six locations in
Geitafell (in the south-east of Iceland) in September 2013. Their analysis yield information
about resistivities and P-wave velocities of several lithological units in a fossilised high-
temperature hydrogeothermal system. Therefore, velocity values (or at least ranges of
velocities) could be found for the rock types such as gabbro, basalt, dolerite and hornfels.
Representative values were extracted from that part of the subsurface where ray coverage
was good enough and depth was sufficient to ensure unweathered material. Seismic lab
measurements of collected rock samples from the same sites showed similar ranges of ve-
locities but were about 5-10% higher due to the use of higher frequencies and a different
length scale during the measurements. Other lab measurements showed that the chemical
composition of the rocks is nearly the same everywhere; the variations are only minor.
An exact boundary between the old magma chamber (gabbro) and the surrounding host
rock (basalt) could not be imaged in the subsurface models due to the rather poor data
quality (and attendant use of a high smoothing of the models and low resolution). But
at least a general trend of increasing resistivity /P-wave velocity towards the gabbro can
be seen. The relation between alteration and petrophysical properties could also not be
resolved clearly.

More accurate and more precise field data could be achieved with some improvements
in acquisition such as using a more powerful source (for both seismics and DC electrics)
or enhancing the data quality by drilling more holes where better contact between the
ground and the geophones/electrodes is ensured. To enhance the resolution the elec-
trode/geophone spacing could be shortened by a factor of two. It also would be helpful to
have more reliable systems in the field. The experience gained to date in this type of data
under such conditions could probably also be used to get even better results (subsurface
models).

The lab measurements need to be upscaled now and translated into an active geother-
mal system i.e. extrapolated to prevailing conditions. The petrophysical properties will
change due to the higher temperature and pressure plus different fluid content. These
factors will have a major impact on the measured values. Such extrapolated values will
be more realistic for an active high-temperature hydrogeothermal system. Later on, all
collected information will be used for numerical modeling studies to predict the expected

geophysical responses, and link these with reservoir dynamics.
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Figure 42: Geological map of the Geitafell Central Volcano in South-East Iceland. The contact zone
between Gabbro and tholeiite lava can be seen at the border between the colour purple and white,
[Fridleifsson, 1983a].
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Figure 43: Alteration zones of the Geitafell Central Volcano, [Fridleifsson, 1983a]. SRT and ERT mea-
surements (lines X, Y, Z) were carried out in September 2013 at the epidote zone, garnet (andradite)
zone and actinolite zone to find out if there is a difference in the rock’s (Basalt) physical parameters.
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