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1 Introduction

The Krafla area in the Sudur-bingeyjasyslu county of Iceland is a well-known volcanic and geothermal
area. Research on the feasibility of utilising the geothermal resource within the area began in 1969, in
accordance with the research plan on high temperature areas in Iceland associated with Sveinbjérn
Bjornsson (1969). The first results were published in a research report by Gudmundur Gudmundsson
(et al.) in 1971. The report showed the total surface area of the research area to be 280 km? and the
main focus was an analysis of the Krafla and Namafjall areas. An aeromagnetic map was completed
and the temperature of the geothermal system was estimated to be between 200 and 300°C. A
resistivity survey was conducted in the area between 1971 and 1972 (Gudmundur Gudmundsson et al.
1971; Ragna Karlsdéttir et al. 1978).

The next few years proved to be a watershed period for the Icelandic energy industry as the proposed
expansion of the Laxd Hydropower Station was met with great protest. Expansion plans were
discontinued and new potential power projects were investigated in the northeast of Iceland. Krafla
was chosen as the site for the development of the first geothermal power station for electricity
generation purposes in Iceland. The first two exploration wells were drilled at Krafla in 1974 to a depth
of 1200m and production drilling began a year later. The National Energy Authority published the
results on exploration drilling that same year (Kristjdn Seemundsson et al. 1975). The report contained
the first interpretation of data on the geothermal reservoir at Krafla and, subsequently, a decision was
made to build a 60 MW, geothermal power station. Production drilling and construction began
concurrently in 1975 but extensive volcanic activity in the area resulted in the onset of the Krafla Fires
later that same year. Construction work, research and drilling continued for the next few years despite
volcanic activity. Six production wells were drilled in 1976 and well logging and surface exploration was
conducted in the area. Important information was gathered on the area including the fact that the
Leirbotnar area has a dual (two layer) geothermal system with differing production characteristics.
Magmatic gases had invaded the deeper system with unpredictable results.

Construction work was completed in 1977 and the first conceptual model of the geothermal system
was introduced that same year (Valgardur Stefansson et al. 1977b). The Krafla Geothermal Power
Station began production in the following year and initially only produced 7 MW. for the electricity
network. Another well was drilled for steam extraction purposes. Various problems associated with
steam extraction and the effects of volcanic activity on the geothermal system in the area resulted in
extensive research on the chemical composition of gases in the natural steam flow in the Krafla area.
Samples were taken from most fumaroles or geothermal emission points, wherever practical. Results
from the research revealed that the Krafla area could be divided into sub-regions depending on the
ratio of gases in its natural emissions (Gestur Gislason et al. 1978; Halldér Armannsson et al. 1981).
These sub-regions included Leirbotnar (including Vitismar), Hvithélar and Sudurhlidar; the two latter
areas remained unaffected by magmatic gases. Thirteen wells were drilled between 1980 and 1983,
two of which were drilled using directional drilling methods. One of the turbines at Krafla reached full
capacity a year later, producing 30 MW,, with excess steam to spare. The installation of a second
turbine unit was not considered a viable option at the time due to difficulties encountered with steam
extraction.

RARIK (lceland State Electricity) handed the operation of Krafla Geothermal Power Station over to
Landsvirkjun at the beginning of 1986. Maintenance projects and small-scale research continued for
the next few years but a new research period began between 1990 and 1993. Two exploration wells
were drilled (KG-25 and KG-26) to assess if conditions within the deeper zones of the geothermal
system had improved. Resistivity measurements were conducted using the TEM method (the method
had previously been successfully used at Nesjavellir). The diminishing effects of magmatic gases on the
geothermal system resulted in the decision to continue the development of the Krafla Geothermal
Power Station by installing the second turbine (turbine 2), therefore doubling the capacity of the
station. Drilling for the steam required by turbine 2 began in late 1996 and eight production wells had
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been successfully drilled by 1999. The overall result was positive and Krafla became fully operational
in 1999.

The decision to conduct measurements on the entire Krafla caldera, using TEM-resistivity
measurements, was approved in the year 2000. Plans to expand Krafla by 40MW were also developed
during this same period and the project design and Environmental Impact Assessment (EIA) were
completed the following year. The project was then put on hold as the national electricity grid did not
require additional power at that time.

A milestone was reached in operations in 2002 when reinjection measures began by reinjecting 50-70
kg/s of separated brine into well KG-26 at a depth of 2000m. Chemical scaling inhibitor equipment was
installed in well KJ-28 (a shallow zone well) to prevent calcium deposits from forming within the well
when active. This was the first time that this type of equipment had been installed in a high
temperature well in Iceland.

Plans for the expansion of Krafla and/or the construction of an additional power station have been
under preparation for some time. A three year plan for research on geothermal areas in the Krafla
beistareykjir, Bjarnarflag and Gjastykki areas was introduced in 2006 with the purpose of assessing the
feasibility of producing the 400 MW_. of electricity required by the proposed aluminium smelter at Bakki
by Husavik. Landsvirkjun employed the services of Iceland Geosurvey (iSOR) to (i) re-assess the
conceptual model for the Krafla area, (ii) assess the overall capacity of the area using the volumetric
method and simplified models, and (iii) improve and re-calibrate the ten year old computational model
of the geothermal system. This report shows the results for the first part of the project and the results
of the volumetric assessment on potential capacity.

The term ‘conceptual model’ refers to the coordinated collection of ideas, pertaining to the type and
nature of the geothermal system, built on all available data from the geothermal system in question
at any given time. In short, a model of this type should provide information on the heat source of the
geothermal system, the upflow of geothermal fluid and fluid-flow conduits. A conceptual model is a
necessary foundation for the set-up and creation of computational models and also increases
knowledge on the structure and nature of the geothermal system. Developing a conceptual model of
a geothermal area requires the analysis of all available data, the interpretation of those data and an
analysis of the context. The main data available from the Krafla area and utilised to develop a
conceptual model included the following:

° Surface geology, including data on geological features, geothermal energy and fissures

° Geophysical surface exploration including resistivity measurements such as TEM and MT
measurements. Magnetic surveys, both at the surface and aeromagnetic measurements
as well as gravity- and geodetic surveys

° The chemical composition of water and steam from natural emissions

° Location of micro earthquakes in the last decades

° Borehole/well geology based on drill cuttings analysis and well logging

° Temperature and pressure measurements in wells as well as information on the main
feed- zones

° Well tests: including step tests performed as part of the drilling program and discharge
tests

° Measurements on temperature and pressure changes in the geothermal system over time

(as a result of utilisation)

° The chemical composition of samples from geothermal fluid (in wells) and any changes to
this as a result of utilisation

° The effects of utilisation on the energy reserve and lifetime of the area

12



The main results of the re-assessment of the conceptual models of the Krafla geothermal system are
intended to show the following:

° The strata sequence of the area, possible fissures, faults and any other factors that could
affect the flow of geothermal fluid in the geothermal system

° Initial temperature and pressure conditions

° The division of the area into sub-systems, based on the chemical composition of fluid and
steam and other factors

° The location of upflow and downflow into the geothermal system

° The size of the area, both surface area and thickness

° Assessment of permeability, porosity and other characteristics

° Boundary conditions for numerical modeling

° The effects of reinjection and utilisation within the geothermal system

The first conceptual model was introduced by Valgardur Stefansson et al. (1977b) and was based on
limited data, mostly surface exploration and the results from the first eleven wells drilled in the area
(Valgardur Stefansson, 1980; 1981). Gudmundur S. Bodvarsson et al. (1982; 1984b) developed the next
conceptual model which gave a much more comprehensive picture of the geothermal system, based
on results from extensive drilling in the preceding years. It could be said that the latter conceptual
model is still valid today. In 1988, the SHAFT-79 model of the Hvithélar area (in the Krafla area) was
introduced (Helga Tulinius & Omar Sigurdsson, 1988) and this included wells KJ-21, KJ-22 and KJ-23.
The model was two-dimensional. Work on a three-dimensional TOUGH model of the same area began
between 1990 and 1991 (Helga Tulinius & Omar Sigurdsson, 1991). A revised and more accurate
conceptual model was introduced in connection with the development of a numerical model of the
geothermal system 1996-1997 (Grimur Bjérnsson et al. 1997a).

Extensive research has also been conducted on the Krafla Fires: on the volcanic system, fissure swarms
formed to the north and south and tectonic deformations in connection with volcanic activity (Gunnar
V. Johnsen et.al 1980; Pall Einarsson, 1991; Kristjan Seemundsson, 1991; Axel Bjérnsson & Hjalmar
Eysteinsson, 1998). This research has enriched expertise on the type and nature of the Krafla
geothermal system.

According to historical volumetric assessments, approx. 590 PJ (PJ = 10**)) can be utilised in Krafla
which would be equal to 380 MW, in 50 years or 190 MW, in 100 years (Gudmundur Palmason et al.
1985; Sveinbjorn Bjornsson, 2006). The review of volumetric assessments outlined in the following
chapters is based on the most recent information, pertaining to the size and temperature conditions
of the geothermal system as well as the use of the Monte Carlo simulation method. This results in a
probability distribution for the estimated production capacity of the area and margins of uncertainty
are defined.

The numerical modeling of the Krafla geothermal system from 1997 (Grimur Bjornsson et al. 1997a)
will be reviewed and re-calibrated (as a follow-up from the development of the conceptual model and
volumetric assessments) to more accurately assess the capacity and its response to utilisation. The
review will be based on the conceptual model outlined here as well as all available information on the
response of the area to active wells and to utilisation (from the outset).

However, the numerical model is now 10 years old and the results could show that it would be
pertinent to completely re-develop a model (various work pertaining to data preparation etc. would
be beneficial) but this remains to be seen. It is likely that the TOUGH2/iTOUGH2 computer programs
will be used for numerical modeling.

The Krafla geothermal system is large and energy rich and its location in the middle of the volcanic
zone create high permeability within the system. These three factors should ensure a high capacity
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within the Krafla system but technical problems due to the chemical composition of geothermal fluid
mean that the area cannot be fully utilised using current production methods. The close proximity to
magma is believed to be the reason for this, the same magma that feeds the energy system. These
technical problems will not be further discussed in this report.

2 Geology and geothermal surface manifestations

The Krafla area has all the characteristics of a typical central volcano. An extensive dome has developed
from the basaltic lava, up to 20km in diameter. The oldest rock in the area dates back approx. 300,000
years. In the middle of this formation is a caldera, 8x10 km in size, which is surrounded by silicic tuff
layers, both of which were formed approx. 110,000 years ago (Figure.1). Eruptions of basalt and
rhyolite have occurred in the curved fissures outside the caldera. A large geothermal area trends east
to west, traversing the mid-section of the caldera. The temperature is highest to the east of the mid-
section and coldest close to the periphery. Rhyolite has erupted on the eastside of the caldera in the
fissures that trend north- to- south under the glacier and during silicic pumice eruptions once the
glacier had disappeared. Phreatic explosions occurred during the glacial period in the area. Traces of
these include two crater rows, one in the west-side of Hrafntinnuhryggur and the other in the west-
side of Krafla. Craters that lie outside Krafla are approx. 300—400 m in diameter. The volcanic materials
in this area are unknown. Steam explosions from the geothermal system are likely to have hollowed
out the craters. The caldera is mostly filled with hyaloclastite(s)/ palagonite(s) and lava from its own
eruptions. Lava has also flowed out of the caldera via mountain passes on the north, on the east and
west side. A fissure swarm traverses the central volcano. Its direction is N5-10°E north of the caldera
and N15°E to the south. It is over 90 km in length and extends at least 50 km to the north of the mid-
section of the caldera and approx. 40 km to the south of it. Its widest point is through the caldera (7-
8 km) and it then becomes dissected towards the south. The fissure swarms can be divided into ‘east
flank’ and ‘west flank’ fissure swarms (Kristjan Seemundsson, 1991). The east flank is 4 to 5 km in
diameter, traversing the mid-section and eastside of the caldera. The west flank is approx. 3 km in
diameter and is located in the most western point of the caldera.

Post-glacial activity has been divided between the two fissure swarms over time. The west flank was
active during the late Weichselian glacial period. Andesitic lava flowed in the western part of the
caldera and maars (steam explosion craters) were formed (Krékéttuvotn). The east flank then took
over during the post-glacial period (8000-11,000 years ago) with lava eruptions from fissures and
pumice eruptions (Hveragil). The activity shifted westward approx. 8000 years ago and remained in
this area for 5000 years. There was one eruption during this extended period with small-scale lava
eruptions and a maar (steam explosin crater) at Hvannstdd. The east flank has been active for the last
3000 years with six rifting events followed by volcanic activity, lava eruptions from fissures, pumice
eruptions (Viti) and maars (steam explosin crater). The eruptions occurred at irregular intervals.

Rifting in the fissure swarm, in the period that has passed since the caldera was formed, has affected
the direction of the drift. It is unclear how the drift has spread within the volcanic systems opposite
Krafla but it is likely that the activity at Krafla is responsible for at least half of this.

Curved eruptive fissures are present in the northeast of the caldera and on the periphery of that side
(Figure 1). They are signs of cone sheets (intrusions) from the shallow magma chamber. The shape of
the geothermal area and its ultimately diminishing activity can be traced to intrusion activity in the
magma chamber beneath the mid and eastern section. Continuous rifting episodes in the system
caused the intrusion mass to disperse and cool but a limited amount was renewed. An analysis of
earthquake activity revealed a magma chamber at a depth of between 3 and 7 km in the east-western
belt in the mid-section of the caldera (Pall Einarsson, 1978). There is a close correlation between this
and surface manifestations. The magma chamber is most active beneath the east flank (fissure swarm)
at Krafla. Some of the most recent silicic or felsic eruptions have taken place in this area as well as a
number of fissure eruptions in the last 3000 years. This area has the most extensive geothermal activity
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and surface alteration. It is unclear if the geothermal activity is connected with the curved eruptive
fissures referred to earlier but extensive scoria productivity in the crater area could indicate a
connection. Geothermal activity is evident in the southern periphery of the caldera as well as evidence
of alteration between Leirhdl and Hvihél which could indicate an analogous weakness in the caldera
on that side, at least in ascending flow from the geothermal system and even cone sheet intrusion,
much like that found in the north.

The shallow magma chamber, or igneous intrusion, beneath the mid-section of Krafla is a problematic
phenomenon as magmatic gases accumulate around it (SO,, HCI, HFI, CO,, H2) and are dispersed into
the adjacent formations when the magma solidifies. This has been previously proven to be poisonous
to the geothermal system. Recent drilling has indicated that these magmatic gases are more widely
distributed within the geothermal system than previously thought. Wells in Sudurhlidar (KJ-39, RD
~2300 m), north of Viti in KJ-38 (RD >2000-2200 m, in the western slopes of Krafla KJ-33 (RD ~1800-
1900 m) and in Leirbotnar, Vitismér and Leirhnjikar have all been affected by these magmatic gases.
This means that long-term wells must be no deeper than 2000 m unless they are located at the
periphery of the magma chamber. The only other solution would be new developments in methods to
handle low pH geothermal fluid. However, the Hveragil area has successfully utilised 2000 m boreholes
for over ten years without being affected by magmatic gases.

Knutur Arnason et al. (in preparation) has come to the conclusion (using a gravity survey) that there is
a younger, inner caldera within the Krafla caldera. There are no surface manifestations to confirm this
as the younger caldera is likely to have formed almost immediately inside the older caldera, filling-up
early on. There are two geological factors that support this idea. One factor is the presence of rhyolite
mountains just outside the caldera (Jérundur, Hlidarfjall and Rani). Their total volume is approx. 2 km?3
but much of the area must have eroded. Eruptions have occurred in cone sheets originating from
Krafla’s shallow magma chamber. The rhyolite mountains are similar in age and nature and one of
them is dated to be 80,000 years old. The second factor relates to the distribution of surface
geothermal manifestations between Leirhél and Hvithdl, the only area where the periphery of Knatur’s
inner caldera overlaps with the periphery of the older caldera. It is a well- known fact that intrusions
seek out caldera faults during caldera ruptures. There are signs of this on the southern periphery of
the Krafla caldera (Hvithdlar and the crater to the south-east in Sandabotnafjall Mountain). This type
of activity could have led to localised geothermal activity/upflow.

Cold altered ground can be seen to the east of the Krafla area in the oldest rock layers outside the
caldera (both by Eilifsvotn and at Jorundargrjét). This geothermal evidence predates the caldera and
indicates that geothermal activity in the volcano was widespread on the eastern side before its
formation. Resistivity measurements showed typical high temperature patterns outside the caldera on
the eastern side but proved cold when investigated via drilling (Kndtur Arnason & Ingvar bér
Magnusson, 2001; Sigurdur Sveinn Jonsson et al. 2003). The formation of the caldera could possibly
have affected the geothermal source beneath the area.

It is more difficult to explicate “cold” high temperature anomaly, evident in resistivity measurements,
carried out in the so-called Vestursvaedi (western area) of Krafla which lies south-south-west from
Leirhnjukur, westward into the main fissure swarm in the Krafla system. Temperature loggings in well
KV-1 and the alteration pattern show that temperatures have reached over 250°C, whereas the
temperature is now 100°C at a depth of 1000 metres and the well reveals no permeability thereunder
(Sigurjén Bodvar bérarinsson et al; 20064, b; Bjarni Gautason et al. 2006). The geothermal source that
created this alteration has been interrupted and the rock mass has cooled. A 150°C run-off channel
has formed instead from the Leirhnjukar area, southward along the fissure swarms, at a depth of 200-
400 m. The well is close to the periphery of the caldera. The rate of subsidence in the fissure swarm of
the volcanic system indicates that subsidence in the Krafla fissure swarm could be anything up to 400
metres since the formation of the caldera. It should also be mentioned that a piece of rock retrieved
from well KJ-22, at a depth of 290 metres, is similar to “Halaraud”(Asgrimur Gudmundsson et.al
1983b). This could indicate the rate of subsidence within the fissure swarm. It is likely that the
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geothermal area at Krafla was much more extensive up until this point (as mentioned earlier with
regard to the area to the east of Hdgongur and east of the caldera). Alteration in KV-1 would therefore
be ancient but the current geothermal system would only be present in the shallow run-off from this.

The real Vestursvaedi at Krafla, surrounding the maars in Hvannstdd and Krékdéttuvotn, could prove to
be utilisable production areas. However, resistivity measurements indicate otherwise as high
temperature patterns are not detected at the depths penetrated by TEM-measurements.
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3 Geophysical surface exploration

Geophysical surface exploration surveys have played a significant role in research conducted in the
Krafla area. Resistivity measurements have been the most extensive part of this research program but
magnetic field measurements and gravity and geodetic surveys have also been conducted. The results
of these measurements are discussed in this chapter. Seismographs, i.e. the location of earthquakes
and research on the nature and distribution of earthquakes have provided important information on
central volcanoes and the geothermal system. The results from seismographic research are discussed
in chapter 3.4, hereafter. Geodetic measurements, including rate of subsidence and spreading, have
been part of the monitoring pogram pertaining to volcanic activity as well as attempts to strain
measurements.

3.1 Resistivity measurements

The main factors affecting rock resistivity are water content, salinity and the temperature of fluid as
well as the alteration of rock formations. In short, water saturated rock conducts an electric current
more efficiently than dry rock and conductivity is increased at a higher temperature. The alteration of
rock formations as a result of high temperatures also affects the resistivity of rock.

TEM-resistivity measurements effectively show the alteration of rock formations in high temperature
systems, especially in low salinity environment. Conventional resistivity measurements of high
temperature systems show that a low-resistivity cap envelops the high-resistivity core in the middle of
the geothermal system and reflects the alteration of the rock formations pertaining to high
temperature. Zeolite and smectite are the dominant minerals in temperatures between 100°C and
200°C. Smectite is a clay mineral with a high conductivity level which increases at higher temperatures.
This accounts for the high conductivity and therefore low resistivity in the low- resistivity cap. A mixed
layer of clay minerals (smectite and chlorite) forms once the temperature reaches 200°C and chlorite
becomes dominant once the temperature reaches above 230°C. Chlorite has a lower conductivity level
than smectite and causes an increase in resistivity when the rock temperature reaches over 230°C
(KnGtur Arnason et al. 2000).

3.1.1 History of resistivity measurements at Krafla

Resistivity measurements began at Krafla in 1970. The so-called Schlumberger Method was used (a
direct current (DC) resistivity method) where a current is transmitted into the ground and the voltage
measured at surface. Sixty measurements were conducted in the summers of 1970 and 1971
(Gudmundur Gudmundsson et al. 1971). These measurements continued in 1976 and 1977, when 40
additional measurements were conducted as well as nine so-called dipole array measurements (Ragna
Karlsdéttir et.al 1978). The final twenty Schlumberger-measurements were completed in 1983.
Resistivity measurements were conducted in Hvithélar, in Sandabotnaskard and to the west of the
Dalfjall Mountain in the Leirhnjukshraun lava field in 1983 and 1984. The Schlumberger Method was
used but measured by profile and was interpreted two-dimensionally (KnGtur Arnason et.al 1984;
Knutur Arnason & Ragna Karlsdéttir, 1996).

Resistivity measurement methods changed during the 1990’s and TEM measurements (Transient
Electro-Magnetic) became more popular (the method does not rely on sending currents through the
subsurface). They generally have better depth resolution than the older method and are often less
expensive in execution. TEM measurements began at Krafla in 1991 and over twenty measurements
were conducted in the first phase (KnGtur Arnason & Ragna Karlsddttir, 1996). Approximately thirty
further measurements were conducted in 1993 and ninety in 1999. Approximately one hundred and
fifty TEM measurements were conducted overall in the Krafla area throughout this decade (Knutur
Arnason & Ingvar bér Magnusson, 2001). An extensive MT-resistivity measurements program began in
2005. These measurements explore the natural fluctuations of the Earth’s magnetic field and have
exploration depths of tens of kilometres. These measurements were conducted in the same location
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as TEM measurements and the results were jointly interpreted. The MT measurements were
conducted in an attempt to identify the heat source of the geothermal system. The entire Krafla area
has now been analysed using TEM and MT resistivity measurements (Kndtur Arnason et al. and Hjalmar
Eysteinsson & Arnar Mar Vilhjadlmsson, 2007).

3.1.2 Results of TEM/MT-measurements at Krafla

TEM and MT measurements have been the resistivity methods of choice in the last few years. TEM
measurements give information on the resistivity distribution in the uppermost formations (usually
down to approx. 1000m in depth). An analysis of resistivity at deeper levels (tens and even hundreds
of kilometres into the subsurface), requires the MT measurement method (Magneto Telluric). MT
measurements explore the natural fluctuations of the Earth’s magnetic field. The strength of the
electric field of the electromagnetic field of the Earth is both dependent on the resistivity of the Earth
and the extent/intensity/magnitude of magnetic fluctuations. Concurrently measuring variations in the
magnetic and electric fields at the surface level provides information about the subsurface resistivity
structure. Low frequency variations of the electromagnetic field penetrate deep into the Earth but high
frequency variations affect the upper layers. The methodology of MT measurements in Iceland is
described in the report released by Ragna Karlsdottir et.al (2008).

So-called static shifts create problems in interpreting MTmeasurements. Near-surface inhomogeneity
distort resistivity, shifting virtual resistivity curves upward and downward (a constant shift on log-
scale). TEM measurements are unaffected by these factors and shifts in MT data can be determined
(identified) by interpreting TEM and MT measurements jointly. It could be said that TEM
measurements therefore connect MT measurements to the surface.

Resistivity measurements at Krafla reflect the (hydro) thermal alteration in the geothermal system and
show the geothermal system as a high resistivity core, where temperatures are at their highest, and
an external low-resistivity cap. Low-resistivity caps can often reach the surface and can be identified
by lightly coloured clay patches and surface manifestations in geothermal areas. The low-resistivity
caps deepen at the periphery of the geothermal system and can be seen at its deepest level, approx.
1500-2000m, outside the geothermal systems.

Results from TEM measurements conducted at Krafla show that the low-resistivity cap covers the
peak/top of four high-resistivity cores and are considered areas of particular interest (resistivity
deviation A, B, C & D) connected to geothermal activity and referred to in the report published by
Knatur Arnason and Ingvar bér Magnusson (2001) on the results of TEM-measurements in Krafla
(Figure 2).

° A is the largest and reaches from the southern slopes of Krafla, across Viti, Vitismé and
Leirhnjudkar (Krafla - Leirhnjukur)

° B is in the Vestursvaedi area of Krafla, to the west of brihyrningur and stretches towards
the south

° C is associated withd Hagongur to the east of Hrafntinnuhryggur and to the north of
Jérundur

° D lies beneath Sandabotnaskard

The high resistivity cores of these areas are connected and form a continuous plane with a total surface
of 48 km? at a depth of 600 metres. The temperature in this area has reached at least 230°C at some
stage during the development of the geothermal system despite certain areas cooling since then. The
high resistivity core at 600 m.b.s.| is shown as a red cross-marked area in Figure 2 but those areas
found to be cold areas during exploratory drilling are shown as green, cross-marked areas, i.e. areas B
and C.
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Figure 2. Resistivity at 600 m.b.s.l in the Krafla area, according to TEM—measurements.

MT measurements which have a better depth resolution show the low- resistivity cap as a thin layer in
the top 1-2 km and a low- resistivity layer at a depth of a few kilometres. This deep-set low- resistivity
layer can be seen under a large area of the country where MT measurements have been conducted. It
is unclear what causes these low-resistivity layers but research conducted by {SOR on the earthquake
area by Upptyppinga indicate that the temperature in the upper most area of the deep, low-resistivity
layer is approx. 700°C (Arnar Mar Vilhjalmsson et al. 2008). This deep-set, low-resistivity layer which is
often at a depth of 10 -14 km in the volcanic zone (MT measurements cover this distance) curves
upward and is shallower under high temperature areas. It could therefore be said that the tops/peaks
of this lower, low-resistivity layer, beneath high temperature areas, are an indicator of where hot
intrusions reach upward to the Earth’s crust (litosphere) and where the heat source for the high
temperature area can be found. This is how these low-resistivity peaks/tops limit the upward thermal
flow into the high temperature areas. These types of peaks/tops could indicate the presence of a
magma chamber.

Distinctive peaks/tops in the low-resistivity layer can be seen in three areas of Krafla (Figure 3). The
figure shows resistivity at a depth of 4 km below sea level and the peaks/tops appear as low resistivity.
Two of these are noticeably larger and reach 2km below sea level, at their shallowest, by Leirhnjukar
and Krafla. There are actually two considerably smaller and lower peaks/tops in the third area, beneath
Sandabotnaskard:

° Leirhnjakur. A large peak/top next to and to the north of Leirhnjik which covers a surface
of approx. 6 km? , measured at a depth of 4 km below sea level and reaches upward to
2 km below sea level.

° Krafla. A large peak/top similar in size to the west of Krafla Mountain around Vitismo,
Hveragil and Sudurhlidar. It reaches its shallowest point at 2 km below sea level to the
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west of Krafla or close to the lower depth boundaries of the wells that have been drilled.
It becomes deeper beneath Sudurhlidar, reaching a depth of 3—4 km below sea level.

° Sandabotnaskard. A peak/top, approx. 3 km? in size beneath Sandabotnaskard on the
eastern side and at a depth of 4-5 km below sea level. Another peak/top, considerably
smaller, is located in the westernmost area of Sandabotnaskard at the same depth.
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Figure 3. Resistivity at 4 km b.s.l, according to MT-measurements

MTmeasurements also showed a fourth peak/top in the western area of Krafla (4). The presence of
this peak/top was only confirmed by one measurement but was not present in measurements
conducted in close proximity. An attempt was made to repeat these measurements but the data
collected were not comprehensive enough to confirm the presence of this peak/top in such a
demarcated area (Hjalmar Eysteinsson and Arnar Mar Vilhjalmsson, 2008). These measurements were
not included in resistivity maps.

The large peaks/tops associated with Leirhnjuk and Krafla, merge with an area where a shallow magma
chamber might be present (Knttur Arnason et al. in preparation). In order to better describe the shape
and position of these peaks, the level which marks the surface of the low-resistivity layer was identified
and a three dimensional model was created using this information and other data (Figures 99, 100 and
101). The model shows that the peaks/tops are clearly demarcated. The two large peaks/tops
associated with Leirhnjukar and Krafla reach up to the deepest level of the wells drilled in the area but
the low-resistivity can be seen at the surface in Leirhnjukar and in the area surrounding Viti (by Krafla).

The area beneath Sandabotnaskard is actually defined as two lower peaks/tops by the caldera edge
which reaches a depth of 4-5 km. There is evidence of lower resistivity above the peaks/tops than in
the surrounding area which could indicate the upward flow of thermal energy.
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Three vertical profiles to a depth of 15 km are shown for further clarification. Profile HLO1 lies NW-SE
over the two large peaks/tops (Figure 4). The two peaks/tops are clearly demarcated; the western
peak/top beneath Leirhnjikar and the eastern peak/top beneath Viti by Krafla. The low-resistivity cap
can be identified as a thin, low-resistivity layer at the surface. There is low-resistivity above the
peaks/tops and up to the surface. The profile ‘HLO2’ shows a NE-SW trend in the Leirhnjukar area,
along the fissure swarm (Figure 5). The clearly demarcated peak/top is shown and the low-resistivity
above it. The third profile ‘HLO3’ lies from Viti and south-eastward across Sandabotnaskard (Figure 6).
The large peak/top beneath Viti is shown and the low-resistivity up to the surface and above it. The
smaller peak/top on the left side of profile is the peak beneath Sandabotnaskard.

Beyond the peaks/tops is the upper surface of the lower, low-resistivity layers at a depth of 10km
closest to the peaks/tops and deepening as it moves further from them. The low-resistivity layer is
present in all areas of the country where MT measurements have been conducted, with the exception
of areas close to the coastline. Figure 7 shows low-resistivity in the entire area (at a depth of 12km
below sea level) and therefore shows that the low-resistivity layer is at this same depth in the
neighbouring area of the Krafla area (or as far as measurements reach).

Resistivity increases again below this deep set low-resistivity layer but low-resistivity has been
identified in one isolated location beneath this area. If low-resistivity is present in areas deeper than
these MT-low-resistivity peaks/tops then it can be assumed that magma flows from the depths of the
mantle and towards the surface. The lower, deep-set, low resistivity layer is analysed in the report
released by Hjalmar Eysteinsson and Arnar Mar Vilhjalmsson (2008). The aforementioned area beyond
the peaks/tops deepens at the upper boundary, low-resistivity layer to a depth of 10 km. The thickness
of the layer beneath the Krafla area is at least 5-6 km, as the resistivity contour map at 12 km below
sea level shows low-resistivity in the entire Krafla area (Figure 7). There is evidence of high-resistivity
occasionally at a depth of 20 km.

High-resistivity is typically identified at a depth of 25 km with the exception of three areas (Figure 8)
beneath three of the four peaks/tops, in the upper surface layer mentioned earlier (Figure 3). There is
an obvious resistivity deviation (anomaly) under Leirhnjukur (1) and Viti/Krafla (2). The lowest level of
resistivity at this depth is identifiable beneath Viti on the western slope of Krafla. The third low-
resistivity deviation is less evident and is located beneath the eastern side of Sandabotnaskard (3).
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3.2 Magnetic surveys

The Science Institute at the University of Iceland created an aeromagnetic map covering an area of
approx. 180 km? for the National Energy Authority in 1970 (Gudmundur Gudmundsson et al. 1971).

Porbjorn Sigurgeirsson, then professor of physics at the University of Iceland flew over the area and

used geomagnetic equipment(magnetic meter) he had designed and developed himself. He was

accompanied by the geologist, Kristjan Seemundsson. The map covers the Krafla, Namafjall Mountain

and surrounding area (Figure 9). The magnetic map shows a magnetic depression above Namafjall and
in various locations at Krafla, the largest of which is above Leirbotnar. Two significant trends can be

seen on the map; first and foremost a NNE to SSW trend, along the fissure swarm in the area, and a

WNW to ESE trend traversing the fissure swarm in the Krafla area.
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Figure 9. Aeromagnetic map af Krafla, Ndmafjall and surrounding area Tectonic deformationand the magma chamber(s) at

Krafla

Extensive information was collected pertaining to the behaviour of the magma chamber beneath the
Krafla caldera as a result of research conducted on tectonic deformations and seismic activity (see
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overview: Freysteinn Sigmundsson, 2006). Land mass continuously inflated as a result of magma
injection into the shallow chamber. Once the magma chamber collapsed, magma flowed rapidly out
of the chamber and into the fissure swarm. It often surfaced in volcanic eruptions in the fissure swarm
at Krafla. The pattern of movement in the lithosphere makes it possible to measure the depth of the
magma chamber, which proved to be 3 km. Seismic activity was consistent with tension changes in the
roof of the magma chamber. Tension increased during upflow (inflation time) periods as a result of
magma accumulation and earthquakes subsequently followed. There was seismic activity in the fissure
swarm, during divergence events, when magma flowed from the chamber and settled in dikes (see
Buck et al. 2006).

Elevation changes in the middle of the caldera, before the Krafla Fires, decisively show the behaviour
of magma accumulation in the chamber. The inflation rate as a consequence of lava upflow (land
elevation) and magma flow into the chamber was at its peak immediately after the divergence event
but decreased with the onset of the next event. The magma flow also decreased with the onset of the
Krafla Fires. This behaviour is consistent with the theory that another magma chamber was located
beneath Krafla, deep in the lithosphere, or in the upper layers of the Earth’s mantle and that magma
flowed continuously from this area (deeper chamber) during the Krafla Fires, decreasing with time.

The magma systems within the central volcano can be complicated with shallow and/or deep
chambers and with varying connections between them.

Geodetic surveys have been conducted in the Krafla area since the Krafla Fires, often at the request of
Landsvirkjun. Altimetric measurement networks from Levelling network measurements from the
Krafla Fires were re-calculated by the National Energy Authority and Landsvirkjun in 1995. An overview
of these as well as previous measurements can be found in the report published by Axel Bjornsson and
Hjalmar Eysteinsson (1998). Landsvirkjun was also responsible for the re-calculation of the same
network in 2000 (Stefan Mar Agustsson, 2001) concurrently with a gravity survey (Ingvar b.
Magnusson, 2003). Altimetric measurements were also conducted in 2005 (Erik Sturkell et al. 2008).
Other researchers have further contributed to research already conducted by Landsvirkjun by
conducting extensive research of this nature in the area. This research includes GPS measurements by
Krafla and larger areas in the north as well as precision altimetric measurements. The Nordic
Volcanological Center has conducted research to gain more information on magma movement and the
behaviour of magma chambers beneath Krafla. INSARmeasurements have been conducted as well as
gravity surveys. These projects have been carried out in cooperation with various parties including the
Iceland Meteorological Office and the Open University in the UK (see the article by de Zeeuw-van
Dalfsen et al. 2006).

Tectonic deformations were identified after the Krafla Fires and were anything up to 6 cm per year.
This is thought to be a result of the release of tension in the lithosphere after sheet intrusions (see
Foulger et al. 1992; Sigmundsson et al. 1997). The vertical tectonic deformation closest to Krafla has
been characterised by subsidence since the end of the Krafla Fires when land inflated and deflated
alternately in line with magma pressure in the shallow magma chamber (at a depth of 3 km) beneath
the middle of the Krafla caldera (Erik Sturkell et.al 2008). The initial rate of subsidence was approx. 5
cm per year but has now dropped to 1 cm per year. The mid-section of subsidence seems to have
shifted from Leirhnjuakar (traversing the magma chamber) and over to Leirbotnar (in close proximity to
the middle of the utilisation area: see Figure 10). According to this, magma pressure could be reaching
some sort of balance, in the shallow magma chamber beneath Krafla, but subsidence as a result of
pressure drawdown in the geothermal system could be prevalent in the next few years. Other
processes cause tectonic deformations in the area. The main trend of the subsidence follow the Krafla
fissure swarm (Pedersen et al.2009).

There is localised subsidence in the geothermal system in Bjarnarflag and extensive inflation (or
upheave) occurs (with a mid-point in Gjastykki) approx. 10 km to the north of the Krafla caldera (most
accurately detected by the InSAR-method. This inflation could be connected to the accumulation of
magma close to the lithosphere and mantle, at a depth of 20 km, beneath the Krafla System between
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1993 and 1998 and later (de Zeeuw-van Dalfsen et al. 2004; Freysteinn Sigmundsson et al. 2007).
Another explanation could be that the inflation is connected to the release of tension in the lithosphere
after the Krafla Fires, without the accumulation of magma.
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Figure 10. Geodetic data from locations near Krafla from 1989-2005

3.3 Seismic activity (English translation subject to further review)

Relocated earthquakes are shown in Figure Error! Reference source not found.. The program registers
the depth of the earthquake during the location procedure, when information is not sufficient to
determine their location. It should be noted that these types of earthquakes can be reasonably located
within a horizontal plane, despite significant uncertainty as to the depth og forritid festi pad. Figure 14
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shows earthquakes where the depth cannot be confirmed by the program where information is not
extensive enough to calculate the depth.

The following discussion is only based on information from more exactly located earthquakes. In
instances where an attempt is made to connect rock temperature (according to information retrieved
from wells) and resistivity measurements on seismic activity then only earthquakes where the
hypocentric depth has been determined are used. Figure 14 provides a clearer overall picture than
Figure 13.

The outer limits of the active area are sharper. Characteristics such as the obvious NNE fracture line
around Vitismé (Figure 13) disappear. This line is confirmed although the depth of the earthquakes
that form the line has not been determined (Figure 14).

Seismicity in the Krafla area between 2004 and 2007 is mostly bound to a belt that is 2km in width and
4 km in length and lies in a northwest direction (Figures 13 and 14). Activity is mostly bound to the
production area to the south, in Hveragil and in Sudurhlidar, where there is extensive surface
deformation. Activity decreases significantly to the north and northwest in Vitismé. There is some
activity trending NNW along the fissure swarm and north of Leirhnjukar. Clusters or rows can be seen
in between, heading northeast from the main tremor area. Earthquakes often follow the line of
mapped fissures.

The margin of the active area in the south is rather sharp but activity decreases at a slower rate to the
north. The southern periphery is probably realistic as the area is entirely inside the reference frame
for the area (Figure 11). The distribution of earthquakes to the north is unclear once outside the
reference frame. According to locations mapped out by the SIL network, seismic activity is evenly
distributed further north than outlined here. However, there is a gap/ dead space to the south of the
main activity area shown here and is comparable to these results.
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Figure 11. Seismometer network.

Depth distribution (Figure Error! Reference source not found.) shows that 95% of the earthquakes are
above 2 km (based on sea level). Most earthquakes are at a depth of 0.5-1.5 km (based on sea level)
and there is an obvious top/peak at 1 km. There is a scattering of earthquakes at a depth of 3.5-4 km
and isolated earthquakes below 5 km. Most earthquakes deeper than 3.5 km are outside the main
clusters and all earthquakes below a depth of 5 km are outside the main cluster.

A size analysis and hypocenter/epicentre analysis have not been completed. The nature of these
earthquakes is therefore unknown. They could be normal earthquakes (double couple) which would
be a response to the dominant, local stress field or stress alterations connected to subsidence or
elevation in the Krafla caldera. There is also uncertainty as to whether these earthquakes are
connected to the geothermal system mining heat from the rocks or boiling which could be
accompanied by volume alteration in the epicentres.
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3.3.1 General comparison with other observations

Figure Error! Reference source not found. shows a NNE-SSW profile from Hlidardal and to the north
of Krafla along the main cluster of earthquakes and shows the depth of earthquakes, the position of
wells and their rock temperature. Figure 17 shows a profile trending WNW-ESE to the north of the
main cluster. The profile shows that most of the earthquakes are within the production area for the
Krafla Geothermal Power Station. The southern and eastern peripheries of the active area are rather
sharp whereas the northern and western peripheries are less clear. This could be the result of a
reduction in sensitivity in this direction. There are very few earthquakes within the lower, low-
resistivity layer beneath Krafla. Most earthquakes occur at a rock temperature higher than 300°C, but
there is no obvious connection between these factors in the profiles.

Pall Einarsson (1978) discussed the S-wave shadows in Krafla and considered it likely that the magma
chamber was the culprit. According to his analysis, the shadow area is divided into two sections and is
approx. 3 km in depth. The earthquake distribution shown is mostly across the eastern area and there
are hardly any earthquakes below a depth of 3 km to the west of Krafla. There are hardly any
earthquakes in the lower low-resistivity layer. Research indicates that the temperature in the lower
low resistivity layer is around or above 700°C (Arnar Mar Vilhjalmsson et al. 2008). A comparison of
depth distribution and the temperature gradient (Kristjan Agustsson og Olafur G. Flévenz, 2005)
indicates that the lower boundary of the brittle crust is around 750°C according to the most common
earth crust movements. The fact that earthquakes do not occur below 3 km where there is an S-wave
shadow or within the lower low-resistivity layer indicates that the temperature in these areas is above
700°C.

Most earthquakes are at a depth of 500-1500 m.b.s.| in the Leirbotnar and Sudurhlidar areas.
Production is carried out at these depths which could indicate a possible connection. However,
seismicity is relatively low to the south and east of Viti, where the most powerful wells are found.
Hyaloclastite(s)/ palagonite(s) are more obvious in Viti than they are in Leirbotnar and the Sudurhlidar
area where intrusions are dominant. The difference in rock matter could have an affect but further
analysis including a size analysis and epicentre analysis on earthquakes will answer this question.

Figures Error! Reference source not found. and Error! Reference source not found. show less
earthquakes at a depth of 1500 m.b.s.| than that found above and below this depth. There is a change
in layers in the velocity model at a similar depth to where there is a shift in velocity between layers
(Figure 12). This gap could be the consequence of the velocity model.
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Figure 12. Velocity model for P- and S-waves

We have established that seismicity is mostly bound to a 2 km wide and 4 km long belt with a north-
west direction. It is almost perpendicular to the main direction of the fissures and faults in the area.
There are also indications of a horst (this can be seen in well data). There is a magnetic depression in
the area, an anomaly in resistivity and an increased flow of CO, from the soil.
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Figure 16. The upper section of the figure shows the NNE-SSW profile which shows earthquakes, rock temperature and the
surface of the lower low- resistivity layer according to MT-measurements.
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