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Agrip

[ skyrslunni er fjallad um uppferslu hugmyndalikans af jardhitakerfinu { Kroflu, sem
sidast var uppfeert 2009. Ny gogn um skjalftavirkni, efnainnihald (p.m.t. ferilprofanir),
massa-/orkuvinnslu og hita- og prystingsastand eru tengd tilteekum og uppfeerdum
gognum ur eldri jardfraedi- og jardedlisfreedirannsoknum til ad uppfera hugmynda-
likanid. Jardlaga- og ummyndunarlikon hafa verid uppfeerd og tengsl skjalftavirkni vio
jardedlisfreedileg likon auk vinnslu/nidurdeelingar skodud. Efnainnihald jardhitavokva
endurspeglar flokna vatnafraedi kerfisins og breytileiki i efnainnihaldi er notadur til ad
endurskoda flokkun Kroflu 1 undirsveedi, sem er jafnframt studd af flokkun borholna 4
grundvelli breytinga & afkdstum peirra med timanum. Endurskodad hugmyndalikanid

verdur grunnur ad floknu nimerisku reiknilikani sem fyrirhugad er ad gera fyrir Kroflu-
kerfio.
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1 Introduction

This report presents the results of a revision of the conceptual model of the Krafla geothermal
system in NE-Iceland carried out in preparation for the development of a new numerical reservoir
model of the system. The revision has been carried out by ISOR (Iceland GeoSurvey) and
Vatnaskil Consulting Engineers (Vatnaskil), under a contract between Landsvirkjun on one hand
and ISOR and Vatnaskil on the other. A comprehensive upgrading of the conceptual of the Krafla
geothermal system was carried out during 2007-2009 (Mortensen et al., 2009a), which provides
the basis for the present revision. Additional information on the Krafla system has been gathered
since then, both through additional geo-scientific research and through monitoring the output of
production wells and the response of the geothermal system to that production. Special emphasis
has been placed, in the present work, on aspects of the conceptual model, which are relevant for
the planned numerical reservoir model.

The first complete conceptual model of the Krafla geothermal system was presented in 1977, at
the time the Krafla power plant started operating (Stefansson et al., 1977). That model was based
on limited exploration data as well as data from the first 11 wells drilled. Up to 2009, when the
latest conceptual model revision was completed, the conceptual model was revised a few times,
mainly based on the results of drilling and production monitoring. This was done systematically
in conjunction with the development of numerical reservoir models of Krafla during the last two
decades of the 20" century.

Numerical models of the Krafla geothermal system have been set up during four occasions, prior
to the one now being prepared. The first model was developed in the early eighties by Bodvarsson
et al., (1982, 1984). It was developed as two separate models; a natural state model and a
production model, and was quite simple in comparison to present-day numerical models as
numerical modeling of geothermal system was then a new approach in geothermal reservoir
engineering. In the late eighties a two-dimensional model of the Hvitholar subarea of Krafla was
developed, which was a few years later expanded to a 3-dimensional numerical model (Tulinius
and Sigurdsson, 1988, 1991). The most complex numerical model of Krafla developed to date was
developed during 1996-1999, being a 3-dimenional model covering the whole Krafla geothermal
system (Bjornsson et al., 1997).

This report starts out by reviewing the development history of Krafla along with the general
aspects of conceptual model development and the main features of the 2009 conceptual model of
Krafla (chapter 2). Following that (chapter 3) a geological overview of the Krafla volcanic and
geothermal system is given. Chapters 4-9 present the results of re-evaluation of older data and
interpretation of new data, separately for each scientific discipline involved in geothermal
research in Krafla. The report is concluded by a summary of new findings and synopsis of the
main aspects of the new revision of the conceptual model of the Krafla geothermal system.
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2 Background and earlier conceptual models

2.1 Historical background

The Krafla region has long been known for the volcanic and geothermal activity. The first
geothermal research study was conducted in 1969 (Bjornsson, 1969) (Figure 1). Preliminary results
were published by Gudmundsson et al. (1971) who investigated an area of 280 km?, with main
emphasis on the examination of the Krafla and Namafjall areas. Aeromagnetic maps were
produced and the geothermal system was estimated to be at temperature of 200-300 °C. During
1971 and 1972 resistivity surveying was conducted (Gudmundsson et al., 1971; Karlsdottir et al.,

1978).

Drilled wells

1971 Number of
drilled wells

0 2 4 ]

Models

Reassessmentof the conceptual model
(Mortensenet al., 2009)

A revisedand more accurate conceptual
model (incl. detailed numerical model;
Bjornsson etal. 1997)

3-dimensional TOUGH model of Hvithdlar
subarea (Tuliniusand Sigurdsson, 1991)

2-dimensional SHAFT-79 model of Hvithdlar
subarea (Tuliniusand Sigurdsson, 1933)

Conceptual model (Bodvarsson etal., 1962;
1984). This model is in many respects still
valid today
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station from RARIK | State Electrical
PowerWorks; 1986

Construction of power plant started
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Figure 1. Historic overview of the Krafla geothermal power plant in the Krafla geothermal system.

-12 -



During the next few years, Krafla became a benchmark in the domestic power industry when
major protests arose against the expansion of the Laxa power station. The Laxa idea was waved,
but search began for alternative energy production in northeast Iceland. Therefore, the Krafla area
was selected for the first major electrical geothermal power plant in Iceland. The first two
exploration wells were drilled down to 1200 m depth in 1974 and production drilling began a year
later. In the same year, the National Energy Authority (Orkustofnun) published the results of the
exploratory drilling (Seemundsson et al., 1975). It was the first data collection for the geothermal
reservoir in Krafla with respect to the decision to build a 60 MW. geothermal power plant.
Construction of the power plant and production drilling started in 1975 and concurrently the
1975-1984 Krafla volcanic episode (Krafla Fires) started. Ongoing construction, exploration and
drilling took place during the following years, in the shadow of the Krafla fires. Six production
wells were drilled in 1976, and borehole- and surface exploration continued. Important
knowledge of the reservoir was revealed in the Leirbotnar area, which could apparently be
divided into two systems (upper and lower) with different production characteristics (Stefansson
et al., 1977).

In 1978, electricity generation began with an initial production of 7 MW. and an additional steam
well was drilled. Because of problems due to the influence of the volcanic activity on steam
production, extensive studies on the fumarolic steam flow at Krafla were carried out. Samples
were taken from almost all steam vents and natural outflows.

The research results indicated changes in the proportion of magmatic gases in steam in the Krafla
area (Gislason et al., 1978; Armannsson et al., 1981). This applied to the Leirbotnar subarea
(including Vitismor) whereas in Hvithdlar and Sudurhlidar no magmatic gas influence appeared.
During 1980-1983, 13 wells were drilled, two of which were directional wells. A year later, one of
two generators in Krafla was finally operated at full 30 MWe.. In early 1986, Landsvirkjun took
over the Krafla power station from RARIK (State Electrical Power Works).

Maintenance and minor exploration continued the following years, and during 1990-1993 a new
investigation period began. Two new wells (K-25 and K-26) were drilled, to examine whether
conditions in the deep parts of the geothermal system Leirbotnar/Vitismér had improved and
resistivity surveying was conducted (TEM method). In spite of the diminishing effect of magmatic
gas within the geothermal system, a decision was made in 1996 to proceed with the development
of the Krafla power plant, and the second generator was set up to double the performance of the
power plant. Drilling to provide steam for the second generator began during the second half of
1996, and in 1999 drilling of eight production wells was completed. The drilling results were
overall good and the Krafla power plant was fully operational in 1999.In 2000 it was decided to
conduct TEM resistivity measurements for the whole Krafla area. At the same time, plans
involving the expansion of the Krafla power plant by 40 MW. were initiated. However, the project
was put on hold because there was no need for the additional energy to power the economy at
the time.

A milestone in the operation of Krafla occurred in 2002 when reinjection (50-70 kg/s) of fluid
down to more than 2000 m depth in borehole K-26 was initiated. The same year, scale inhibitor
equipment was inserted in well K-28.
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Possible expansion of Krafla and/or building of a new plant in the region have been under
consideration for some time. In 2006, a 3-year program was initiated on the geothermal areas
Krafla, Peistareykir, Bjarnarflag and Gjastykki to determine whether they will be able to provide
400 MWe. output for a proposed aluminum plant at Bakki near Htsavik. Therefore Landsvirkjun
and ISOR jointly (i) revised the conceptual model of the Krafla geothermal system, (ii) evaluated
the production capacity of three of the systems by the volumetric method and simple model
calculations, and (iii) set up, or revised, numerical models for two of the geothermal systems
(Peistareykir and Bjarnarflag). The conceptual model for Krafla was presented in Mortensen et al.
(2009a).

Figure 2. Geological map of the Krafla area.
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Figure 3. Legend to geological map (Figure 2).
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Table 1. Wells in the Krafla area.

Well- IDno Well field Year X y z Total Anchor Production Liner Design Condition Additional
name depth casing casing Information
K-01 58001 Leirbotnar 1974 602789 580590 482 1138 80 227.5 1132.5 vertical abandoned
K-02 58002  Vitismér 1974 602736 581470 553.5 1204 299 910.5 vertical abandoned
K-03 58003 Leirbotnar 1975 602734 580753 499.8 1720 114.2 604.2 1671.1  vertical abandoned
K-03A 58103 Leirbotnar 1983 602748 580744 499.9 985 3319 663.4 vertical offline possible reinjection
well
K-04 58004  Vitismér 1975 602524 581397 549 2000 113.4 593.6 vertical abandoned
K-05 58005 Leirbotnar 1975 602760 581068 523 1299 1144 642.9 vertical in production
K-06 58006 Leirbotnar 1976 602544 580265 464.5 2000 142.3 576.2 1936.3 vertical offline / could be used for
monitoring production
K-07 58007 Leirbotnar 1976 602694 580944 509 2165 276 808.9 2106.2  vertical abandoned
K-08 58008  Vitismér 1976 602196 581317 535 1658 141.9 537 1645.9 vertical abandoned
K-09 58009 Leirbotnar 1976 602796 580906 522 1280 274.9 1074 1264 vertical offline 1977 deepened 163 m
to 1264; 1982 redrilled
to 1280 m
K-10 58010  Vitismér 1976 602510 581242 542 2082 275.3 805.5 2060 vertical  abandoned /-
monitoring
K-11 58011 Leirbotnar 1976 602440 580841 483.2 2217 275 788.4 21935 vertical offline / -
monitoring
K-12 58012 Leirbotnar 1978 602883 580516 487 2222 282.8 985.3 2213.8 vertical abandoned
K-13 58013 Leirbotnar 1980 602834 580739 505 2050 279.1 1057.9 2018 vertical blocked side tracking
K-13A 58113 Leirbotnar 1983 602834 580739 505 1780 1698.5 directional in production
K-14 58014 Sudurhliar 1980 603367 580371 571.1 2107 206.5 699.1 2094.9  vertical  in production
K-15 58015 Leirbotnar 1980 602975 581017 571 2097 290.2 1086.6 2093.3  vertical offline
K-16 58016 Sudurhliar 1981 603829 580387 609.3 1981 201.3 662.1 1946.4  vertical blocked side tracking
K-16A 58116 Sudurhlidar 1997 603829 580387 609.3 2191 662.1 2171.8 directional in production
K-17 58017 Sudurhliar 1981 603886 580081 593.1 2190 201.3 685.3 1958.9  vertical  in production
K-18 58018 Sudurhlidar 1981 604217 580140 611 2215 193.3 662.6 vertical offline /
monitoring
K-19 58019 Sudurhlidar 1982 603270 580564 584.2 2150 195.1 642.1 2004.8  vertical  in production
K-20 58020 Sudurhlidar 1982 603544 580392 584.4 1823 206.3 641.3 2020.4 directional in production
K-21 58021 Hvitholl 1982 602134 578563 448.2 1200 235 281.4 1035.6 vertical in production  repair in 1984 with 9
5/8" casing and liner
K-22 58022 Hvitholl 1983 602177 578743 446.9 1876 150.3 558.6 1845.9 directional offline
K-23 58023 Hvitholl 1983 601997 578504 446.1 1968 186 529.7 vertical blocked
K-24 58024 Leirbotnar 1988 602439 580861 483.2 1400 54.9 405.6 1196.2  vertical  in production
K-25 58025  Vitismér 1990 602562 581533 549.9 2105 389.4 1144.6 2089 vertical blocked Cement and drillpipes
at ~1150 m depth.
K-26 58026 Leirbotnar 1991 602295 580829 490 2127 417.9 1199.8 2114.4  vertical reinjection
K-27 58027 Leirbotnar 1997 602616 580802 486.2 1771 376.3 1093.8 1744.5 vertical in production
K-28 58028 Leirbotnar 1996 602673 580628 475.3 1003 2.8 55.8 973.5 vertical offline
K-29 58029 Leirbotnar 1997 602744 580447 471.1 2103 388.6 997.2 2076  directional blocked
K-30 58030 Sudurhliar 1997 603238 580584 584.2 2054 280.6 804.6 1787  directional in production
K-31 58031 Sudurhlidar 1997 603511 580397 584.6 1440 294 780 1387 vertical  in production
K-32* 58032  Vitismér 1998 602988 581039 571.8 1875 286 1069.5 1832  directional in production
K-33 58033 Vesturhlidar 1999 602990 581074 571.8 2011 307.8 1103.3 1869 directional in production
K-34 58034 Vesturhlidar 1999 603390 581566 603.1 2002 365 1021 1984.8  vertical  in production
K-35 58035 Leirhnjukur 2007 601951 580842 538.7 2508 261.3 1286.1 2480.3 directional offline
K-36% 58036 Vesturhliar 2007 603420 581567 604.4 2501 289.6 1102.9 2432.6 directional in production Cemented up to ~
1700 m
K-37 58037 Sudurhlidar 2008 603838 580416 609.3 2194 228.8 759.4 2186  directional in production
K-38% 58038 Vesturhlidar 2008 603435 581626 605 2700 299.3 1038.4 2640.4 directional in production
K-39 58039 Sudurhlifar 2008 602777 580451 471 2865 289 973.3 2614.4 directional  reinjection Cemented up to ~
2612 m, blocked at
~1600 m
K-40 58040 Vesturhlidar 2009 603433 581638 607 1468 300.9 999 1366 directional in production
KV-01 58701 Vestursvaedid 2006 600184 578899 475 2894 278.4 795.9 2878.2  vertical offline
KS-01 58801 Sandabotnar 2007 603541 578238 473 2502 272.2 891.7 2445.2 directional offline
IDDP-01 28501  Vitismér 2009 602607 581630 549 2104 791.5 1958.2 2080 vertical reinjection

* was classified into subarea Vitismér-Vesturhlidar by Mortensen et al. (2009a)
t was classified into subarea Vitismér by Mortensen et al. (2009a)
T was classified into subarea Vitismor-Vesturhlidar by Mortensen et al. (2009a)
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2.2 Conceptual model

A conceptual model is a descriptive or qualitative model of a geothermal system that incorporates
the essential physical features of the system and is capable of matching the salient behavior or
characteristics of interest to the modeler (Grant et al., 1982).

In general, this model estimates the heat content of the reservoir system, the upward flow of
geothermal fluids and the total flow in the system. A conceptual model is a model made of the
composition of concepts, which are used to help people know, understand, or simulate a subject
the model represents. In order to make the conceptual model of a geothermal system it is

necessary to screen all available data, and data interpretation, and view them in their context. The
following key data, available for Krafla, are used in the construction and revision of the
corresponding conceptual model Mortensen et al. (2009a).

Surface geology, including data about the geology, geothermal manifestations and
structures.

Geophysical measurements, in particular resistivity surveying by TEM and MT methods,
and in addition magnetic and gravity measurements.

Chemical composition of liquid water and steam from natural manifestations.
Locations of micro-earthquakes
Borehole geology.

Temperature and pressure measurements from wells and information on the main feed
zones in each well.

Well tests, e.g. injection and discharge test data.
Changes of pressure and temperature in the geothermal system during utilization.

Chemical compositions of well fluids and their changes over time in response to
utilization.

Effects on energy reserves and utilization lite time.

The main features of a conceptual model of the geothermal system are intended to show the
following:

Geology of individual stratigraphic layers in the region, possible fractures, faults and other
structures that may affect the flow of fluids in the geothermal system.

Initial temperature and pressure conditions.

Variations within the system based on the chemical content of liquid and steam, and other
factors.

Location of inflow into the geothermal system, upflow and outflow zones.
Area size and thickness.

Assessment of reservoir permeability, porosity and other related factors.
Boundary conditions for mathematical model.

The effect of reinjection into the geothermal system and on its utilization.
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2.2.1 Conceptual and numerical models before 2009

Conceptual models of the Krafla reservoir and geothermal system, respectively have been
presented several times since the investigation of the area began. Stefansson et al. (1977) presented
the first conceptual model of the geothermal system. The model was based on limited data
(temperature distribution), mainly surface exploration studies and the results of the first eleven
wells drilled in the area (Stefansson, 1980, 1981). The next conceptual model by Bodvarsson et al.
(1982, 1984) gave a clearer picture of the geothermal system east and west of Hveragil. This model
is in many respects still valid today. In 1988 a two-dimensional SHAFT-79 model of the Hvitholar
subarea in Krafla, which includes wells K-21, K-22, and K-23 (Tulinius and Sigurdsson, 1988), was
set up and during 1990-1991 a three-dimensional TOUGH model of the same area was created
(Tulinius and Sigurdsson, 1991). A revised and more accurate conceptual model was presented in
the context of a detailed numerical model of the geothermal system in 1996-1997 (Bjornsson et al.,
1997, 1998).

Besides the geothermal exploration in Krafla, an extensive and significant geological and
volcanological research was carried out in the area following the Krafla Fires. This included
research on the volcanic system, on the fissure system north and south of Krafla and on crustal
deformation in the area (Johnson et al., 1980; Einarsson, 1991; Semundsson, 1991; Bjornsson and
Eysteinsson, 1998). These studies have added more information and understanding on the type
and nature of the Krafla geothermal system and geothermal systems in Iceland in general.

According to a previous volumetric resource assessment the Krafla geothermal system can
generate energy of 590 PJ (P] = 10%]), which corresponding to almost 380 MW-. for 50 years or 190
MWe to 100 years (Palmason et al., 1985).

2.2.2 The 2009 conceptual model

The Krafla area is one of the larger geothermal areas in Iceland. It is an active volcanic system
believed to host a relatively shallow magma chamber. The last volcanism occurred there during
the Krafla Fires (1975-1984). More than 20 years passed since the first steps of development until
the power plant reached full capacity of 60 MW.. A proposed increase in power generation
corresponding to a 150 MW capacity required further exploration and drilling, which was mostly
conducted up to 2009, including the exploration of new potential production areas. This required
a reassessment of the conceptual model and a new geothermal assessment, which was presented
by Mortensen et al. (2009a).

Location of the Krafla geothermal system within a caldera on the central plate boundary increases
the likelihood of good rock permeability. However, the interaction of heat, pressure, and
permeability causes variable conditions within the system. Various constraints affect the possible
expansion, mainly the effects of magmatic gases, but also variable permeability, varying pressure
drawdown and variable temperature.

In their report, Mortensen et al. (2009a) summarize their main findings and present a revision of
the conceptual model of the geothermal system. The main parameters of the geothermal system
were evaluated and the older volumetric assessment of the Krafla geothermal system was re-
calculated.
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The main results of the volumetric assessment that neither takes into account the effects of variable
permeability, induced inflow due to pressure drawdown, nor existing chemical and technical
difficulties while utilizing the deeper parts of the system:

e The size of the geothermal area was estimated to be 48 km? according to resistivity
measurements, but as drilling has shown that parts of the system have cooled down; the net
size of the area was estimated to be 40 km?2.

e Based on these dimensions, estimated rock temperature, reservoir thickness, and other
factors, the recoverable geothermal energy above 170 °C down to 3 km depth within the
geothermal system was estimated in the range from 1.5 EJ (10'® J or 10° GJ) up to 4.5 EJ (90%
confidence interval).

e Given a 12% efficiency of electrical energy production, the capacity of the reservoir was
estimated in the range of 120-350 MW. (90% probability range) for 50 years.

The results of the geothermal assessment indicated that sufficient energy was present in the geo-
thermal system to meet the planned expansion of the Krafla power station at the time. If excessive
utilization is conducted temporarily in the area, it will subsequently reduce the sustainable
utilization.

Although a great amount of energy exists in the geothermal system various limitation exist, as the
utilization experience of the past few decades has shown, for which no technical solutions have
been found yet. These mainly include the impact of “magmatic gases” (acidic gases) but also
include variations in permeability, pressure drawdown and temperature in the different subareas.
Good productivity has been limited to certain parts of the geothermal system, i.e. Leirbotnar,
Vitismor, Sudurhlidar, Vesturhlidar, and Hvitholar. Because of the planned expansion of the
plant, other areas have also been investigated, especially Sandabotnar, Leirhnjukur, and finally
Vestursveedid. Following conclusions have been drawn regarding further utilization of these
areas:

e In the upper Leirbotnar and Vitismor fields pressure had dropped slightly up to 2009, or
about 3-7 bar since utilization began. This indicates that the upper system in these zones can
sustain increased production of low-pressure steam.

e There have been great changes (boiling due to pressure drop) in lower Leirbotnar and
VitismOr reservoirs since energy production from the Krafla system began. It is believed that
they are also not fully utilized. Drilling has shown that acidic geothermal fluids (mainly HCI)
still prevent further geothermal utilization below 2000 m, to some extent, in these areas. It is
therefore essential that a technical solution is found on how to utilize superheated and HCI-
rich vapor. Two wells, K-39 and IDDP-1, have been drilled into magma, at ~2100 m in
Vitismoér and ~2500 m under Sandabotnafjall. It implies a certain risk, but so far 22 wells have
been drilled down more than 2000 m depth in Krafla.

e In Sudurhlidar pressure has dropped significantly up to 2009, probably about 20-30 bar in the
center of the area. It is consistent with the performance of wells, which were declining in
output steadily over time. In addition, the performance of new wells proved to be lower than
the permeability of the wells suggested (K-31 and K-37). This is believed to be caused by the
limited natural inflow into this part of the geothermal system. It does not seem possible to
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increase production in the region, unless reinjection will be started, which will partly
supplement natural inflow.

In the decade up to 2009 the Vesturhlidar subarea became one of the main production areas
in Krafla. Limited information is available on pressure changes there, with the exception of
well K-34, which did show a pressure decrease. Possible further utilization areas are believed
to be located east and northeast under Mt. Krafla as well as in Hveragil. Vesturhlidar is
probably linked to some extent to Sudurhlidar and reinjection in Sudurhlidar could have a
positive impact on the pressure conditions in Vesturhlidar.

Hvithdlar is limited by size as well as capacity. Since the pressure there had dropped by 20-
25 bar in 2009 it is not considered possible to increase the output of the area significantly, but
it could change if possible connections are found to other sub-areas.

The presence of a hydrothermal system with good permeability and some production
capability had been confirmed in Sandabotnar where MT measurements indicated heat
and/or up-flow. This system, or sub-system, seems to stretch to the north along fractures and
fissures according to surface and TEM-resistance measurements. It is therefore appropriate
to examine in detail whether there is potential there for new wells. It is considered likely that
fluids are suitable for utilization, as it is less likely that acidic fluids are present, because of
the large distance from the Krafla magma chamber. It is also worth noting the potential
connection of Sandabotnar to Hvitholar in the west, along the rim of the Krafla caldera.

It is appropriate to examine whether the Krafla utilization area may be expanded to the
northern territory, i.e. the area north of Viti and between Krafla and Graddabungu. Analytical
result of fluids from well K-38 showed still an influence of magmatic gases in this area.
However, it would be appropriate to try to find permeable fractures near the volcanic fissures
north of Mt. Krafla. With increasing distance from the postulated magma chamber, there will
be reduced risk of acidic gases.

A high temperature fracture system with good permeability has been confirmed by drilling,
just south of Leirhnjakur. The system there is still under the influence of magmatic gases at a
depth below 2000 m. Above the proposed magma chamber, superheated and HCl-rich gases
are likely, but exploration of the fissure north and south of Leirhnjikur should result in lower
magmatic gases. On the other hand, the probability of fissures that have cooled down
increases to the north and south of Leirhnjukur, as drilling in Vestursveedi has indicated. The
area of Leirhnjukur is proposed as another major up-flow zone in the geothermal system.
According to resistivity measurements it may probably become one of the main utilization
areas, after a technical solution has been found for utilizing or preventing the formation of
acidic geothermal fluids. It has been pointed out that to the west of Leirhnjukur, the area
around Hvannstdd and Krokottuvotn, may well be usable for utilization as resistivity
measurements did indicate. A major geothermal alteration surface is found there, which has
now been cooled. No drilling has been conducted there yet.

In general, it should be pointed out that reinjection of fluids can play a key role in the
development and utilization of the geothermal reservoir. Because of the great amount of
energy present in the system, reinjection can help to retrieve some of this, as well as help to
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maintain the pressure in the system. It was also considered worth pointing out the importance
of energy efficiency, for example, with a binary energy cycle.

3 Geological overview

The Krafla central volcano is located within the neo-volcanic North-Iceland Rift Zone (Figure 2
and Figure 3). The volcano is approximately 20 km in diameter. The Krafla geothermal field is
located in an eroded, collapsed and partly filled caldera 8 x 10 km in diameter. A NNE-SSW
oriented and 90 km long fissure swarm that marks the North Iceland Rift Zone bisects the caldera.
Within the caldera a prominent NW-SE elongated geothermal area is present covering
approximately 10 km? (Seemundsson, 1991, 2008). The Krafla volcano is an active volcano with
recurring volcanic episodes, which in the Holocene predominantly have been in the form of
fissure eruptions. The volcanic activity has been centered in the eastern part of the fissure swarm
during the past 3000 years occurring with a frequency of 300-1000 years (Seemundsson, 1991). The
caldera is largely filled by basaltic lavas and hyaloclastites. Rhyolites has erupted periodically in
minor volumes forming subglacial rhyolitic ridges that are found mainly at or outside the margins
of the caldera. Intermediate composition lavas are not abundant (Seemundsson, 1991; Jonasson,
1994). Since 1974 extensive drilling for geothermal development have been performed in the
Krafla caldera. This drilling reveals the extent of several active geothermal reservoirs and defines
the subsurface geology (Kristmannsdottir, 1978; Stefansson, 1980, 1981; Armannsson et al., 1987 ).
Drilling has revealed a similar bimodal compositional distribution of the volcanic and plutonic
rocks in the substrata (Gudmundsson, 1983d; Armannsson et al., 1987). The postglacial, near-
surface basaltic lavas are underlain by hyaloclastite erupted during the last glacial period
(Guomundsson, 1983). A second, older sequence of hyaloclastite is overlain and underlain by
interglacial lavas down to about ~1,200 m, where intrusive rocks begin to dominate. Doleritic
intrusions are abundant in the deeper parts of the reservoir, but felsic intrusions have been
intersected in several drill holes (Gudmundsson, 1983; Armannsson et al., 1987). Intrusions
become more abundant and coarser grained at greater depth and include gabbros.

Volcanic activity and events affect the geothermal system renewing the heat supply. However,
volcanic events can also cause temporary deterioration of the fluid source with excessive volcanic
gas influx, as was experienced in part of the Krafla geothermal field during the Krafla Fires 1975-
1984 (Gudmundsson, 2001). The Krafla geothermal area seems closely associated with a magma
chamber, which is inferred to underlie Krafla Caldera at depths of 3-7 km based on observation
of attenuation of S-waves during the Krafla Fires rifting episode (Einarsson, 1978). The extent of
the geothermal system in Krafla is estimated to be ~40 km? (Mortensen et al., 2009a).

By 2014 a total of 46 exploration and production wells have been drilled in Krafla geothermal
system (Table 1). The main well field is located in the eastern part of the caldera (Figure 4 and
Figure 5) and through drilling, the volcanic structure at depth has been outlined as well as the
physical conditions of the geothermal system (Stefansson, 1981; Bodvarsson et al., 1984; Armanns-
son et al., 1987). The geothermal area is divided into several subareas: Leirbotnar, Sudurhlidar,
Vesturhlidar, Vitismdr, Leirhnjukur Sandabotnar, Vestursveedi, and Hvitholar (Figure 4 and
Figure 5).
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4 Stratigraphy and alteration in Krafla

Since the last geological model of Krafla was made and published in 2009 (Mortensen et al., 2009a)
only two wells has been completed and drilled (IDDP-1, K-40) adding limited data to the existing
model. The stratigraphic and alteration models have now been incorporated into the 3D software
Petrel. The Petrel model includes the stratigraphy from the following wells: KS-1, KV-1, K-4, K-8,
K-10, K-18, K-19, K-21, K-22, K-24 to K-27, K-30 to K-40 and IDDP-1. Other wells have not been
incorporated into the model since no computerized data on the stratigraphy is available. Clay
alteration information (clay zones) from the following wells has also been incorporated: K5-1,
KV-1, K-3 to K-26, K-28 to K-30, K-33 to K-35 and K-38.

Further work is needed to establish a more precise stratigraphic model of the Krafla area.
Comprehensive petrographic analyses would strengthen the division between formations and
connections made between them and stratigraphic columns from more wells need to be included
in the model. Additional XRD analyses from the latest drilled wells would furthermore strengthen
the conception of alteration zones in the area. Without XRD analyses the clay mineral classification
is not sufficient and the appearance of actinolite (implying >280°C formation temperature) is not
as well established.

Information on stratigraphy and alteration in the wells is based on research published in section-
reports of the wells (Gudmundsson et al., 1981a, b; Fridleifsson et al., 1981a, b,; Fridleifsson and
Sigvaldason, 1981; Fridleifsson and Stefansson, 1981; Guomundsson et al., 1982a, b, c; Steingrims-
son et al., 1982; Guomundsson et al., 1983a, b, ¢, e, f, g; Stefansson et al., 1983; Guomundsson et al,
1988a, b, c; GudOmundsson et al., 1990, Gudmundsson et al., 1990a, b; Gudmundsson et al., 1991a,
b; Guomundsson et al., 1992; Gudmundsson et al., 1996; Franzson et al., 1996; GuOmundsson et
al., 1997a, b, ¢, d, e, £, g; Guomundsson et al., 1998a, b, ¢; Franzson et al., 1998; Hjartarson et al.,
1999; Gudmundsson et al., 1999a, b, ¢, d; Steingrimsson et al., 1999; Blischke et al., 2004; Gautason
et al., 2006; Porarinsson et al., 2006a, b; Mortensen et al., 2007a, b, c; Gudmundsson et al., 2007a, b,
¢; Gautason et al., 2007a, b; Gudmundsson et al., 2008a, b; Gautason et al., 2008a, b, ¢, d; Sigurgeirs-
son et al., 2008; Gautason et al., 2009; Ingimarsdottir et al., 2009a, b; Arnadéttir et al., 2009a, b, c;
Sigurgeirsson et al., 2009; Mortensen et al., 2009b).

4.1 Stratigraphy

In the profiles presented in Figure 6 to Figure 10a number of wells contribute to the stratigraphy
of the model itself as connections are made between all of the available wells. Only profiles of
wells that are close to the trail of the cross sections are presented in the figures but other wells
contribute to the drawing of the 3D profiles as well. This is the reason why the stratigraphy of
each well does not match perfectly with the 3D stratigraphy of each cross section.

The connections made between stratigraphic units are usually based on either hyaloclastite
formations at a similar depth or lava layers. In the 3D software Petrel the program assumes that
there are layers with approximately constant thickness. This is not very practical for hyaloclastite
units as they form mountains and ridges instead of spreading laterally. There are therefore some
differences between the pictures in the current report when compared with the cross sections from
the Mortensen et al. (2009a) report.
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In the cross sections, the lithology from the wells where digital data was available is shown in
each well profile. It becomes quite obvious that the lithology of the wells does not always follow
the model’s horizons (Figure 7 to Figure 10). This is caused by the deviation of the individual
wells from the simplified trail of the assumed cross section. Omitted from the Petrel model are the
locations of felsic and intermediate rocks, either extrusive or intrusive. Local formations are
difficult to present properly in the software and more work is needed to show these in the cross
sections. However, it is depicted in the lithology profiles of the wells themselves (see legend in
Figure 6 and profiles in Figure 7 to Figure 10).

The stratigraphy of the central part of the Krafla caldera is discussed separately from the
stratigraphy at the southern edge of the caldera as there are some differences. In both cases, it is
possible to divide the lithology into two major formations; extrusive igneous rocks (hyaloclastite
and lava piles) which dominate down to 400-1500 m below sea level (b.s.1.), after which intrusions
dominate (Figure 7 to Figure 10).

4.1.1 Stratigraphic profiles in the central part of the Krafla caldera

The lithology in the central part of the Krafla caldera roughly consists of extrusive igneous rocks
(hyaloclastite and lava piles), which dominate down to approximately 400-1000 m (b.s.l.) whereas
basaltic intrusions dominate below that (Figure 7 to Figure 9). As seen in the profiles in Figure 4
and Figure 5, beneath Sudurhlidar there is a prominent 200—400 m thick felsic intrusion. Felsic
intrusions are not as prominent west of Hveragil and in the easternmost part of Sudurhlidar
(K-18). Thin, felsic or intermediate intrusions, however, occur at variable depths in Leirbotnar and
Vitismor. Furthermore, it has been established that there is felsic magma at shallow depths in the
crust since felsic magma has been reached twice by drilling, on the one hand in Sudurhlidar (below
2500 m MD in well K-39) and on the other hand in Vitismor (at a little less than 2100 m MD in well
IDDP-1). Beneath Sudurhlidar there is, furthermore, up to 200-300 m thick pile of felsic intrusions
at around 900-1400 m (b.s.l.) (Figure 7). Gabbroic intrusions follow at around 1300-1900 m (b.s.1.)
in the wells in that area which is evident in the lithology profile of each well (K-18, K-19, and
K-39). Felsic intrusions are not as prominent west of Hveragil and in the easternmost part of
Sudurhlidar (well K-18).

The lithology in well K-35, to the left in Figure 7, is somewhat different from what is seen in the
wells in Leirbotnar as extrusive rocks dominate all the way down to 1200 m b.s.l. As explained
in the last model (Mortensen et al., 2009a) the lower intensity of intrusions can, at least in part,
be explained by the domination of vertical dykes which occur as thin adjacent dykes in
directionally drilled wells. The wells in Leirbotnar and Vitismdr are in most cases straight and if
such wells cut an almost vertical intrusion, it can form a rather thick formation (even though it is
a thin dyke). The stratigraphy in most of the wells in Leirbotnar and Vitismér is dominated by
intrusions (>90%) below 400 m b.s.1. and one intrusion after the other is cut without apparent
signs of extrusive rocks. This can in part be explained with the location of the wells in a close
proximity to an eruption fissure and/or fissure/dyke swarms. To the north, in the Vesturhlidar
wells, the intrusion frequency is also low when compared to the wells in Leirbotnar and
Sudurhlidar (Figure 7 to Figure 9).
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4.1.2 Stratigraphic profile by the southern edge of the Krafla caldera

E-W stratigraphic profile from the southern rim of the Krafla caldera is shown in Figure 10.
Excluding an approximately 100 m thick lava pile hyaloclastite formations dominate down to 100
400 m b.s.l. and no prominent lava piles are noted in the hyaloclastite formations. Below the
hyaloclastites lava piles dominate down to at least 1600 m b.s.l. (KV-1).

Intrusion frequency is lower in most of the wells by the southern edge of the caldera than in the
central part (with the exception of KS-1 where intrusions dominate below 800 m b.s.1. The wells
by Hvitholar do not reach more than 1600 m b.s.1. and they have low intrusion frequency. The 3D
model assumes, however, that there are intrusions below 1200 m b.s.l. although that is not the
case in reality (Figure 10). This is because of interpolation between the wells, which affects the
overall model. In well KV-1 in VestursvaeQi, intrusions dominate below 1500 m b.s.l. while
intrusion frequency is considerably higher in well KS-1 in Sandabotnar. In well KS-1 a thick unit
of an intermediate intrusion (diorite or granodiorite) is present below 1200 m b.s.l. (based on
cutting analysis). Excluding well KS-1 the proportion of intermediate or felsic formations is low
by the caldera edge although thin felsic formations are seen towards the bottom in well KV-1 in
the Vestursveedi area.
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4.2 Alteration

Alteration has been mapped with depth in each well in the Krafla area. This has been done from
cutting analyses as well as XRD analyses and in some cases petrographic analyses. In geothermal
systems variable alteration minerals form, which are stable at prevailing temperatures and
geothermal fluids at each time, a testament of a former temperature state as most of them remain
stable even though the systems cooled down. Geothermal alteration in high temperature areas
can be divided into alteration zones named after certain temperature dependent minerals. It is
customary to use the following alteration zones in Iceland: zeolite-smectite, mixed layer clay,
chlorite, chlorite-epidote and epidote-actinolite, and these zones define the highest prevailing
temperatures in the area. Alteration zones in Krafla are presented in Figure 11 to Figure 14.

In addition to these alteration zones the disappearance of calcite (giving >290°C alteration
temperature) is presented in the last model (Mortensen et al., 2009a). This has not yet been
incorporated into Petrel and is therefore not shown in Figure 11 to Figure 14. The information,
however, is still valid. As there are no apparent changes in the alteration model from 2009, no
detailed descriptions concerning the alteration will be made in this report.

As realized in former work in the area there is a divide in the alteration apparently marked by the
Hveragil fault (Figure 11 to Figure 13). The area east of Hveragil, beneath Sudurhlidar, reveals
shallow high temperature alteration, reaching the chlorite-epidote zone at 200-300 m a.s.1. (Figure
11). No signs are of substantial cooling but fast changes in alteration suggest that formation
temperature is close to boiling point beneath Sudurhlidar (Mortensen et al., 2009a). Well K-18 in
the easternmost part of Sudurhlidar is, however, different to the rest of the Sudurhlidar wells
showing that increasing alteration is not as fast with depth in that area. As former work has
revealed, this suggests that the eastern boundary of the geothermal system in Sudurhlidar is near
or that the system is deeper (e.g. Mortensen et al., 2009a). To the west of the Hveragil fault, in
Leirbotnar, the zeolite-smectite zone is shallow but the other alteration zones are much deeper
than east of Hveragil, except for the epidote-actinolite zone, which appears at a similar depth
(Figure 11).

The alteration at the southern edge of the caldera is very variable in the three drilling areas (Figure
14). High temperature alteration is shallow in the Hvitholar area whereas it is much deeper in
both Vestursveedi and Sandabotnar. In Sandabotnar alteration increases very slowly but gradually
with depth. In the Vestursveedi area alteration increases quite fast in the upper part of well KV-1
(from the smectite zone to the chlorite-epidote zone) whereas the epidote-actinolite zone appears
quite deep down.
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5 Seismic activity

5.1 Seismicity October 2013 to October 2014

A network, currently consisting of 15 short period seismometers, is operated in the Krafla
geothermal area to monitor the seismic activity within and around the geothermal system.
Seismicity in the Krafla geothermal area is both of natural origin as well as induced by the
geothermal production and reinjection. In the period from October 25, 2013, until October 31, 2014

a total

Figure

of 3047 earthquakes were recorded.
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Their locations are shown in Figure 15. The seismic activity is variable as can e.g. been seen in the
number of events per day. This number is subject to strong fluctuations both on a short and long
time scale. The number varies between zero and 36 events per day with an average of 8.2. A
comparison with local average wind velocities revealed a decrease in the number of recorded
events with increasing wind velocities, reflecting reduced sensitivity of the network during windy
periods.

5.2 Earthquake distribution

The distribution of the hypocenters suggests that the events occur in spatially separated clusters.
Their location and classification is shown on (Figure 15). They are partly associated with the
centers of natural activity (clusters a and b close to Leirhnjukur), partly with centers of activity
related to the operation of the Krafla power plant (injection), i.e. cluster c around the IDDP-1 well,
cluster d at the injection borehole K-26, and cluster e under the main production area, which, is
possibly related to reinjection in well K-39.

The depth distribution is similar in the different clusters, except for cluster c (Figure 16), where
the earthquakes are somewhat shallower. In cluster c the ductile-brittle boundary (maximum focal
depth of 95 % of the events) lies at about 1900 m depth. This is partly due to a considerable number
of shallow earthquakes which are induced by the injection of fluids taking place in well IDDP-1
and these induced earthquakes bias the estimation of the brittle ductile boundary (Agustsson et
al,, 2012; Blanck et al., 2014). In the other four clusters the boundary lies between 2100 and 2200 m
(average 2160 m) depth. Analyzing the earthquakes outside of the clusters, but within the seismic
network, shows different result. There the depth of the ductile-brittle boundary is about 1400 m
deeper, or at about 3600 m depth. The ductile-brittle boundary is associated with a maximum
temperature of 800°C (Agtistsson and Flévenz, 2005). Extrapolation of laboratory measurements
of non-glassy basalts predicts that the temperature at the brittle ductile boundary might occur at
temperatures higher than 550 + 100 °C (Violay et al., 2012). However, in case of continental crust
and more silicic crustal material, the brittle ductile boundary can be expected at temperatures
even lower than 450°C (Chen and Molnar, 1983). This indicates the existence of shallow heat
source(s) underneath the clusters in Krafla, which increase the local geothermal gradient.

5.3 Vp/Vs velocity ratio

Detailed information on seismic velocity ratios is important to verify or improve existing velocity
models. The Standard Wadati method (Wadati, 1928) to derive the Vp/Vs ratio of the crust makes
use of the arrival times both of the p- and s-wave. The location of the events is not needed. The
result of this method yields the average of the velocity ratio in the crust the waves travel through
from the source towards the seismometers.

The Vp/Vs ratio derived for the Krafla area with the Standard Wadati approach is estimated as
1.680, which is unusually low (1.73 is the expected value for an ideal elastic medium) (Figure 17).
Low velocity ratios are a common feature observed at shallow depths in geothermal areas (e.g.
Walck, 1988; Julian et al., 1996; Muskin et al., 2013). They can be a consequence of high quartz
content in granitic or andesitic rock (Christensen, 1996). Foulger et al., (1995) suggest mineral
alteration or supercritical fluids as the cause. In Krafla, we have rhyolite and probably a steam
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cap but steam in the pores reduces the bulk incompressibility of the rock and reduces the p-wave
velocity. Both the rhyolite and possible steam cap could explain the low Vp/Vs ratio.

To compare the velocity ratio estimated for the Krafla geothermal system with the ratio outside
the system 265 earthquakes that were recorded by the seismic network outside the geothermal
area were used for the calculation of the Vp/Vs ratio of the surrounding crust. The Vp/Vs ratio
outside of the Krafla system was estimated to equal 1.782 (Figure 17). It is in agreement with the
results of studies on the Icelandic crust, which suggest values of about 1.75-1.79 (e.g. Brandsddttir
and Menke, 2008).
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Figure 17. Vp/Vs ratio in Krafla and surrounding crust.
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6 Geophysics

6.1 Gravity

In 1967 to 1984 an extensive gravity survey was carried out, covering the Krafla area and its
surroundings (Johnsen, 1995). Figure 18 shows a de-trended (and hence relative) Bouguer gravity
map of the Krafla volcano and its immediate surroundings based on these data.
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Figure 18. De-trended Bouguer gravity map (mgals) of the Krafla volcano. The rims of the outer caldera
and the inferred buried inner caldera are shown (hedged black lines). An inferred ESE-WNW
transform low gravity lineament is shown (gray fault lines) A linear density contrast in the fissure
swarm to the north is also shown (gray broken line). The location of a lithological section in
Figure 19 is shown (black line) and the wells on which it is based (green stars).
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The figure shows that there is a relative gravity low within the caldera. Superimposed on the
gravity low is a gravity high at Leirhnjukur and towards Mt. Krafla. The caldera is bisected by
two more or less linear gravity lows. One is along the part of the fissure swarm that was active in
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the Krafla fires (bounded by green lines on Figure 18). The other is ESE-WNW trending from
Mount Jorundur in the SE and to the valley Geesadalur (SW of Geesafjoll) in the NW. Where these
anomalies would cut through the caldera rim, the rim is not visible.

The caldera is 110,000 years old (Seemundsson, 1991) and if the spreading rate is assumed to be
about 1.8-2.0 cm/year the total spreading since the formation of the caldera is about 2 km.
Assuming that 75-100% of the spreading has been in the fissure swarm through the caldera, it
should be torn apart by some 1.5-2.0 km. The gaps in the southern and northern caldera rims (as
seen on surface) are about 3.5 to 4 km so parts of the rims have subsided and been buried.

The gaps in the eastern and western part of the caldera rim might be because it is buried there,
but the fact that they are found where the caldera is cut through by low gravity anomalies strongly
suggests that the caldera is torn apart by a low gravity lineament, filled with rocks of lower
average density (more abundant hyaloclastite). Similar low gravity lineament (grabens) or
trenches are known in transform zones in the north part and north off Iceland, where the crustal
spreading is migrating westwards to the Kolbeinsey ridge. Lake Botnsvatn in the Husavik
transform is probably of similar origin as well as the Flatey sedimentary basin, which has its
boundary faults with almost exactly the same strike as the gravity low in bisecting the Krafla
caldera.

Figure 19 shows a lithological section across the inferred low gravity lineament (Armannsson et
al., 1987). The wells on which the section is based and the location of the section is shown on
Figure 18. The section shows a 600-700 m thicker pile of hyaloclastite with interbedded lava flows
within the low gravity lineament (well K-6) than north of the low gravity lineament (wells K-4,
K-8, and K-10). This lends support to the idea that the caldera is indeed bisected by an ESE-WNW
low gravity lineament.

What sort of tectonics is responsible for this is not clear, but the most likely candidate is some
“transform tectonics” where the spreading axis under Iceland is gradually adjusting westwards,
towards the oceanic ridge north of the island. On a large scale, the northern volcanic zone has an
arc shape, from NNE-SSW north of Vatnajokull, and progressively more N-S trending towards
north and eventually having a slight NNV-SSE trend furthest to the north. If this reflects the deep
crustal spreading, then the deep spreading around Krafla would be close to east-west, even
though the spreading visible on the surface, in the fissure swarm, is somewhat south of due east.

The change in the spreading direction in the northern volcanic zone is probably also reflected
locally around Krafla. A close look at the fissure swarm through Krafla reviles that south of the
caldera(s) the fissures swarm trends about N22°E but about N4°E immediately north of the
caldera(s) (). Recent GPS measurements show that in both cases the crustal spreading is perpen-
dicular to the faults and fissures (pers. comm., Vincent Drouin and Freysteinn Sigmundsson,
Institute of Earth Sciences, University of Iceland, September 2015). This would lead to an opening
component along the fissure swarm within the volcano of about 0.3 times the spreading to the
north and south.

In Figure 18, several structural features are visible. There are gravity highs at and inside the
caldera rim in the southwest, northwest and east. These high gravity anomalies are bounded by
steep gradients towards a gravity low in the center of the caldera, which is filled with less dense
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rocks. In the eastern part of the caldera the gradient coincides with arc like eruptive fissures from
Holseldar, about 2000 years ago (Seemundsson, 1991). Some might like to argue that the high
gravity at and inside the caldera rim is due to dense intrusions, but the steep gradients clearly
show that the density contrasts are at shallow depth. This suggests that there is another buried
caldera, also bisected by the ESE-WNW low gravity lineament, inside the caldera seen on surface.
The rims of this inferred inner caldera and the bisecting ESE-WNW low gravity lineament are
shown on Figure 18.

The outer caldera has been dated as being 110,000 years old. Even though the last glacial stage is
normally considered to have started at about that time, geological studies show that the Krafla
area was not glaciated until sometime before 80,000 years ago (Kristjan Seemundsson, pers.
comm., Nov. 2010). In the 20,000 to 30,000 years between its formation and until glaciation, the
outer caldera has been mostly filled with lava flows, up to the lowest parts of its rims in the fissure
swarm. The inner caldera was probably formed after the area was covered with ice. It was
probably formed as a consequence of eruptions of silicic magma forming Jorundur, Hlidarfjall
and the riolite south of Geesafjoll, about 80,000 years ago. The caldera was later filled with
hyaloclastite of considerably lower density than the subaerial lavas filling the outer caldera. No
trace of the inner caldera is visible on surface because Holocene lavas now cover the area.

The Bouguer gravity map of the Krafla volcanic complex shows yet another interesting feature.
There is a sharp gravity gradient on a line in the fissure swarm to the north, out of the calderas
(grey dashed line on Figure 18). The rift low gravity lineament hosts less dense rocks east of this
line than to the west. This indicates that after the glaciation, the spreading and subsidence has
mainly been in the eastern part, which was active in the Krafla fires.

JHD- BJ- 6607-4s G.
86.05. 0447 HB

B __Leirbotnar ___ Hvithélar _ B'

5004 <
M=14 | .
- M=
B-2
o+
- B-2
M-2 s
[M] '-‘;’-'L“" - B=3
- 1000 |
BEAE
#J F'S N S O I % - S I ) P [ U 6 P
-1500+ + + - + + - * - % ) o e &
x ]’ v N ] ot Bt o ot P LA A R B R
o [7777/ Acid intrusive
m Enz]  Hyoloclastite m‘ Fault
[H]m Il Well no.lt
PR M Hyacloclastite formation

m Basaltic intrusives B Basaltic lova formation

Figure 19. Lithological section based on wells, from north (left) to south (right) within the Krafla caldera
(from Armannsson et al., 1987). For location of the section se Figure 17.
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Figure 20. Faults and fissures in the Krafla fissure swarm (blue) and eruptive fissures and craters (purple).
Calderas are shown as black hadged lines. The figure shows different orientation of the fissure
swarm and spreading directions south and north of the cealdera(s) (coordinates are UTM-WGS84
in km).

6.2 Resistivity

The geothermal system in Krafla is complicated, both in lateral extent and in thermo-hydraulic
conditions. The lateral complexity is well displayed by looking at geothermal alteration at
relatively shallow depth through resistivity. Figure 21 shows resistivity at 200 m above sea level
(about 200 m depth below surface) according to TEM-soundings. The red hatched areas show
where high-resistivity caused by high-temperature alteration minerals (formed at temperatures
at or above 230-240°C) is found underlying a low-resistivity clay cap formed at lower tempera-
tures (100-230°C). The figure shows that high temperature alteration is mainly found within the
inner caldera and north of the inferred low gravity lineament, showing clear linear trend
coinciding with the northern margin of the low gravity lineament. High-temperature alteration is
seen inside the SW rim of the inner caldera and extending towards south in the presently active
fissure swarm. High-temperature alteration is also seen arcing the east rim of the outer caldera.
Both of these anomalies have been drilled into and geothermal alteration was found but the
present temperature is far below that responsible for the alteration. No indication of high-
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temperature alteration is seen at this depth in the western part of the large caldera, west of the
inner caldera. It is clear from Figure 21 that the inner caldera and the ENE-WNW low gravity
lineament are structures that are of great importance in the geothermal systems.

7295

1000
562
316
178
100

56
32
18
10
5.6
3.2
1.8

e
805
9,

)

’,
o2
35
%

QD

.
X

&
55

)
0.
2503
85

e
s
- Fg!

&
o)
RO

XL

7290

9,

Resistivity (m)

7285

415 420 425

Figure 21. Resistivity at 200 m a.s.l. based on TEM soundings. Areas where higher resistivity is observed
below low resistivity are shown as red crossed. The inner and outer calderas are shown as black
hatched lines (Arnason and Magniisson, 2001).

1D (layered earth) interpretation of the Magneto-Telluric soundings gave consistent results,
showing a conductor in the uppermost few hundred meters, reflecting clay alteration of the rocks,
underlain by more resistive rocks with high-temperature alteration. The 1D inversion also showed
deep conductors. The depth to the deep conductors varies greatly as shown on Figure 22. They
are at the depth of about 8-12 km at the margins of the survey area but dome up within the inner
caldera with two “chimneys” reaching up to a depth of about 2.5 km, one under and to the north
of Leirhnjukur and another under Viti and Mount Krafla. A third narrow “chimney” is seen under
Leirhnjikshraun. The two main “chimneys” roughly coincided with the magma chambers
defined by S-wave shadows during the Krafla fires. The deeper resistivity structure seems also to
be influenced by the low gravity lineament.
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Figure 22. Elevation (km above sea level) of the upper boundary of deep conductors in the Krafla volcanic
complex as seen by 1D inversion. Black hatched lines show caldera rims and S-wave shadows as
mapped by Einarsson (1978). Faults and fissures and eruptive fissures/craters are shown by blue
and green lines respectively and geothermal surface manifestation by red dots.

ISOR has done 3D inversion of the MT-soundings in Krafla. This was done within an externally
funded international research project. The 3D model largely agrees with the resistivity model from
1D inversion in the uppermost 1.5 km, but sharpens the resistivity picture considerably, as was to
be expected. At greater depth the 3D inversion also sharpens the picture and shows the volume
above and within the S-wave shadows as high resistivity body are bordered by low resistivity
(Figure 23). This was not resolved by the 1D inversion. The resistivity model from the 3D inversion
has been compared to the distribution of hypo-centers recorded by the permanent seismic
network. This comparison seems to indicate an interesting feature, i.e. that the seismicity seems
to cluster at boundaries between low- and high-resistivity bodies (Figure 23). The seismic clusters
also correlate with injection wells, but at least two clusters, south and north of Leirhnjiakur, can
hardly be attributed to injection. It is an important question whether, or how much of the
seismicity has tensile cracking focal mechanism, reflecting heat mining from hot rocks. This calls
for a study of the focal mechanisms of the micro-earthquakes in the geothermal system.
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Figure 23. Resistivity at 1.25 km b.s.l. (about 1.7 km below surface) in the Krafla volcanic complex
according to 3D inversion of MT. Caldera rims are shown by black hatched lines and S-wave
shadows as mapped by Einarsson (1978) (purple). Micro-earthquake epi-centers are shown as grey
dots and faults and fissures are shown by blue lines.

7 Chemical composition of reservoir liquid

7.1 Data set

Raw chemical data for wells at Krafla was provided by Landsvirkjun. The majority of the samples
are from annual production monitoring, but some samples are from flow tests and may not be
representative of the deep liquids. The raw data has been filtered and only analyses of samples
collected after the year 2000 were selected for this report. This excludes wells that have not been
sampled in this millennium, including K-26, K-25, K-22 and most of the single-digit wells. It
should be noted that the chemical analyses for individual wells are not continuous throughout
the time interval from 2000 to 2014. For the purpose of deep liquid calculation only samples with
a complete two-phase (i.e. steam and liquid) analysis are taken into account. Liquid-phase
samples with a large charge balance error (>10%) are disregarded. Some of the liquid-phase
samples from high-enthalpy wells are obviously mixed with condensed steam (recognized by a
lower pH, lower concentrations of solutes and higher concentrations of dissolved gases) and are
therefore disregarded. For wells K-31 and K-39 only steam samples are available. Stable isotope
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data was provided only for a few wells, but was supplemented by older data from the ISOR
geochemical database.

Table 2. Average temperatures and enthalpies for individual wells in the Krafla geothermal system based
from raw data provided by Landsvirkjun from the period 2000-2014).

Well Subarea T (°C)  Tna(°C)  Thas(°C) Taverage(°C)*  T(°C)**  Enthalpy (kJ/kg)***
K-5 Leirbotnar upper 212 180 226 200 200 947
K-6 Leirbotnar upper 244 219 226 245 245 1118
K-9 Leirbotnar upper 229 199 225 215 215 1032
K-11 Leirbotnar lower 249 233 257 240 240 2021
K-12 Leirbotnar lower 272 268 263 275 270 2118
K-13A Leirbotnar upper 255 200 259 230 230 1496
K-14 Sudurhliéar 258 241 274 245 255 2718
K-15 Leirbotnar lower 251 221 244 265 250 1387
K-16A Sudurhliéar 253 258 275 275 275 2660
K-17 Sudurhlidar 289 255 266 275 275 2415
K-19 Sudurhliéar 249 262 280 245 245 2567
K-20 Sudurhlidar 300 253 282 280 280 2607
K-21 Hvitholar 260 230 238 245 245 1172
K-24 Leirbotnar upper 219 170 226 200 200 942
K-27 Leirbotnar lower 247 218 237 250 250 1085
K-28 Leirbotnar upper 233 199 229 210 210 1158
K-29 Leirbotnar lower 260 235 253 - 260 1499
K-30 Sudurhlidar 256 274 277 290 280 2709
K-32 Vitismor 251 227 268 - 260 1414
K-33 Vesturhlidar 297 252 290 - 290 2623
K-34 Vesturhlidar 270 254 284 - 270 2626
K-35 Leirhnjukur 287 282 243 - 285 2176
K-36 Vesturhlidar 259 244 286 - 255 2555
K-37 Sudurhliéar 282 238 279 - 260 2516
K-38 Vesturhlidar 258 250 279 - 260 1928
K-40 Vesturhlidar 227 262 226 - 260 2658
Ks-01 Sandabotnar 268 266 245 - 265 1450

* average temperature (solutes and HzS temperatures) and assumed aquifer temperatures after Gudmundsson and Arndrsson (2005)

** selected temperature for deep-liquid calculation
NN

average enthalpy from raw data (2000-2014)

7.2 Subarea division

The Krafla geothermal field has been grouped into several subareas. Armannsson et al., (1987)
divided the Krafla fluids into seven groups upper (shallower) Leirbotnar, north and south lower
(deeper) Leirbotnar, Hveragil, Sudurhlidar, upper and lower Hvitholar) according to different
chemical characteristics, geography and depth of the wells. The basic premises for the division
were gas concentrations (COz, CO2/H2S) and chloride concentrations and ratios (Cl, Na/Cl, F/Cl).
Many wells were considered to draw mixtures from two or more groups. Gudmundsson and
Arnodrsson (2002) used sulphate and silica concentrations as a further criterion. This was revised
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by Mortensen et al. (2009a) who eliminated the subarea Hveragil and added Vitismér. Armanns-
son et al. (2015) included three additional geographical settings (Sandabotnar, Leirhnjukur and
Vesturhlidar) and classified the different subareas by the following chemical criteria: 0D, Cl, SOs,
quartz and Na/K geothermometers and the relation to enthalpies and feed temperatures.

For this work, the division by Armannsson et al. (2015) will be adopted and wells classified
accordingly. The subareas considered are: Leirbotnar (upper and lower), Leirhnjakur, Vitismor,
Sudurhlidar, Vesturhlidar, Hvithdlar, and Sandabotnar (Figure 4 and Figure 5). It should be noted
that such classification will always be ambiguous, as many wells probably draw from different
feeds. For the newer directional wells it seems that the location of aquifers and their depth is very
important for well classification into subareas.

7.3 Reference temperature

For a deep fluid composition calculation a reference temperature needs to be selected. Therefore
different geothermometer temperatures were calculated and compared besides referring to
temperature log profiles. A summary of various geothermometer temperatures is given in Table
2 and Figure 24. Geothermometer temperatures show a large variation for Krafla wells as already
noted by Gudmundsson and Arndrsson (2002, 2005), and Armannsson et al. (2015). In general, all
calculated geothermometer temperatures (quartz, Na/K, H:S) are lower than the maximum
aquifer temperatures derived from temperature logs, which may indicate an inflow or circulation
of colder fluids and/or the existence of multiple aquifers within a single well — which is often the
case. Temperatures calculated using the Na/K geothermometer (Arndrsson et al., 1983) are
generally significantly lower (Figure 24) than temperatures calculated using the quartz
geothermometer (Fournier and Potter, 1982). Nevertheless, calculated temperatures for various
subareas within the Krafla geothermal system are in general consistent (Figure 24). An exception
is found for Vesturhlidar, where K-34 and K-33 show HzS temperatures of 285-290°C in contrast
to K-40, which yields a significantly lower H2S temperature of 226°C. Temperatures calculated
based on H:S geothermometry (Arnorsson et al., 1998) show a narrow temperature interval for
high enthalpy wells in specific subareas (lower Leirbotnar, Vesturhlidar, Sudurhlidar) (Figure 24),
indicating phase segregation at depth.

Reference temperatures for wells K-5 to K-28 are adapted with slight modifications from
Guomundsson and Arndrsson (2002, 2005). For wells K-29 to K-40 reference temperatures are
selected using calculated geothermometer temperatures and temperature logs.

7.4 Deep liquid composition

Results of the analyses of two-phase samples are presented as the chemical composition of the
deep liquid, as calculated by the chemical speciation program WATCH, version 2.4 (Bjarnason,
2010), with slightly modified carbonate data, and using the reference temperatures listed in Table
2. For wells with excess enthalpy, i.e. enthalpy significantly higher than enthalpy of steam-
saturated water at the selected reference temperature (Table 2; Figure A 1 to Figure A 6) the deep
liquid composition is calculated by assuming phase segregation at T:+-30°C based on the method
described by Arndrsson et al. (2007).
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The calculated chemical composition of the deep liquid in the two-phase wells in the Krafla geo-
thermal field is shown in Table 3 as average composition. The concentration of each component
is given as milligrams of solute per kilogram of solution.
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Figure 24. Correlation of calculated temperatures by using different geothermometers: quartz (Fournier
and Potter, 1982), Na/K (Arnorsson et al., 1983), and H2S (Arndrsson et al., 1998).

Figure 26 to Figure 34 show the temporal evolution of the deep liquid composition of individual
wells in the Krafla geothermal area for the reporting interval 2000-2014.
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In general, the variation within individual wells in the period studied is rather limited, in contrast
with the variation between different wells and subareas. It should be pointed out that no two
wells have very similar chemical characteristics, which illustrates the complex geological and
hydrological system of the Krafla geothermal field.

All deep liquid compositions yield low CO2/H:S ratios (<15) (Table 3) implying that no magmatic
fluids contribute to the Krafla geothermal system, in contrast to fluids encountered in the wake of
the Krafla Fires in the 1970s and 1980s (e.g. Armannsson et al., 1989; Mortensen et al., 2009a).

In high enthalpy wells (Table 2, Figure A 1 to Figure A 6) phase segregation (i.e. two-phase flow
conditions) is assumed within specific subarea reservoirs (Sudurhlidar, Vesturhlidar, lower
Leirbotnar, Vitismor). The silica content of total discharge and separated water from excess
enthalpy wells are plotted against measured enthalpy in Figure 25. The total discharge concen-
tration steadily decreases as the discharge enthalpy approaches saturated dry steam. The observ-
ed correlation suggests that phase segregation in the producing aquifers is, largely the cause of
excess discharge enthalpy, at least for wells with discharge enthalpy > 2000 kJ/kg. High boron
concentrations (Table 3, Figure 28) are indicative for phase segregation (Arnorsson and Andrés-
dottir, 1995).
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Figure 25. Silica content of discharge from the excess enthalpy wells against discharge enthalpy.

Chloride is mainly derived from atmospheric precipitation but may be added from magmatic
sources, which can be expected in the deepest hottest wells. However, this trend is not observed
throughout the Krafla geothermal system (Figure 32). The fluids from wells K-16A, K-20, K-21,
and K-34 show some increase in chloride concentration with time (Figure 32). In contrast, the
chloride concentration and that of other solute components in K-37 and K-38 fluids (Figure 32)
appears to decrease with time. An increase of chlorine concentration may be caused by distillation
of the liquid fraction during boiling in the reservoir or wells (the latter is likely for the high
enthalpy wells K-16A, K-20 and K-34), but declining chloride concentration may be attributed to
inflow of colder waters into the reservoir as a result of production. However, it seems that in the
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most recent samples from K-37 and K-38, the liquid phase has been mixed with steam condensate,
and therefore the observed changes in deep liquid Cl concentration, are probably not real.

Sulphate is the dominant anion in cooler and especially low enthalpy wells, in particular in lower
Leirbotnar (Table 3, Figure 34). Guomundsson and Arndrsson (2002) suggest that sulphate
concentrations are controlled by anhydrite solubility in all except the hottest wells, and that this
effect is caused by the retrograde solubility of anhydrite, i.e. that anhydrite is being dissolved
from rock as a result of cooling of the reservoir. Increasing sulphate concentrations in wells
producing from the lower Leirbotnar reservoir (e.g. K-15) indicate that cooling, or influx of cooler
fluids is now affecting the deeper part as well.

Carbonate concentrations are remarkably high in the fluids from Sudurhlidar, Vesturhlidar, and
Vitismor and is in most cases the dominant anion (

Figure 30). This is consistent with high CO: concentration in fumarole steams in these subareas
(Kristinsson et al., 2014) and could be a remnant of the volcanic activity. The CO: concentration
declines significantly in wells K-16A and K-36, whereas the CO: concentration increases in wells
K-17, K-30 and K-34 (

Figure 30). The change may possibly be explained as contamination of liquid with steam
condensate as well as changes in the wellhead pressure for K-36. It should also be noted that for
excess enthalpy wells, the gas concentrations calculated using the method of Arnérsson et al.,
(2007) depend on the measured enthalpy and selected phase segregation temperature, which may
cause some scatter.

The deep liquid in the Krafla production wells generally has a pH of 6.3 to 7.5 (Figure 26), but
separated water at atmospheric pressure is typically quite basic, with a pH of 8 to 10. The wells
with lowest pH are excess enthalpy wells in Vesturhlidar, samples from which may be slightly
mixed with steam condensate. During and after the Krafla Fires, some wells, particularly those
producing from the lower Leirbotnar reservoir (K-12, K-15, K-29) discharged acidic fluids with
pH <6 and in the extreme case of well K-4 which blew up, the liquid pH was as low as 1.8 (Gislason
and Arndrsson, 1976). Low discharge pH has also been observed in some samples from K-38.

In summary, individual subareas show a distinct pattern in B, Ca, Cl, CO, F, Hz, H2S, Na, and SOs
concentrations (Figure 28 to Figure 34). However, there are several inconsistencies suggesting
fluid contribution from different aquifers and different subareas in marginal or deviated wells.

7.5 Subarea characteristics

In the following section the basic chemical characterization of deep liquid composition of each
subarea is summarized and information given about relative concentration differences between
fluids from subareas (Figure 25 to Figure 34; Table 3 and Table 4, Figure A 1 to Figure A 6).

7.5.1 Leirbotnar

The Leirbotnar subarea (K-1, K-3A, K-5, K-6, K-7, K-9, K-11, K-12, K-13A, K-15, K-24, K-26, K-27,
K-28, and K-29) can be further distinguished into upper (shallower) and lower (deeper) reservoirs,
with different temperatures and characteristics. Upper Leirbotnar wells are in general low
enthalpy wells with an average feed temperature of about 200°C, whereas in the lower reservoir
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higher temperatures and enthalpy are encountered. The chemical composition of the deep liquid
is characterized by a very narrow composition range, in contrast to other subareas, which show a
larger variation. The deep fluids show low concentrations of B, Cl, CO2, and H2S. On the other
hand, the lower Leirbotnar reservoir fluids have slightly higher concentrations of CO2 and H-S.
Na and Ca concentrations are high in the upper Leirbotnar reservoir fluids, whereas lower Leir-
botnar fluids have slightly lower concentrations of both. High SO concentrations are a distinctive
feature of the Leirbotnar fluids. Only the K-32 (Vitismor) fluid has similar SOs concentrations.
Deuterium values (0D) are in the range -85 to -89%o0 SMOW (see chapter 7.6).

7.5.2 Vitismor

The Vitismor subarea consists of following wells: K-2, K-4, K-8, K-10, K-25, K, 32, and IDDP-1. The
reservoir is divided into upper and lower parts, like Leirbotnar, with higher enthalpy and
temperatures in the deeper reservoir. Only well K-32 is considered here. It is directionally drilled
from the well pad of K-15 (Leirbotnar, near Hveragil) to NE and then NW, thus going through
upper Leirbotnar, into Sudurhlidar and then towards Vitismor. The well-bottom is near K-2. The
enthalpy evolution (Figure A 1 to Figure A 6) of the well is interesting. It started as a high enthalpy
well, but with time the enthalpy declined significantly to low enthalpy (~1200 kJ/kg) conditions
between 2000 and 2005. Deep liquid composition is characterized by high H2S concentrations and
medium CO:z concentrations. SOs concentrations are higher now than before 2005 and at a similar
range as wells from upper Leirbotnar. Ca and Na are found in medium and high concentrations.
In fact, it may be said that the liquid phase of the well appears to be typical for upper Leirbotnar,
although slightly richer in CO2, but the steam phase looks as if it originates in Sudurhlidar.
Deuterium values (0D) for the liquid phase are -85%.SMOW, again similar to Leirbotnar, but
about -92%0,SMOW for the steam phase, which is typical for Sudurhlidar.

7.5.3 Leirhnjukur

Well K-35 is the only well in subarea Leirhnjukur. It is a high enthalpy well (average 2176 k]/kg)
characterized by high Cl and low SOs concentrations. CO: concentrations are higher than in the
Leirbotnar and Hvitholar subareas, but distinctively lower than in Sudurhlidar. This reflects a
similar trend seen in fumaroles in Krafla; the CO2 and H:S concentrations in the Leirhnjukur area
are much lower than in fumaroles on the slopes of Mt. Krafla (Kristinsson et al., 2014). The sample
from 2014 has dD = -91%,SMOW.

7.5.4 Sudurhlidar

The Sudurhlidar subarea comprises the following wells: K-14, K-16A, K-17, K-19, K-20, K-30,
K-31, K-37, and K-39, which are all high enthalpy wells (Figure A 1 to Figure A 6). As a result,
many samples bear marks of mixing with condensate. The deep liquid composition (calculated
taking the excess enthalpy into account) is characterized by low Na, SOs, and Ca concentrations.
On the other hand, CO: and H:S concentrations are high in all wells and Cl and B concentrations
in some wells. The F concentration in well K-14 is unusually high (Figure 33) and has been so
persistently since the well was drilled. Wells K-17 and K-19 also have high F concentrations and
high F/Cl ratios (Table 3). It is possible that some of the Cl and F are magma-derived, as both HC]
and HF were found in the discharge of nearby well IDDP-1 (Armannsson et al., 2014). Deuterium
isotope values range from -91 to -95%o (SMOW).
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Table 3. Average deep liquid composition.

Subarea Well SiO, Na K Mg Ca F Cl so, B Fe Al CO; H5S H; N> O, CHs pH CO,/H;S CI/SOs Na/Cl F/Cl *1000

Hvithélar K-21 516 158 21 0.001 1.20 0.86 130 54 0.6 0.004 1.18 356 79 115 6.25 016 247 7.0 4.5 24 1.2 7

Leirbotnar lower K-29* 514 163 25 0.024 2.08 1.03 28 156 0.7 0.013 147 653 113 189 256 028 025 7.1 5.8 0.2 5.9 37
Leirbotnar lower K-27 461 185 25 0.001 2.69 080 34 219 0.5 0.004 1.16 388 85 125 578 019 09 7.1 4.6 0.2 5.5 24
Leirbotnar lower K-15 493 226 32 0.026 232 1.02 27 269 04 0.002 086 218 103 0.83 135 026 030 7.5 2.1 0.1 8.5 38
Leirbotnar lower K-12* 554 105 22 0.022 141 135 30 93 12 0.010 1.19 1076 119 255 155 031 036 6.8 9.0 0.3 35 45
Leirbotnar lower K-11* 442 158 23 0.005 156 129 29 126 09 0.012 0.76 422 100 1.13 216 023 019 7.1 4.2 0.2 5.3 44
Leirbotnar upper K-28 396 204 22 0.004 469 064 32 244 05 0.010 0.71 362 54 031 281 016 046 6.9 6.7 0.1 6.4 20
Leirbotnar upper K-24 342 187 15 0.001 3.02 066 39 218 0.5 0.001 0.72 138 46 0.05 494 0.28 067 7.2 3.0 0.2 4.8 17
Leirbotnar upper K-13A* 492 207 23 0.001 3.23 1.02 35 258 09 0.002 1.04 272 114 276 099 012 015 7.0 2.4 0.1 5.8 29
Leirbotnarupper K9 384 194 21 0.025 491 0.77 32 229 0.5 0.024 0.92 209 51 013 330 016 030 7.2 4.1 0.1 6.0 24
Leirbotnarupper K-6 455 154 20 0.001 092 059 13 118 0.2 0.002 0.62 318 64 087 1690 0.24 145 74 4.9 0.1 11.8 45
Leirbotnarupper K-5 315 175 15 0.001 3.68 0.89 38 214 0.5 0.001 0.84 110 45 018 432 023 051 7.2 2.5 0.2 4.6 23
Leirhnjakur K-35* 748 123 24 0.023 031 163 132 6 29 0.041 051 511 106 222 263 001 148 71 4.8 213 0.9 12
Sudurhlidar K-37* 573 127 16 0.002 055 082 33 27 26 0.004 071 799 181 666 099 0.14 027 7.0 4.4 1.2 3.8 25
Sudurhlidar K-30* 415 76 17 0.001 0.76 117 43 22 3.0 0.003 0.75 1213 195 521 082 0.07 030 6.6 6.2 2.0 1.8 27
Sudurhlidar K-20* 597 190 31 0.001 094 129 157 9 24 0.002 030 1472 202 553 135 014 043 7.0 7.3 17.5 1.2 8

Sudurhlidar K-19* 280 121 18 0.001 0.17 437 20 6 129 0.008 0.60 971 193 4.09 113 0.08 019 6.7 5.0 3.6 6.0 217
Sudurhlidar K-17* 643 111 18 0.000 030 199 15 5 1.3 0.003 103 507 161 378 231 015 064 74 3.2 2.8 7.6 136
Sudurhlidar K-16A* 451 109 18 0.001 0.44 098 80 6 1.5 0.003 068 1571 189 9.18 192 015 1.09 6.7 8.3 144 14 12
Sudurhlidar K-14* 354 101 15 0.001 0.12 320 11 2 7.0 0.008 011 805 160 513 091 0.07 020 6.9 5.0 5.2 9.2 292
Vesturhlidar K-40* 365 49 9 0.005 068 102 13 12 20 0.015 1.14 1474 105 209 229 028 052 64 14.0 11 3.7 78
Vesturhlidar K-38* 406 138 20 0.001 190 090 66 65 0.2 0.002 045 1647 236 4.00 1698 103 031 6.6 7.0 1.0 2.1 14
Vesturhlidar K-36* 404 77 11 0.002 0.74 051 38 17 16 0.006 0.82 1212 262 518 229 0.14 018 6.4 4.6 2.2 2.0 14
Vesturhlidar K-34* 532 141 24 0.005 164 142 144 49 44 0.083 0.62 688 182 347 179 0.07 012 6.7 3.8 2.9 1.0 10
Vesturhlidar K-33* 630 124 20 0.001 053 158 81 10 2.1 0.002 049 343 253 462 141 013 013 7.2 14 8.3 1.5 19
Vitismor K-32 473 217 33 0.001 285 093 32 240 05 0.001 1.15 424 234 370 173 0.08 034 7.0 1.8 0.1 6.8 29

* deep liquid calculation calculated by assuming phase segregation at Tret- 30°C (method as described in Arnérsson et al., 2007). For reference temperature (Tref) see Table 2.
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7.5.5 Vesturhlidar

Wells K-33, K-34, K-36, K-38, and K-40 are located in the Vesturhlidar subarea. The wells are high
in enthalpy (> 2400 kJ/kg). Judging by the conductivity of the liquid phase, well K-40 appears to
be relatively dry, but the other wells give a proper liquid phase, albeit quite dilute and with a
fairly low pH (6-7), which is reflected in the calculated deep liquid. This may be due to some
mixing with condensed steam. B and CO: concentrations are high in the deep liquid. Cl concen-
trations are varied, but SOs concentrations are low. H2S occurs in medium concentrations and Ca
and Na appear in medium to low concentrations. Whereas the chemical characteristics of the
Vesturhlidar wells are similar to Sudurhlidar, the deuterium isotope values are similar to those of
the Leirbotnar fluids, ranging from -84 to -89%.SMOW.

7.5.6 Hvitholar

The Hvitholar subarea (K-21, K-22, and K-23) comprises currently low enthalpy wells (~1200
kJ/kg) (Figure A 1 to Figure A 6). In this work only K-21 was considered as no samples have been
collected from K-22 (which has a slightly lower enthalpy and draws fluid from cooler parts of the
reservoir) since 1998, K-23 is non-productive. Cl concentrations are high and CO: concentrations
are low in K-21. SOs values range between medium and low concentrations. Ca in general shows
medium values. Deuterium values are similar to Sudurhlidar; -91 to -93%.SMOW.

7.5.7 Sandabotnar

Only one well has been drilled in Sandabotnar, well KS-1, for which no chemical data were
available. However, there exists a flow test report for the well (Giroud et al., 2008), which was
drilled in 2007, where analyses of three samples are reported. After flowing for one month, the
well had an enthalpy of 1450 kJ/kg and solute geothermometers agreed on a temperature of about
265-270 °C. The deep liquid has a TDS of about 950 mg/kg, and solute concentrations similar to
upper Leirbotnar, except that SOsis very low. COz and H-S are also higher than what is typical in
Leirbotnar. However, what is most intriguing about well KS-1 is that the fluid is very depleted in
heavy isotopes, with a 0D of -115%. (SMOW).
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Figure 27. Concentration of silica in the deep liquid.
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Figure 31. Concentration of hydrogen sulfide in the deep liquid.
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Figure 32. Concentration of chloride in the deep liquid.
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Figure 33. Concentration of fluoride in the deep liquid.
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Figure 35. Concentration of calcium in the deep liquid.
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Figure 36. Concentration of sodium in the deep liquid.
Table 4. Krafla wells. General trends and average values for subareas
Enthalpy* Feed temperature* Tq.* (o Cl vs SO, o
Area Wil (kJ/kg) (°c) (°c) Thar* (°C) concentration LRl
Hvithélar Upper part 1580 260 270 240 Cl>S0s -91--93
K-21, K-22, K-23
Lower part 1030 200 210 200 Cl>5S04 -91--93
Sandabotnar  KS-1 1450 300 260 280 Cl> S04 -115
K-14, K-16, K-16A,
. K-17, K-18, K-19, K-
sudurhlidar ) " 231, K 2600 290 250 270 Cl> S04 -91--95
37,K-39
K-1, K-3, K-3A, K-5, Upper part 980 205 230 190 S04 >Cl -85--89
K-6, K-7, K-9, K-11,
Leirbotnar K-12, K-13, K-13A,
K-15, K-24, K-26, K- Lower part 1200 320 250 220 S04 >Cl -85--89
27, K-28, K-29
Leirhnjakur K-35 2260 320 350 310 Cl>504 -79--88
Vitiemer K-2, K-4, K-8, K-10, Upper part 1060 210 - - S04 >Cl -80--90
K-25,K-32,IDDP-1 | erpart 1420 300 250 230 S04 > Cl -80--90
Vesturhligar K>3 K°34,K-36, K- 2700 320 290 280 Cl>S0s4 -84 --89

38, K-40

* average
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7.6 Origin of recharge to the Namafjall Krafla area

It is suggested that fluid flow in the Leirbotnar, Leirhnjakur, Vitismér and Vesturhlidar areas is
locally derived as the deuterium isotope shifts are close to values of local precipitation. Darling
and Armannsson (1989) suggested that the Sudurhlidar and Hvithdlar fluids originated from
nearby high ground Hagong. However, the hydrology of the area implies that Hagong is unlikely
to be able to supply such a large flow and that deep flow from the south, i.e. the same stream that
is predicted to feed the Namafjall system is responsible (Armannsson et al., 2015; Figure 37). As
previously mentioned, the Sandabotnar well is quite different and its isotopic composition
suggests a deep inflow from far south and possibly old fluids. It seems possible that the Hveragil
fissure and related features (Figure 4) may act as a barrier between the local and southerly flows
although some mixing is likely to occur.

Krafla

Hlidarfjall Leirbotnar
jujo Sandabotnar (-85 —-89%o)
i Dyngjufiéll (-115%o) Vesturhlidar
et el Sudurhlidar (-84 — -89%o)
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Figure 37. Proposed groundwater flow to the Ndamafjall and Krafla geothermal systems (after Hjartarson
etal., 2004).

It should be mentioned that phase segregation (see chapter 7.4) in wells of the Krafla geothermal
system exhibiting excess enthalpy distorts the isotope composition of fluids discharged at the
wellhead, such that they do not represent aquifer fluids. In a recent study by Pope et al. (2015) a
new hydrogeological model is presented, which is based on epidote stable isotope analysis, re-
evaluation of stable isotope data (unpublished data from Gudmundsson and Arnérsson, 2002)
considering phase segregation and estimation of the original vapor fraction of aquifers in the
Krafla geothermal system. The model, which considers wells from Leirbotnar and Sudurhlidar
expands upon previous interpretations by Bodvarsson et al. (1984), Giroud (2008), and Arndrsson
(2012). They state that the local groundwater that sourced from the highland to the north (Hagong)
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are the primary fluid source for the Krafla geothermal system. Groundwater enters the
hydrothermal system via N-S trending fissure swarms west of the geothermal system flowing into
discrete zones of high permeability that are separated by low-permeable lithologies. Below
~1900 m groundwater is heated to boiling by a conductive layer of superheated steam overlying
the magma heat source. Vapor is risings rapidly along discrete steeply dipping structure in the
Leirbotnar portion of the hydrothermal system and mixes with cooler groundwater of upper
(shallower) aquifers. Increased permeability at Hveragil drives convective circulation and,
increasing temperatures of the primary aquifer cause boiling. Fluids are vapor-rich, due to de-
pressurization in the high-permeability zone, and COz-rich due to increased input of magmatic
volatiles. The hydrological gradient cause southward migration of groundwater. The mixing of
primary aquifer fluids with vapor and magmatic-rich lower aquifer fluids results in progressively
lower 8Druo values observed in Sudurhlidar, Hvithélar, and Namafjall.

Pope et al. (2015) conclude that although the subareas Leirbotnar and Sudurhlidar have widely
different physical and chemical characteristics, the variability in stable isotope composition of the
geothermal fluids in those subareas does not require different meteoric water sources. In fact, it is
the result of localized boiling, phase separation with variable mobilization of the vapor and liquid-
fractions of the fluids, and intermittent mixing with magmatic gases.

7.7 Parameters controlling fluid flow

Fluid flow is controlled by porosity and permeability and those parameters vary depending on
rock type and alteration state. For example, the porosity of fresh hyaloclastite is on average 25—
35%. In contrast, the porosity of basaltic lavas is 5-15% with a large porosity heterogeneity within
a single lava flow (Sigurdsson and Stefansson, 1994). During hydrothermal alteration open pore
space (e.g. vesicles) are filled with secondary minerals. The reduction in pore space by alteration
and secondary mineral formation (Weisenberger and Selbekk, 2009) results in permeability
decrease within the altered rock.

The Krafla geothermal system is characterized by intense alteration and fresh rocks occur only
rarely at shallow depths within Vitismdr, Leirbotnar, and Sudurhlidar. Due to the high alteration
degree and secondary mineral precipitation, porosity in the Krafla geothermal system is low and
results in low permeability. Permeability is therefore mostly related to faults and fissures, as well
as in structural positions associated with intrusions. Wells have been located and designed to
penetrate through fissures, faults, and intrusions. Such structural features are usually steeply
dipping and directional drilling has been used more frequently to direct the wells with more
certainty towards a pre given target zone.

Fissures in Krafla volcanic system strike dominantly in NNE-SSW direction. High permeability is
associated with the fault zone related to the explosive craters by Hveragil, the Viti fault system,
the eruption fissures of the Holar fires, and the Dalur fires, and the fissures south of Leirhnjukur,
towards the eruption fissure of the Myvatn fires

In addition to the major strike direction (NNE-SSW), E-W faults occur in Sudurhlidar, which were
active during the Krafla fires. These faults are intersected by wells K-16A, K-20 and K-37 and feed
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zone are associated with the fault planes. Furthermore, a fault in Leirbotnar with N-S to NNW-
SSE strike has also been linked to high permeability.

Permeability by the southern rim of the caldera is related to the prevailing NNE-SSW strike of
eruption fissures and faults as well as to the caldera fracture. Minor permeability was noted in
well KV-1 in Vestursveedid even though it is located at the western side of the NNE-SSW fissure
swarm. The area appears to have cooled down and low permeability is presumed to be caused by
the precipitation of alteration minerals in vesicles and fractures. It is also possible that the vertical
well does not intersect the fracture zone.

Increased permeability in wells can also be associated with felsic intrusions. In the Leirbotnar and
Vitismor areas wells penetrate through thin felsic intrusions at various depths. There is, further-
more, a thick and widespread granophyre intrusion at around 1500 m b.s.l. beneath Vitismor
where powerful feed zones have been associated with acid fluids Major feed zones in the wells
in Sudurhlidar are associated with a 200-400 m thick felsic intrusion complex at 200-600 m b.s.1.
(Mortensen et al., 2009a).

8 Reservoir conditions and production analysis

8.1 Temperature conditions

The interpreted formation temperature in wells drilled in Krafla and the available temperature
well logs were examined in order to estimate the need for reinterpretation, especially with respect
to signs of the superheated state believed to exist below 2 km b.s.l. The conclusion is that the
interpreted temperature profiles are in accordance with the available data and a reinterpretation
would not add significantly to the current conceptual model. As for the existence of a superheated
state deep in the system, the scarcity of measurements makes it difficult to provide a
comprehensive picture. Of the wells that were found to intersect superheated feed zones, only
well K-39 has enough temperature and pressure logs to warrant an investigation.

The temperature model for the Krafla system, as based on formation temperature profiles, is
discussed thoroughly by Mortensen et al. (2009a). Figure 38 to Figure 40 show a glimpse into the
model, as it is incorporated into the Petrel model of the Krafla system.
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Figure 38. A WNW-ESE cross-section through the temperature model for the Krafla system.
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Figure 39. A NW-SE cross-section through the temperature model for the Krafla system.
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Figure 40. A WNW-ESE cross-section through the temperature model for the Krafla system (in Hvithdlar
region).

The lower Leirbotnar reservoir in Krafla is considered to be able to sustain significant production
but due to intense scaling problems, feed zones exhibit a rapid decline in output during discharge.
Therefore, the probable energy contained within the reservoir has been estimated by employing
the volumetric assessment method (Gylfadottir and Gunnarsdéttir, 2014). To address the uncer-
tainty inherent in input parameter estimates, the Monte Carlo method was used in conjunction
with the volumetric assessment.

8.2 Hypothetical modelling of Krafla temperature conditions

Model calculations for geothermal systems initiated by magmatic intrusion(s) (Hayba and
Ingebritsen, 1997) show that the typical lifetime of such systems is of the order of 10,000 years. If
permeability is in the range of 0.5-5 mD (1 mD = 10-"* m?, the role of permeability will be further
discussed below) a two phase convective geothermal system forms in about 1000 years. Near the
end of the lifetime of the system (of the order of 10,000 years, if the heat source is not renewed),
the heat source has lost most of its heat, and cold downwards convected water can no longer gain
enough heat and the system cools down at depth. Two-phase conditions (boiling) may still prevail
(for some hundreds to thousand years) at a shallower depth in a slowly upwards migrating
“bubble” and leading to temperature inversion with depth. It is considered likely that the
geothermal system in Hvithdlar (and in the Krysuvik area and maybe some others) are such
systems, near the end of their lifetime. At the end of the glaciation, the rapid pressure drop in the
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crust has probably initiated extensive intrusions and the geothermal systems that were formed
are still present today, but fading out.

Permeability plays a very crucial role in the existence and development of volcanic geothermal
systems. Model calculations show that in order for magmatic intrusions in the crust to produce a
two-phase geothermal system, the permeability has to be in a very narrow range of 0.5-5 mD
(Hayba and Ingebritsen, 1997). If the permeability is lower, the intrusion cools in a long time by
heat conduction, but if the permeability is higher the intrusion cools rapidly by vigorous one-
phase (water) convection.

Figure 41 shows results of modelling a geothermal system generated by a magmatic intrusion
using the HYDROTHERM programme (Kipp et al., 2008). This is a two-dimensional model with
an 800 m wide “dike” intrusion extending up to 2.45 km below surface. The intrusion is placed in
a host rock of permeability 1 mD extending up to 1 km depth (grey line on Figure 41). The
permeability in the uppermost 1 km is much higher (50 mD in this case). Figure 41 shows a
conventional two phase convecting geothermal system is formed in the low permeability below 1
km. In the high-permeability region above a vigorous one-phase (water) reservoir convection is
observed. The temperature profile above the centre of the intrusion shows two-phase conditions
close to the surface and then almost isothermal conditions, at about 200 °C, down to a little above
the lower permeability rocks where it rises, approximately linearly to the boiling-point curve in
the lower permeability. This is very similar to what is observed in the western part of the main
geothermal system, west of Hveragil. It seems clear from this modelling that the reason for the
“two systems” in this part of the system is due to a large difference in permeability. The “deep
system” has permeability around 1 mD (or between 0.5 and 5 mD) while the upper system has
ten times (or more) higher permeability. The temperature profiles further away, where there is
less support of heat from below, bear some resemblance to the temperature profile in well KV-1
in Leirhnjukshraun.

It should be noted here that the model in Figure 41 is a hypothetical 2D section along the active
fissure swarm and fluid flow is only along the swarm. In reality the permeability is probably very
anisotropic, being very high in the direction of the swarm but much lower perpendicular to it.
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Figure 41. Thermo—hydmulic state of a geothermal system 3000 years after emplacement of an 800 m wide
“dike” intrusion extending up to 2.45 km below surface. The intrusion is placed in a host rock of
permeability 1 mD, extending up to 1 km depth (thick grey line). The permeability in the uppermost
1 km is much higher (50 mD in this case). Temperature (°C) is shown by black contours and
pressure (bars) by yellow contours. Phase conditions (water/steam) are shown by colors (light blue
is pure water and dark red is pure steam, the actual scale 10 times logarithm of water saturation).
Mass flow is shown by arrows (scale at the bottom of the figure), blue for water phase and red for
steam phase. The graph in the upper right hand corner shows temperature profiles from hypothetical
wells at different distances from the center of the intrusion. Thick yellow line marks region of
superheated steam and green line region with supercritical conditions.
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8.3 Enthalpy and production

The total mass production history of Krafla is shown in Figure 42 as annual values along with the
yearly weighted mean enthalpy. This data is provided by Landsvirkjun, from the company’s
production monitoring database. The total annual reinjection is depicted as an addition to the
production columns, in light gray.

In the years 1996-1999 production was approximately doubled and 9 new wells drilled. The mean
enthalpy has decreased slowly since then, most markedly in the well in lower Leirbotnar system
and the Hvitholar area (Figure 43 and Figure 44). Production decreased in the following years but
increased again as 8 new wells were drilled in the years 2006-2009. Production and reinjection has
been stable for the past 5 years. Inflow of colder water is thought to contribute to the cooling of
the lower Leirbotnar area (Mortsensen et al., 2009a).

Figure 43 shows the enthalpy and production in Hvithoélar where one well is in production, K-21.
With declining enthalpy, this well has transformed from a steam dominated well to a liquid
dominated one over the course of the past 26 years. Its mass output however is the second greatest
for all wells in the Krafla geothermal field. Enthalpy is declining in the lower Leirbotnar system
alongside an approximately stable production in the past 7 years (Figure 44). Figure 45 shows that
enthalpy in the upper Leirbotnar system has remained stable over the past 10 years with varying
production levels sustained by 2-3 wells.

Enthalpy is increasing in Sudurhlidar (Figure 46) while production is on the decline. This is
thought to be due to reduced pressure and increased boiling in the geothermal reservoir
(Mortsensen et al., 2009a). The wells in Vesturhlidar area are stable high-enthalpy wells (Figure A
2). The area shows stable enthalpy and production since 2010 when the last well was opened for
production (Figure 47).

In Vitismor the main production well is K-32 where the enthalpy has decreased steadily since
shortly after drilling alongside increased water output. The data in Figure 48 show the drilling
and closing of K-8 then K-25, followed by the opening of K-32 in 1998 and then IDDP-1 in 2010
(seen as a jump in enthalpy). Note that Figure 42 to Figure 48 show the mass production and
enthalpy of subareas as defined in Table 1.
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Figure 42. Average total mass production per year (columns) and weighted yearly mean enthalpy (red
line) for all Krafla production wells. The darker shaded bars represent production while the lighter

shaded bars represent reinjection.
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Figure 43. Huithdlar (well K-21) average mass production per year (bars) and weighted yearly mean
enthalpy (red line). The darker shaded bars represent production while the lighter shaded bars

represent reinjection.
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Figure 44. Leirbotnar lower system (9 wells out of which 3 are currently producing wells) average mass
production per year (columns) and weighted yearly mean enthalpy (red line).
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Figure 45. Leirbotnar upper system (5 production wells, 2 currently producing wells) average mass
production per year (bars) and weighted yearly mean enthalpy (red line).
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Figure 46. Sudurhlidar (9 production wells, all currently producing) average mass production per year
(columns) and weighted yearly mean enthalpy (red line).
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Figure 47. Vesturhlidar (5 production wells, all currently producing) average mass production per year
(columns) and weighted yearly mean enthalpy (red line).
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Figure 48. Vitismdr (4 production wells, 1 currently producing well) average mass production per year
(columns) and weighted yearly mean enthalpy (red line).

8.4 Simple lumped parameter modelling

This modeling technique can be used to characterize the main features of a geothermal production
field. The model uses reservoir pressure and production data to estimate the behavior of the
system around it. In addition, the models can be used to predict the system’s response to contin-
ued production. The technique was first presented by Axelsson (1989) and has since been success-
fully applied in numerous geothermal fields (Axelsson and Gunnlaugsson, 2000; O’Sullivan et al.,
2001).

The lumped parameter model simulates the geothermal reservoir as a series of tanks that are
connected by flow conductors. These conductors simulate the flow between the tanks. The process
of simulating the reservoir starts by assuming the simplest model, a one-tank model, proceeding
to attempt to fit the data to increasingly complex models, two and then three tank models. The
first tank represents the central part of the reservoir, where production takes place while the
additional two tanks that may be added to the model, if the data permits, represent the outer parts
of the reservoir and the recharge part of the reservoir. The model produces parameters to quantify
the flow between the tanks. This is a simulation of the permeability between different parts of the
reservoir, permeability being a key feature of geothermal production systems.

The models are either open or closed systems an important feature when forecasting the systems
response to continued production. In an open system, the pressure drawdown generally takes
place more slowly in contrast to a closed system.
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Several different sized models may fit the data. The model chosen to represent the reservoir must
have the following qualities: It must give as good a statistical fit to the data as possible, it must be
reasonably simple or complex based on the conceptual model of the reservoir and it must give
descriptive parameters of reasonable orders of magnitude. Once a model is chosen to represent
the reservoir the descriptive parameters of this model may be used to calculate key parameters of
the reservoir. These include the volume of the tanks proposed by the model and the permeability
between them.

Pressure data from a monitoring well, K-6, is used to simulate the Leirbotnar area while data from
K-21 is used to simulate the Hvitholar area. K-21 is the only well currently in production in
Hvithdlar and the only well for which pressure logs exist. The results of the modeling process are
presented in Table 5.

8.4.1 Leirbotnar

The Leirbotnar system is divided into two systems, a lower and an upper system. In this section
we focus on the upper system. Well K-6 has served as a monitoring well in Leirbotnar and is
generally logged down to a depth of 1200 m. The pressure data used for the lumped parameter
modeling are measured at a depth of 800 m.

The model that consistently fits the pressure and production data from K-6 in Leirbotnar best is a
two-tank model, as seen in Figure 49. The results of the open and closed models are very similar
in K-6 (Table 5). For the open two-tank model the parameter that determines the permeability
from outside of the reservoir into the outer part of the reservoir (the second tank) is so small that
the open model is effectively closed. Therefore, the available pressure monitoring data seem to
indicate that the upper Leirbotnar system is closed, in contrast to the enthalpy data discussed
above. It must be kept in mind, however, that the pressure data is quite inaccurate, as represented
by the scatter in the data and that the pressure in well K-6 may have been influenced by the lower
Leirbotnar system or the southern Vitismor area.

The output parameter x for the different tanks of the lumped parameter models is used to
calculate the volume of the corresponding parts of the reservoir. For well K-6 the volume of the
central part of the reservoir is estimated at 2.8 km?® while the second tank representing the outer
part of the reservoir is estimated at approximately 50 km?.

The thickness of the reservoir was estimated to be 1000 m, an average porosity of 10% was
assumed for the reservoir volume and the storativity of the volume was calculated based on these
parameters to be 1.02*10-° s>m=. The kinematic viscosity of water, based on an estimated average
water temperature in the reservoir of 200°C, is 1.55*107 Pa-s. This leads to an estimate of
permeability determined by the model parameter o, the kinematic viscosity and the dimensions
of the reservoir. In the Leirbotnar system, the permeability between the outer and central parts of
the reservoir is estimated to be 17 mDarcy.

As discussed in Mortensen et al. (2009a) the pressure in the upper Leirbotnar system follows
fluctuations in production from the area. The pressure dropped by about 17 bar in two years
following the doubling of the power plants capacity. This pressure drop, along with a high level
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of scatter, compromises the accuracy of the model-fit to the data. Nonetheless, the model manages
to capture the general trend in the data.

Table 5. Results of the lumped parameter modeling of pressure and production data from Leirbotnar and

Huoithélar.
Leirbotnar K-6 Hvithélar K-21
Model Two tank Two tank Two tank Two tank
closed open closed open
Initial pressure (bar-g) 77 77 67 67
RA2 73.09 73.06 75.96 85.93
STD 2.52 2.56 4.48 3.49
k1 2.85E+04 2.87E+04 2.32E+04 3.81E-01
K2 5.38E+05 5.24E+05 5.37E+11 6.77E+04
cl 6.08E-04 6.18E-04 1.36E-04 3.61E-04
G2 1.20E-09 2.03E-04
Volume of tank 1 (km?3) 2.8 2.8 2.3 0.00004
Volume of tank 2 (km3) 52.8 51.3 o 6.6
Permeability between tanks 16.7 17.0 33 481

1 and 2 (mDarcy)

Permeability between tank 2
and the outside of the ~0 4.9
reservoir (mDarcy)

Krafla - Leirbotnar, well K-6
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Figure 49. Pressure and production data for Leirbotnar; the fit to the pressure data for well K-6 is
obtained using lumped parameter modeling, including a 30 year forecast.
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8.4.2 Hyvitholar K-21

The Hvitholar subsystem is on the southern rim of the Krafla caldera (Figure 4). Pressure logs and
production data from well K-21 is used to model this part of the system. Reinjection that took
place in the area in the years 1999 and 2000 is accounted for in the modelling process by using the
net production. The pressure data used for the modeling process are measured at 900 m depth in
the well, which is below the boiling level in the well and therefore more representative of the
pressure in the system. Boiling point is reached around 750 meters depth. The well is disconnected
and closed over the summer months and generally the pressure logging is done when the well
has been closed and off-line for 2-5 months.

The best-fit model to the data is a two tank open model (Figure 50). The model simulates the
fluctuations in the pressure data due to increased production. Three periods of pressure recovery
during times of decreased production are simulated; however the most recent one is only partially
reflected by the model. The high level of scatter in the data compromises the accuracy of the model
but the model does manage to capture the general trend in the data

The output parameters reflect the fact that Hvitholar is a small reservoir. The volume of the central
and outer parts of the reservoir is estimated to be 0.00004 km? and 7 km?, respectively, with a very
high permeability between them (40 Darcy). This high permeability results from the small value
of the output parameter k1. The permeability from the outside of the reservoir into the recharge
part of the reservoir is estimated at 5 mDarcy.

Decreased enthalpy measured in the area in the past few years, increased total flow, pressure
recovery simultaneous to high production levels in the years 2002-2005; all these factors point
towards an influx of cold water into the system supporting the open model hypothesis.

Krafla - Hvitholar. Well K-21
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Figure 50. Pressure and production data for Hvithdlar, the fit to the pressure data from well K-21 is
obtained using lumped parameter modeling, including a 30-year forecast.
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8.5 Analysis of production well output

The Krafla geothermal production field is divided into several subfields based on chemical data,
temperature and pressure data, geological conditions and production data. The exact
classification of wells into subareas is still being reviewed and updated. There are seven subareas
adopted at the present: Sudurhlidar, Vesturhlidar, Leirbotnar upper and lower systems, Vitismor,
Hvithdlar, and Sandbotnar. Production and reinjection affect the state of the reservoirs from
which the wells draw steam and water, but different subareas react differently to production. This
is e.g. seen in variations that occur, in both steam and water output from the wells. These
variations reflect reservoir conditions, which may also be studied on basis of data from other
disciplines, in particular chemical monitoring data.

The aim of the present sub-chapter is to recount developments in both steam and total output
from production wells in different parts of the Krafla system. The total output refers to total mass
output, water and steam combined. In most wells the output decays with time, either the steam
or total output, and below is a further analysis of this decay, see also Figure A 7 to Figure A 26.

8.5.1 Estimating well output decay

An estimate of the total output decay is obtained by fitting an exponential function to the
measured total output time series of geothermal wells. The following exponential is used to obtain
the decay coefficient:

q(t) = qoe ™™
Where 4(t) is the output at time t, qo is the initial output and « is the decay coefficient giving the

estimated decay in well output per year. Both decay in total output and steam output were
estimated in the same way, using this equation.

The initial time of the data series was adjusted with respect to an estimate of the time when steady
decay of the production began; this was not always at the beginning of production. Only wells
with good time series were used for the modelling. These include 18 wells currently in production
(80% of production wells) and two wells that have now been closed for production (well K-9
closed since 2009, well K-15 closed since 2013). In the same way separate exponential equations
were fitted to the steam and total output data to obtain steam and total output decay coefficients.
The coefficients give decay in percent per year.

The total output and the steam output will be covered separately below, since steam and mass
output data give insight into different underlying processes.

Figure A 7 to Figure A 26 contain plots detailing steam output, total output and enthalpy histories
for the wells analyzed in this section. The figures furthermore show the fitted curves used to
estimate the decay in output.

8.5.2 Total output decay

Figure 52 shows how the total output decay varies between the different subareas and as a
function of the depth of the feed zones. While some boreholes have well defined main feed zones
(even just one) others have numerous feed zones over a specific depth range. These are seen as a
series of points in the y-direction of Figure 52. The feed zones are not classified as steam and liquid
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feed zones but the results are intended to give a general idea of the origin of the output in the
wells.

It can clearly be seen that the total output decay is the highest in Vesturhlidar and Sudurhlidar
while limited decay is observed in Hvitholar and Leirbotnar (Figure 52). Increased total output is
observed in wells in Vitismdr and in the lower Leirbotnar system. The lower Leirbotnar system
exhibits more output decay than the upper system.
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Figure 51. The estimated total output decay in % per year for 20 wells in the Krafla caldera. Pink indicates
increased total mass output while green indicates decreased output.

8.5.3 Steam output decay

Figure 53 shows the steam output decay coefficients mapped at the locations of the wellheads.
The majority of wells (~75%), show an estimated steam decay between 0 and 5% per year.
Exceptions are found in wells in Sudurhlidar and Vesturhlidar with well K-33 exhibiting a decay
of 9% per year and K-36 yielding a decay of 6% per year. Two wells, both situated in the
Sudurhlidar subarea, have an estimated decay higher than 10%. These are well K-37, which has
an estimated 28% decay, while well K-31 ha an estimated 11% decay per year. In the only currently
producing well in Vitismér and in most production wells in the lower Leirbotnar system we
observe an increase of steam output.

Figure 54 shows steam output decay plotted against feed zone depth. Color-coding is in
accordance to the different subareas in the Krafla geothermal system. It should be noted that the
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feed zones indicated in the figure are the same as those in Figure 52 and do not reflect the origin
of steam specifically. The plot is intended to give an idea of the general decay behavior of the
different subareas as well as the depth at which the wells produce from. While most other regions
show similar behavior of a decay between 0 and 5% exceptions are found in several wells in
Vesturhlidar and Sudurhlidar.
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Figure 52. Total output decay plotted against feed zone depth in the wells analyzed in this section. The
points in the plot have been color coded according to the sub-fields of Krafla to give an idea of how
decay and feed zone depth vary between areas. Negative decay implies an increase in output.
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Figure 53. The estimated steam output decay in % per year for 20 wells in the Krafla caldera. Red indicates
increased steam output, the orange colored data points indicate that no decay took place in the well,

while yellow and green refer to decreased steam output from wells.
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Figure 54. Steam output decay plotted against feed zone depth in the wells analyzed in this section. The
feed zone depths are not steam feed zones and do not reflect the origin of steam specifically. The
points in the plot have been color coded according to the sub-fields of Krafla to give an idea of how

decay and feed zone depth vary between areas.
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Figure 55 and Figure 56 show the total output decay and the steam output decay mapped at the
surface of the Krafla caldera. The decay constants were mapped at the well-head location and the
decay values were then interpolated at surface level between wells.
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Figure 55. Total output decay of selected wells mapped onto the surface of the Krafla geothermal field. Cold
colors indicate decay while hot colors indicate increased output.
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Figure 56. Steam decay of selected wells mapped onto the surface of the Krafla geothermal field. Cold colors
indicate decay while hot colors indicate increased output.
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8.6 Simulation of geothermal wells

Vatnaskil has developed a well-bore module within the ITOUGH2 modelling environment
(Finsterle, 2007) for simulating geothermal wells producing at constant wellhead pressure. The
module was recently used to model production in the Peistareykir wellfield and a report
describing this work was published (Berthet et al., 2014).
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Figure 57. The well-head pressures calculated by WellSim are fitted at constant enthalpy to find ao and bo
for a given enthalpy.

The aim of the work presented in this section is to use the well-bore module to model production
in the Krafla wellfield. Vatnaskil has analyzed the available production data from the Krafla
wellfield and has determined that the data is of sufficient quality for parameterizing the well-bore
module. The three thermodynamic parameters required for the module, wellhead pressure, flow
rate and enthalpy (or saturation) have been recorded regularly since production from the field
began. Vatnaskil has recently received the additional data required to model the production wells,
including well tracks, feed-zone locations and well design parameters (casing and liner lengths,
types, diameters, etc.), and the first stage of the well-bore model parameterization is now nearly
complete.

In the well-bore model, the pressure loss observed in the wells while the fluid is flowing up to the
surface is modelled using the equations (Berthet et al., 2014):

Wo Py
- — ) =p?
(ao) + (bo) L

ap = aghy + By
b§ = yoho + &
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where Wo, Po, P1 and ho are the flow rate, wellhead pressure, feed-zone pressure and enthalpy
respectively, and ao, fo, o and oo are fitting parameters introduced by the model. The fitting
parameters are specific to each well and depend on the feed-zone location, casing, liner types and
inner diameters. For wells that have two feed-zones, the same set of equations are used to describe
the pressure loss between the two feed-zones. In this case, a second set of parameters (a1, 1, 11
and 01) are defined for the section of the well between the two feed-zones.

The ao, fo, yo and b0 parameters are found for each production well by fitting the equations to
results calculated by WellSim (Gradient Geodata, 2015). In WellSim, well-head pressures are
calculated for ranges of flow rates, feed-zone pressures and enthalpies. Then, a first series of
regression analyses are performed to obtain sets of ao and bo parameters, each valid at one specific
enthalpy (an example of the procedure is shown in Figure 57 for well K-37). Finally, a last
regression analysis is performed on a, and b§ versus the enthalpy to determine the ao, o, Yo and
0o parameters (Figure 58).

Table 6. Preliminary sets of aw, Bo, yo, 8o, as, B1, y1 and 01 for the producing wells in Krafla.

Well a 6 1% ) measured depth
/ (Y kg") " kgs™ Pa! kgs™ Pa! (Y kg™ (m)
K-5 1.93E-11 5.03E-06 6.35E-07 -5.39E-01 900
K-13A -5.74E-12 2.67E-05 4.67E-07 -4.94E-01 1695
K-14 -1.36E-11 4.92E-05 4.30E-07 -3.15E-01 1050
K-15 -5.59E-12 2.72E-05 4.81E-07 -4.94E-01 1400
-5.59E-12 2.72E-05 4.81E-07 -4.94E-01 1730
K-16A -7.81E-12 3.40E-05 4.64E-07 -4.35E-01 1204
K-17 -1.39E-11 5.34E-05 4.49E-07 -3.48E-01 1110
K-19 -1.25E-11 4.94E-05 3.92E-07 -1.78E-01 830
-1.25E-11 4.94E-05 3.92E-07 -1.78E-01 1920
K-20 -1.08E-11 4.27E-05 3.95E-07 -1.94E-01 940
-1.08E-11 4.27E-05 3.95E-07 -1.94E-01 1645
K-21 -6.15E-12 2.60E-05 4.42E-07 -3.43E-01 1160
K-24 -1.45E-11 5.65E-05 5.44E-07 -3.75E-01 600
K-27 -2.16E-12 2.57E-05 5.96E-07 -5.85E-01 1220
-2.16E-12 2.57E-05 5.96E-07 -5.85E-01 1573
K-29 -6.93E-12 2.85E-05 4.41E-07 -4.35E-01 1610
K-33 -1.57E-12 6.88E-06 4.28E-07 -3.74E-01 1464
-1.57E-12 6.88E-06 4.28E-07 -3.74E-01 1970
K-34 -5.34E-12 2.36E-05 4.78E-07 -5.65E-01 1790
K-36 -4.49E-12 2.34E-05 4.97E-07 -5.13E-01 1570
-4.49E-12 2.34E-05 4.97E-07 -5.13E-01 2346
K-37 -7.88E-12 3.23E-05 4.38E-07 -3.78E-01 1293
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The wells currently producing in Krafla are K-5, K-13A, K-14, K-15, K-16A, K-17, K-18, K-19,
K-20, K-21, K-24, K-27, K-29, K-30, K-31, K-32, K-33, K-34, K-35, K-36 and K-37. A WellSim
database has been created that contains the characteristics of all these wells, and output data have
been produced for different values of down-hole pressures, flow rates and enthalpies. Preliminary
sets of a, fo, Yo, 60 (plus ay, 1, y1, 01, if two feed-zones) have been produced for most wells (Table
6). As, the work on the ITOUGH2 reservoir model has not yet begun, the parameters have not been
tested yet with real production data and the productivity indices of the feed-zones have not been
calculated. This work will be performed as soon as the reservoir model is ready. Routine checks
will be performed for high enthalpy wells to attest the accuracy of the model. This should not
bring any difficulty since the method has already been tested for such wells (Berthet et al., 2014).
A greater attention will be given to low enthalpy wells (for instance K-24 which produces a fluid
at 1000 kJ/kg) to assess the validity of the model. Modifications may be brought into the model in
order to describe the low enthalpy wells more accurately.
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Figure 58. Regression analysis of ao and bo*> versus enthalpy used to determine ao, Po, yo and oo for well
K-31.

9 Tracer test results

Four tracer tests have been conducted in Krafla to evaluate flow-paths within the geothermal
system and study the potential cooling of production wells due to reinjection.

The first test involved wells K-21 and K-22 in Hvithélar in 1999-2000, where 200 kg of KI were
injected into the latter and the recovery monitored for 7 months in the former. About 30% of the
tracer was recovered relatively rapidly, which was interpreted to indicate a considerable danger
of cooling of the production borehole K-21. The distance between the wells was only 200 m.
Therefore, the reinjection borehole was abandoned as such (Axelsson, 2013).
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The second test was conducted during 2005-2007 to study the effect of injection into well K-26.
About 450 kg of KI were injected into the well and the recovery monitored in 9 production wells.
The tracer recovery was negligible (< 1%) during this test, however, most likely because the tracer
was left behind in a stagnant water phase when the reinjected water evaporated in the reservoir
(Armannsson et al., 2009).

The third Krafla tracer test was conducted during the summer of 2009 under the supervision of
BRGM (the French Geological Survey). It involved the injection of three naphthalene sulphonate
tracers into wells K-26 and IDDP-1 and recovery monitoring in 18 production wells. During this
test, which actually lasted only 3 months, total tracer recovery was only around 0.5%, even though
rapid recovery was observed in some of the wells (Gadalia et al., 2010).

The fourth tracer test was carried out during 2013-2014. This was the most comprehensive tracer
test conducted so far in Krafla with 8 different tracers injected into 3 wells and their recovery
monitored in 20 production wells. The tracers were both phase-specific and phase-partitioning;
three liquid-phase naphthalene sulphonate tracers, three perfluorocarbon vapor phase tracers and
two phase-partitioning alcohol tracers (Juliusson et al., 2015).

Only the liquid-phase tracer injected into well IDDP-1 was recovered in a detectable amount. That
was through well K-36, which is east-northeast of IDDP-1 and directionally drilled to the NW.
The main feed-zones of well K-36 are, however, located about 800 m NNE of IDDP-1. The tracer
recovery was, however, minute.

The gas-phase tracer injected into well K-39 was recovered through well K-19, which is a vertical
well located about 350 m north of the main feed-zones of the injection well. In this case, the
recovery was small, or a little over 2%. Some minor recovery was also observed through well
K-14, which is also vertical and only about 200 m NE of the feed-zones of well K-39. It should be
noted that both of the phase-specific tracer were detected in feed-zones located north or northeast
of the injection feed-zones.

The alcohol tracers (phase-partitioning) were detected in most of the wells in the field, in an
irregular manner. Therefore it is believed that either the sampling or sample analysis may have
been incorrect in some way (Juliusson et al., 2015).

10 Summarized results

10.1 Major new findings since 2009

The main new findings associated with the revision of the conceptual model of the Krafla
geothermal system are the following:

*  Only two new well has been completed and drilled in Krafla since the latest version of the
conceptual model was 2009. Therefore, not much new borehole geology data has become
available. A detailed stratigraphical model is available in Petrel, which has been upgraded
and developed further since that time. The same applies to the Petrel alteration model.

-81-



The lateral distribution of seismic activity in Krafla trends WNW —ESE, with the same
trend as fissures in Sudurhlidar, a local gravity ridge in the middle of the caldera and high
gradients in the resistivity. The activity can also be divided into distinct clusters, some
associated with production and reinjection. There are e.g. clear indications of induced
seismicity around well IDDP-1 while activity around Leihnjukur is most likely natural.
Other clusters may include mixtures of natural and induced activity. The brittle-ductile
boundary is about 1400 m shallower in the center of the Krafla system relative to the
adjacent crust, reflecting high temperature at shallow depths (heat-sources). The Vp/Vs
ratio is lower within the geothermal system than average, which can likely be attributed
to high silica content (rhyolitic rocks) and existence of steam-zones.

Only limited additional geophysical surveying has been conducted in the Krafla area since
the latest conceptual model report was published in 2009, yet comprehensive
reinterpretation of the data, in conjunction with geological information, has been carried
out. This includes e.g. interpretation of gravity data and 3-dimensional modelling of
resistivity data. One of the most significant aspects of the interpretation is the possibility
that the caldera may be intersected by a major ESE-WNW low gravity lineament. Further
aspects of this new interpretation are discussed below.

Complete two-phase (i.e. steam and liquid) analyses of samples collected since year 2000
were used to calculate the deep liquid composition of individual Krafla production wells.
Thereby, significant discrepancies appear between different geothermometer tempera-
tures as well as temperature logs, whereas no single well shows characteristics comparable
to that of another well. This reflects the complex geological and hydrological conditions in
the Krafla geothermal system. In high enthalpy wells within specific subarea reservoirs
(Sudurhlidar, Vesturhlidar, lower Leirbotnar, Vitismor) phase segregation is assumed,
which is largely the cause of excess discharge enthalpy, at least for wells with discharge
enthalpy > 2000 kJ/kg. Based on the low CO:/H:S concentration no input of magmatic
gasses are detected in deep liquids of well samples. Individual wells can be grouped into
specific subareas (Table 4) based on their distinct chemical patterns (e.g. B, Ca, Cl, COx, F,
H>, H2S, Na, SOs, 0D). For that matter, we propose a revision of the well classification into
specific subareas previously presented in Mortensen et al. (2009a) as following: K-32 is
classified into subarea Vitismor, and wells K-36 and K-38 are classified into Vesturhlidar
(Table 1).

The reservoir engineering analysis done focused on an analysis of changes in well output
with time. This shows that it appears to be possible to separate the Krafla area in two,
based on output changes. Firstly the eastern part of the field, Sudurhlidar and Vesturhlidar,
where production wells experience the greatest decline in mass output accompanied by
high, and even increasing enthalpy. This may indicate that the underlying part of the
geothermal system is relatively closed, with limited natural recharge. In contrast wells
producing from the lower Leirbotnar system experience no decay in mass output, but a
considerable decline in enthalpy, which can likely be both attributed to natural recharge
induced by the pressure drop in the system (open system) and the effect of reinjection into
well K-26. Simple lumped parameter modelling based on pressure changes in the upper
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Leirbotnar system due to production reflect a permeability of the order of 20-30 mDarcy.
The temperature model for the Krafla geothermal system developed in 2009 did not
require any significant modifications.

* An evaluation of wellbore modelling in conjunction with the upcoming numerical
modelling has shown that it is possible to describe the behavior of a production well by
simple mathematical equations, which can be linked with the modelling software. This
applies to high- and medium-enthalpy wells, down to 1300 kJ/kg. Only four parameters
(per feed-zone) are needed instead of the data tables required by the original well-head
module in ITOUGH2. Through this method well-head pressure measurements can be used
to calibrate the reservoir model, improving its confidence.

* Tracer test have been conducted on four occasions in Krafla. Comprehensive and definite
results were only obtained in a small-scale test conducted in Hvithdlar, while the results
of the other tests are relatively inconclusive, mainly because of no or insignificant tracer
recovery.

10.2 Main aspects of the revised conceptual model of the Krafla system

Any conceptual model of the structure and characteristics of the Krafla volcanic and geothermal
system has to take into account the geological history. A very comprehensive description of the
geological structure and the volcanic history of the Krafla volcanic system has been given by
Seemundsson (1991). The following summarizes that history.

The Krafla volcanic system is believed to have been active for about 200,000 years. It consists of a
central volcano and a NNE-SSW trending fissure swarm running through it. Generally speaking
the central volcano is characterized by a gently sloping topographic high with a caldera in the
middle. The caldera has been associated with an eruption producing semi-acidic welded tuff
about 110,000 years ago.

The fissure swarm of Krafla takes up and accommodates most of the crustal spreading in the part
of the northern volcanic zone around it. The fissure swarm and the volcano seem, however, to
have a sort of bimodal behaviour. Until about 8000 years ago, the presently active part of the
fissure swarm was active with considerable volcanic activity, mainly within the caldera (Mt.
Krafla) and to the south. Sigurdur Porarinsson called this the Ludent-period. After the Ludent-
period the spreading shifted, for about 5000 years, to the western part of the caldera. Seemundsson
(1991) calls this the Hvannstéo-period. There seems to have been amazingly little extrusive
volcanic activity during the Hvannstéd—period; the main event being a phreatic eruption from the
explosion crater Hvannst60 about 5000 year ago. About 3000 years ago the spreading shifted back
to the eastern part of the fissure swarm, with substantial extrusive volcanism, persisting to present
time, with the Myvatn- and Krafla fires the most recent events.

The geological studies of Seemundsson are mainly based on studies of rocks and structures visible
on surface and tephrochronological dating of postglacial lavas. The interpretation of the Bouguer
gravity map of Krafla, discussed above, suggests that the geological history sketched here is
missing some important events and structures that are not visible on surface, namely a possible
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buried inner caldera formed about 80,000 years ago and an extensional WNW-ESE low gravity
lineament, mostly filled with hyaloclastite.

Exploration, drilling and utilization of the Krafla geothermal system has shown that the
geothermal system in Krafla is very complicated both in structure and in thermo-hydraulic condi-
tions. It may even be considered to constitute more than one system. This is e.g. demonstrated in
shallow resistivity, as discussed earlier (see e.g. Figure 19). The associated analysis shows that
high temperature alteration is mainly found within the inner caldera and north of the low gravity
lineament, reflecting that the inner caldera and the WNW-ESE low-gravity lineament are
structures that are of great importance in the geothermal systems.

Different parts of the geothermal system(s) in Krafla have very different thermo-hydraulic
character. The anomalies (Figure 21) in the SW-part, and furthest to the east, have cooled down
and the one to the east is actually extinct. What appears as one system in the northern part of the
inner caldera is actually divided into two or maybe three very different reservoirs. East of
Hveragil (Vesturhlidar- and Sudurhlidar) there is, generally speaking, a boiling (two-phase)
systems from about 2 km to shallow depths, except in the easternmost well (K-18) which shows
cooling in the upper parts although hot near the bottom. West of Hveragil the geothermal
reservoirs is divided into two very different reservoirs, a deep two-phase (boiling) reservoir,
below 1-1.5 km, and overlain by about 200°C almost isothermal convective liquid dominated
reservoir, except at shallow depths where it may reach two-phase conditions (boiling). Alteration
in the upper system shows, however, that sometime in the past a two-phase reservoir existed
there. In Hvithdlar there is a small geothermal reservoir, probably isolated from the main
system(s) to the north, showing temperature inversion with depth.

This complexity of the geothermal system(s) in Krafla has puzzled geoscientists for many years.
Here an attempt will be made to shed some light on this complexity. The ESE-WNW low gravity
lineament seen as a gravity low on the Bouguer map is believed to have started to form after the
area was glaciated; it cuts through the inner caldera (Figure 18). The extensional component that
produced it seems to favor intrusion of ESE-WNW trending dikes north of the low-density low-
gravity lineament. These are the relatively shallow intrusives seen in the northern part of the
section on Figure 19. In the Krafla fires, faults in the south slopes of Mt. Krafla and with the same
direction as the low gravity lineament, but a few hundred meters north of it, were activated. The
intrusions seem to be confined within the inner caldera and not extending into the western part
of the bigger caldera because the resistivity surveys show very little sign of geothermal alteration
in the western part of the outer caldera. It is therefore postulated that the main heat source of the
geothermal system in the northern part of the inner caldera is a complex of ESE-WNW trending
dikes from Mt. Krafla and to the west of Leirhnjukur.

This dike complex seems to be delineated by the 3D inversion models of the magnetotelluric (MT)
data. It appears as a high-resistivity zone bordered by low-resistivity, to both the south and north.
The resistive central part of the dike complex probably reflects fully crystalized rocks, while the
conductive margins might indicate smaller volumes of partial melt. Models from both 1D and 3D
inversion of the MT data show a deep conductor close to the rim of the outer caldera under
Sandabotnaskard which could reflect another smaller heat source. Neither of the models show a
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deep conductor associated with the geothermal system in Hvithoélar. The wells in Hvitholar show
boiling conditions at a relatively shallow depth but temperature inversion below that.

Based on the studies presented in Chapter 8.2, it is now suggested that the so-called “upper
reservoir” developed in the following way. As mentioned earlier, the spreading shifted from the
eastern part of the fissure swarm to the western part of the outer caldera about 8000 years ago,
but very little intrusive activity seems to have followed as shown by the resistivity surveys with
no sign of extensive geothermal alteration there. Dike injection continued, however, in the inner
caldera and produced a powerful geothermal system. The shallow high-temperature alteration
seen in the now much colder “upper system” is probably from that time. About 3000 years ago,
the spreading moved back to the eastern part, with extensive faulting. This greatly increased the
permeability in the shallow crust, but repeated intrusions in the dike complex maintained low
enough permeability at depth so that a two-phase geothermal system persisted. The much higher
permeability above resulted in the vigorously convecting, almost isothermal system observed
today. East of Hveragil permeability was not so much affected and two-phase conditions prevail
to shallow depths.

Further to the south, under Leirhnjukshraun, resistivity shows high temperature geothermal
alteration. This is the fingerprint of a high temperature geothermal system, maybe formed by
intrusions at the end of the glaciation. This system was also affected when the spreading shifted
3000 years ago, but lacked renewed support from below and cooled extensively as seen in well
KV-1. The presently active part of the fissure swarm does, however, not extend east to Hvitholar
so that low permeability is maintained there in general and remnants of a fading geothermal
system, as discussed above, are still found there. Yet the extensive cooling to the west is close, as
was seen in well K-22, which was deviated to the west. It is much colder at depth than vertically
drilled wells in Hvithdlar.

As mentioned above, the resistivity model from the 3D inversion of MT shows the ESE-WNW
trending dike complex in the inner caldera as a high resistivity structure bordered by low
resistivity on each side. It is also mentioned that the high resistivity could reflect fully crystallized
rocks, while the bordering low resistivity could reflect partially molten rocks. This can be taken
to suggest that there is no magma chamber in the Krafla volcano in the classical sense. Instead,
there are, in periods of unrest, dike injections at the margins of the dike complex. The low
resistivity at the southern border could be still partially molten dike, which was injected during
Myvatn fires, where eruptions and magma injection into the fissure swarm was mainly to the
south. The low resistivity on the northern margin could be a dike injected during Krafla fires,
where eruptions and magma injection was mainly to the north. This type of scenario would lead
to the S-wave shadows observed by Einarsson (1978).

To summarize, it is suggested that, at present, the Krafla volcano hosts three separated geothermal
reservoirs: a big reservoir within the inner caldera and north of the WNW-ESE low gravity
lineament (Sudurhlidar, Leirbotnar, Vitismor and Leirhnjakur), a small old system at Hvithdlar in
its final stage and fading out and a small deep reservoir at the caldera rim in Sandabotnar. In
addition, there is an extinct system under Leirhnjikshraun. Before the rifting moved back to the
eastern part, the systems in the inner caldera and Hvithdlar were convecting fluids from the
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general groundwater flow from the south. When the rifting started 3000 years ago, local
groundwater started to interfere with the system in the inner caldera and west of Hveragil. It
would appear that intermittently, during rifting episodes, liquid from the extremely permeable
upper part escapes into the lower part and recharges it. The small reservoir in Sandabotnar close
to well KS-1 is recharged by what appears to be a fluid from far south and probably quite old,
probably the deep current shown in Figure 21.

Finally, a word about the rhyolite magma drilled into in K-39 and IDDP-1. Analyses of Zierenberg
et al. (2013) show that in both cases the magma is a re-melt from weathered basalt. In fact, the
distinct meteoric water oxygen signature of rhyolite in Iceland suggests that rhyolite forms
directly by crustal melting of hydrothermally altered basalt rather than by differentiation in
“conventional” magma chambers. Zierenberg et al. (2013) conclude that the magma encountered
in IDDP-1 was melted at a greater depth than the one encountered in K-39 which could be melted
locally. Rhyolite magma “pockets” like this are a sort of “secondary” heat sources which can
probably be widespread over the primary basaltic heat sources in the dike complex.

10.3 Conclusions and recommendations

This report has described the latest revision of the conceptual model of the Krafla geothermal
system. The revision is based on earlier conceptual models, with the oldest being from 1977 and
the most comprehensive one from 2009. It is furthermore based on some re-evaluation of earlier
information and interpretation and incorporation of new data. The model revision presented here
is done in preparation of the development of a new detailed numerical reservoir model of the
Krafla geothermal system.

The numerical model will be based on the principal, relevant aspects of the conceptual model.
These include, with more details provided above:

* The main geological structures, both formations as well as faults and fracture-zones, as
incorporated in the Petrel model for the Krafla system. This mainly relies on borehole
geological data, but is also backed by gravity data.

* Aninventory of the main feed-zones of wells in Krafla (see recommendation below).

* Indications of heat sources, both depth and lateral extent, as they appear through the
interpretation of resistivity and seismic activity data.

* Subdivision of the Krafla system into zones, or sub-reservoirs, especially the apparent east-
west separation between Sudurhlidar and Vesturhlidar on one hand and other parts of the
system on the other hand, as evidenced by output and chemical content data. The
subdivision between upper and lower Leirbotnar is also significant. The nature of these
zones in terms of boundary conditions and recharge is most relevant.

* The formation-temperature model for the Krafla system, as now incorporated in the Krafla
Petrel model, is of utmost significance for the numerical model, temperature being the
primary calibration variable for the natural state.

* The reservoir pressure distribution and pressure changes due to production from the
reservoir
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In addition changes in output, i.e. in mass flow and enthalpy, as monitored through time,
will be used to calibrate the numerical reservoir model

Wellhead pressure monitoring data for Krafla production wells should be incorporated as
an additional calibration parameter, along the lines reviewed above.

The conceptual model of the Krafla geothermal system needs to be constantly evolving and the
present revision has been limited by its purpose as well as the time and funds available for the
revision. Therefore, the following recommendations are put forward for the purpose of further

revision of the Krafla conceptual model as well as to enhance the process of the numerical model

development:

The incorporation of geo-scientific data into Petrel should be continued to enable 3-
dimensional visualization and cross-correlation.

The feed-zone inventory for Krafla wells needs to be upgraded with the purpose of
confirming the principal productive feed-zones for each well (probably only 1-3 per well).
The present list (included in Petrel) is too extensive as it includes most feed-zones detected
during drilling and through borehole geology.

Greatly increased understanding of dominant feed-zones in production and reinjection
wells, and their contribution during utilization, can be achieved through televiewer- and
spinner-logging (PTS-logging) in discharging wells.

Seismic monitoring in the area should continue. Further analysis of the extensive seismic
data available will add significantly to the understanding of the Krafla geothermal system,
e.g. derivation of focal mechanisms and relative event locating.

Further resistivity soundings (TEM and MT) to fill in gaps in data coverage and to enable
more accurate 3-D modelling.

The comprehensive monitoring of chemical content of reservoir fluid should continue, but
added emphasis should be placed on stable isotopes, as analyses of these has been limited
up to now and new speculation about the origin of fluids were rises recently (see Pope et
al., 2015).

Results of the EU-supported IMAGE-project related to Krafla, which aims at improving
exploration methods for deep geothermal resources, should be incorporated into the
Krafla conceptual model, once they become available.

As the wellbore model, discussed above, was originally developed for high enthalpy wells,
tests will also be performed to assess the accuracy of the method for wells producing fluid
at low enthalpy (~1000 kJ/kg).

It is recommended to use a revised version of TOUGH2/iTOUGH2 (Magnusdottir and
Finsterle, 2015), which can model much more extreme temperature and pressure
conditions than previous versions of the software, when this revision becomes available.
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Figure A 1. Enthalpy vs. time of each well included in this study in Vitimor.
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Figure A 2. Enthalpy vs. time of each well included in this study in Vesturhlioar.
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Figure A 3. Enthalpy vs. time of each well included in this study in Sudurhlioar.
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Figure A 4. Enthalpy vs. time of each well included in this study in Leirhnjiikur.
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Figure A 5. Enthalpy vs. time of each well included in this study in Leirbotnar.
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Krafla - Leirbotn. Well K-9
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Figure A 9. Enthalpy, output and steam decay in well K-9.
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Figure A 10. Enthalpy, output and steam decay in well K-14.
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Krafla - Sudurhlidar. Well K-17
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Figure A 13. Enthalpy, output and steam decay in well K-17.
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Figure A 14. Enthalpy, output and steam decay in well K-19.
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Krafla - Sudurhlidar. Well K-20
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Figure A 15. Enthalpy, output and steam decay in well K-10.
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Figure A 16. Enthalpy, output and steam decay in well K-21.
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Figure A 17. Enthalpy, output and steam decay in well K-22.
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Figure A 18. Enthalpy, output and steam decay in well K-24.
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Krafla Sudurhlldar WeII K—30
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Figure A 19. Enthalpy, output and steam decay in well K-30.
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Figure A 20. Enthalpy, output and steam decay in well K-31.
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Krafla - Vitismor. Well K-32
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Figure A 21. Enthalpy, output and steam decay in well K-32.
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Figure A 22. Enthalpy, output and steam decay in well K-33.
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Figure A 23. Enthalpy, output and steam decay in well K-34.
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Figure A 24. Enthalpy, output and steam decay in well K-36.
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12 T !
— Exponential fit to total output @0®@ Steam output (kg/s) 43500
— Exponential fit to steam output - Enthalpy (kJ/kg)
- @®@ Total output (k
10 | e®e Total output (kg/s) 13000
Q ° =
D’j -
=2 {2000 =
5 of &
e ©
= 41500 £
@] =
4 L
411000
2 |
4500
0 | | | | | | | o
2008 2009 2010 2011 2012 2013 2014
Figure A 25. Enthalpy, output and steam decay in well K-37.
Krafla - Vesturhlidar. Well K-40
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Figure A 26. Enthalpy, output and steam decay in well K-40.
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