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SUMMARY
Over the next several years the IDDP expects to drill and test a series of boreholes
that will penetrate supercritical zones believed to be present beneath three currently exploited
geothermal systems in Iceland. This requires drilling to depths greater than 4 to 5 km, in
order to produce hydrothermal fluids at temperatures of 400 to 600°C. The aim of Deep
Vision is to enhance the economics of geothermal resources by producing supercritical
hydrothermal fluids.
Deep Vision launched a two year feasibility study early in 2001, in which basic
questions should be addressed, such as: Can such a deep and superhot well be safely drilled?;
can it produce fluids?; what will be the gains and losses, and the overall economics?; where
should the first IDDP well be drilled, and so on. The feasibility report is split into three parts,
Part 1 on geosciences and site selection, Part 2 on drilling techniques, and Part 3 on fluid
handling and evaluation.
In this Part 1 of the report, the geological condition of the three high temperature
hydrothermal systems is described; the Reykjanes system within the rift zone astride the
Reykjanes Ridge, containing saline fluid; and the geothermal systems within the Hengill and
the Krafla central volcanoes, both containing dilute fluids. Sixteen potential drill sites for
IDDP wells are evaluated and discussed, and a priority order on site selection is made, both
within each system and between them. The recommended IDDP priority order, i.e. which
system to drill first is: Nesjavellir, Krafla, Reykjanes. Feasible targets exist within each of
these geothermal systems, and the priority order is not meant to exclude the first IDDP
drillhole to be sunk in any of them. Nevertheless, supercritical conditions are believed to
exist at the shallowest depth attainable at Nesjavellir, and most likely involving the most
dilute fluid of the three systems.
The heat source at Reykjanes is apparently rather deep-seated and for that reason
relatively deep drilling may be needed to reach supercritical conditions. Bottom hole
temperatures from well RN-12, a new 2.5 km well, are expected within the next few months,
and will be a good indication of the deep temperatures to be expected. The fluids encountered
so far in that system are relatively saline and there is no reason to expect deeper fluids not to
be saline too. Other factors being equal higher pressure and temperature and therefore greater
depth are needed to reach supercritical conditions if the fluid is saline than if it is dilute. A
new well should be drilled at the Stampar eruptive fissure and compared to the well RN-12
prior to final siting of an IDDP well at Reykjanes.
Investigation of the Hengill volcanic complex indicates that supercritical conditions at
shallower depth than 5 km, and perhaps less than 3 km depth, are likeliest to be found
associated with the youngest volcanic structure in the western part of the Nesjavellir system.
If the fluid in this main upflow zone at Nesjavellir is dilute fluid of the type observed
elsewhere in the Nesjavellir system, the satellite nature of the system as an outflow from the
Hengill center, makes it likely that the fluid has reached some sort of equilibrium after
magmatic gases were emitted from the magma reservoir and therefore the fluids are not likely
to be vicious. Accordingly it is likely that at Nesjavellir supercritical conditions can be
reached at a relatively shallow depth with minimum danger of utilization problems. A new
inclined well near NJ-12 in Kýrdalur, is recommended, aiming to meet a supercritical zone at
3-4 km depth, while other options are considered.
The heat source in Krafla is believed to be shallow and high temperatures are
expected be reached at relatively shallow depths. The closeness to a magma chamber may
possibly bring problems such as those encountered during the 1975-1984 episode, manifested
in extensive deposits and acid fluids, even though the effect of the volcanic episode has
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diminished substantially in recent years. The reservoir fluid is apparently dilute and easy to
handle but there are signs from one well (KJ-12), which temporarily charged superheated
fluid, that at a greater depth there may exist a more saline brine from which HCl-rich steam
can boil. The main upflow zone at Hveragil is the most attractive target. Whether the well
will be straight or inclined, has not yet been discussed seriously, but both options should be
considered. The presence of a supercritical fluid above 4 km is most likely the case.
In developed crustal genesis regions of Iceland, like at the proposed sites for the
IDDP at Reykjanes, Krafla and Hengill, it is hypothesized that the onset of semi-brittle state
in crustal rocks occurs at the top of the lower crust. At approximately this depth the
frequency of earthquakes starts to drop. It lies at 4-5 km depth under the IDDP sites. The
depth above which 90 % of the seismicity lies, is defined as the depth to the brittle-plastic
boundary and the bottom of the seismogenic part of the crust. This boundary lies between 6
and 7 km below the IDDP sites with a 1.5-2 km thick brittle-plastic transition zone above it.
There are limited laboratory measurements available on rheology of basaltic rocks, but
arguments have been put forward for a 600°C temperature at the semi-brittle boundary and
760°C at the brittle-plastic boundary in a 2 cm/yr strain region like Iceland. None-double
couple earthquakes in the midcrust and in the top part of the lower crust in crustal genesis
regions of Iceland suggest that hydrous phases may exist in the crust at depths where the
average temperature exceeds 400°C. Expected temperatures at all IDDP drillfields
considered, range between 550 and 650°C at 5 km depth, +/- 100°C.
A review of environmental verdicts from the Planning Agency in Iceland, shows that
drilling itself is usually not the main environmental concern but rather activity such as road
construction and excavation of material. As all IDDP boreholes proposed will be located
within borefields belonging to an approved power plant, and/or involve deepening of an
existing borehole in such a field, it is likely that road construction and other surface
disturbances will not cause serious environmental concern. The main geothermally related
concern is the disposal of waste water from boreholes, either during testing or utilzation.
When the IDDP project will be evaluated, the disposal of waste fluids is likely to cause
concern, as the purpose is to obtain fluid which we are not familiar with and might well
contain various elements in higher concentrations than is desirable for the environment,
unless preventive action is taken. However, as detailed knowledge of the deep fluid
composition will never be available without deep drilling and flow testing, the chief concern
should be to secure the strategy for safe disposal of the fluid during testing. As the IDDP
wells should produce superheated dry steam and gases, the liquid fluid portion would mostly
be condensate, ans should constitute a small volume.
The next step to be taken regarding IDDP depends entirely on the Icelandic energy
companies. Firstly, each company must decide if their drill fields, or parts of them, will be
made available for IDDP drilling. Secondly, when the first decision is available, a decision
on where to drill the first well need be made. Thirdly, a decision on if and when to continue
need be made. If the third decision will be to continue IDDP, and the decision is not delayed
for too long, the next logical step is to seek local and international partners and funding for
the drilling and science activity. Once the potential IDDP target has been selected, there is
need for a series of preparation and planning processes for the drilling and science
organization, funding being the most important. Applications for funding from international
funding agencies or the industry take time. Two years do not seem unrealistic.
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INTRODUCTION

The Iceland Deep Drilling Project (IDDP) is a project of Deep Vision, a long-term,
focussed program to improve the economics of electrical production by major improvements,
in the power output of geothermal wells. The study will require drilling wells and sampling
fluids and rocks to depths of 3.5 to 5 km and at temperatures of 400-600°C. The long term
IDDP plan is to drill a series of deep boreholes to penetrate into supercritical zones believed
to exist beneath three currently producing high temperature geothermal fields in Iceland. The
main aim is to produce fluids for electrical power production that have significantly higher
enthalpies and flow rates than are currently available to the worldwide geothermal industry.
If such enormous gains in energy output from supercritical reservoirs can be obtained, it
would enable the geothermal energy industry to exceed current estimates of its potential for
meeting long-term energy demand by a substantial amount, not only in local or regional
markets, but globally. Current estimates of potential geothermal contributions to global
energy demand are in the range of a few percent of total installed electrical power. A five- to
ten-fold increase in energy output per well from high-temperature geothermal reservoirs
would make the economics of geothermal energy more competitive globally, particularly in
conjunction with a hydrogen-fuelled transportation system in countries like Iceland that lack
sources of hydrocarbon fuels. Therefore, the success of this project can have important
environmental as well as scientific benefits.
Deep Vision is a consortium of three major energy companies in Iceland, Hitaveita
Sudurnesja (HS), Landsvirkjun (LV) and Orkuveita Reykjavikur (OR), together with
Orkustofnun-GeoScience (ROS), a research division of the National Energy Authority of
Iceland, a government agency. Representatives from these companies constitute the Deep
Vision steering committee, Albert Albertsson (HS), Björn Stefansson (LV), Einar
Gunnlaugsson (OR) and Gudmundur Omar Fridleifsson, (ROS) respectively. Deep Vision
was established in early spring 2000, and the IDDP long term goal of drilling for supercritical
hydrous fluid presented at the World Geothermal Congress in Japan early summer the same
year (Fridleifsson and Albertsson, 2000). There, a call was made for an international
collaboration around the idea of deep drilling for supercritical fluid. A group of three
principal investigators (PI’s) was established, in addition to G.O.Fridleifsson, composed of
Wilfred A. Elders, emeritus professor and the University of California, Riverside, USA and
professor Seiji Saito at Tohoku University, Sendai, Japan.
Deep Vision launched a two year feasibility study on IDDP in March 2001, to
examine three candidate sites in Iceland and to consider the economic and engineering issues
of drilling to greater depths and higher temperatures than are currently drilled. Three
thematic working groups were established, one on geosciences, another on drilling technique
and the third on fluid handling and evaluation (earlier pilot plant group). These were led by
Gudmundur Ómar Fridleifsson, geologist, Sverrir Thórhallson, drilling engineer, and Albert
Albertsson, mechanical engineer, respectively. The mandate of the groups varied
considerably and, was estimated to be by far the most extensive for the drilling technology
group. The role of the geosciences group (GS-group) was mostly to review existing data
on the different geoscientific aspects of the three high-temperature hydrothermal systems
being considered, Reykjanes (managed by HS), Nesjavellir (managed by OR) and Krafla
(managed by LV) with respect to deep drilling. Based on this review process a
recommendation on potential IDDP drillsites in all these systems was to be made, and if
pertinent, a selection of a site for the first IDDP drillhole. Additionally, a review of
environmental aspects and relatively recent environmental legislation, became the role of the
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geosciences group. The principal role of the drilling technique group (DT-group) was to
answer the fundamental question if drilling for 400-600°C hot hydrous fluid, and its
production through the wellbore, was possible with respect to a variety of safety measures,
both during and after drilling. The second role of the group was to make detailed cost
estimates of different drilling options for the IDDP drilling project. The role of the fluid
handling and evaluation group (FHE-group) was to look into the technical aspects of
utilizing a supercritical hydrous fluid from an active hydrothermal system. Can such a fluid
be produced through a wellbore and what is the likely course of events upon cooling and
depressurization. The three technical groups have worked relatively independently of each
other in between three IDDP/ICDP technical workshops, discussed below. Therefore a
decision was taken to present the feasibility report in three parts, Part I on geosciences and
site selection, Part II on drilling technique, and Part III on fluid handling and
evaluation. G.O Fridleifsson has served as the project manager for IDDP and a liaison
person between the feasibility study groups.
At WGC-2000 in Japan, Deep Vision invited the participation of the engineering and
scientific geothermal community to use these IDDP wells for both technical and scientific
studies that are of mutual advantage to both industrial and scientific participants. An
application for funding was submitted to the International Continental Scientific Drilling
Program (ICDP) in January 2001. In early spring ICDP granted the PI’s US $ 50.000 to
organize and plan the science structure. An IDDP/ICDP start-up meeting was held in
Reykjavik in June 2001. A Science Applications Group of Advisors (SAGA), with both
Icelandic and international membership was formed to develop the guidelines for a scientific
program within the IDDP. The newly established thematic groups of the feasibility study
introduced data and ideas on the three high-temperature systems concerned and the IDDP
plans. The exchange of ideas with SAGA sharpened the focus of the feasibility study. The
result of the start-up meeting is described in SAGA report No. 1 (see Appendix 1). Iceland
enrolled as a member country of ICDP in December 2001. At a PI meeting in December 2001
it became clear that the IDDP program needed two workshops, one on drilling technique and
another one on geoscience. A 2nd application to ICDP, now for workshop 2, was submitted to
ICDP in January 2002. ICDP granted another US $ 50,000 support a few months later.
Workshop No. 1, was held in March 2002 and was concerned with optimising the
strategy of drilling into and sampling at supercritical conditions. That workshop led to a
clearer definition of the conditions likely to be encountered and developed guidelines for
planning the necessary drilling, coring and fluid sampling. The result of Workshop No.1 is
described in SAGA report No.2 (Appendix 1). The result of Workshop No. 2, which was
held in October 2002, is described in SAGA report No. 3 (Appendix 1). The 2nd workshop
was primarily concerned with formulating a comprehensive science plan and discussing
research proposals submitted by the international science community to participate in IDDP.
About 40 separate scientific proposals were considered at this workshop. Workshop No. 2,
provided the framework for detailed planning of a scientific program integrated with the
drilling and sampling strategy. The outcome was an enthusiastic endorsement of the project
by both industrial and scientific partners.
Workshop No 2 was followed by a meeting of SAGA, the science advisory group of
the IDDP. Specific recommendations of the SAGA meeting included (i) Performing an
immediate review of existing geothermal wells in Iceland that could be utilised by the IDDP
for scientific studies. (ii) Discussing opportunities for drilling and sampling of pilot holes to
obtain scientific information and to test technologies for later use in the hot, hostile
environment of the deep boreholes that will be drilled by the IDDP. (iii) Continued planning
of and preparation for the long-term program of deep drilling.
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During the IDDP/ICDP start-up meeting and workshops No.1 and 2 status reports of
the feasibility studies were presented and discussed along with other topics. These
discussions, and subsequent recommendation by SAGA, influenced the feasibility study and
the overall drilling strategy. This is mirrored by cost estimates for different drillhole options
in Part II of the feasibility report on drilling technology, and also by a somewhat extended
discussion of the “wells of opportunity” in Part I of the feasibility report. In Part II, cost
estimates are made for well types A and B, proper IDDP wells, and several different types
for “wells of opportunity”. Basically, a well of opportunity involves “pilot drilling” by coring
between 2-4 km from some existing high-temperature well.
For decades, most of us working on the feasibility report have been deeply involved
in research and exploration of all the three geothermal areas dealt with. As a consequence, in
Part I of the feasibility report, we have the tendency to shortcut through the literature and
unpublished data on Reykjanes, Hengill and Krafla, and extract only the essence of
knowledge relevant to the long term goal of IDDP. Along with us, a number of colleagues at
Orkustofnun, Geoscience, have summarized data on the high temperature systems and
presented in lectures and field guidance during the start-up meeting in 2001 and at the
IDDP/ICDP Workshops No.1 and 2 in 2002. In particular we want to acknowledge:
Ásgrímur Gudmundsson, Benedikt Steingrímsson, Grímur Björnsson, Hjalti Franzson,
Hjálmar Eysteinsson and Ómar Sigurdsson. Their contribution is adopted in the feasibility
report as needed. Most of the abstracts and presentations made during the IDDP/ICDP
workshops are also made available on CD-discs along with this feasibility report, and an
inseparable part of it. Beside the Orkustofnun staff, geothermal experts from VGKengineering Ltd, Iceland Drilling Company Ltd., and the energy companies, in addition to
Deep Vision, have been involved in the feasibility part of the Iceland Deep Drilling Project.
A note on the ultimate goal of IDDP needs be introduced before continuing. The chief
task of IDDP is to successfully produce a supecritical hydrous fluid through a wellbore. One
fundamental requirement for a successful operation, is to prevent mixing of supercritical
hydrous fluid with fluid at subcritical temperatures. If mixing occurs, a two phase flow
would result, fluid flow rate through the wellbore would be reduced, and serious acidification
of water droplets could result and cause severe corrosion of the steel casings and well head
equipment. The simplest way to prevent this, is to separate by steel casings, the conventional
part of a hydrothermal system from its supercritical part. In water dominated hydrothermal
systems, the maximum temperatures at each depth are controlled by the boiling point with
depth curve (BPD-curve) up to the critical point (CP). For pure water the CP occurs at 221.2
bars and 374.15°C, but at higher pressures (P) and temperatures (T) as salinity increases. As
the density of water decreases with increasing T the critical point will not be reached until at
3,5 km depth in open hydrothermal systems at boiling point T (up to the surface), as is locally
the case for the Reykjanes, Nesjavellir and Krafla systems. Exception may exist at shallower
depths, if some form of a caprock or a pressure chamber separates the subcritical part of the
system from the supercritical. Well NJ-11 at Nesjavellir would represent one such example if
true supercritical conditions were met at about 2,2 km depth as claimed by Steingrimsson et
al. (1990).
The difference between a conventional two phase high-temperature hydrothermal
systems and supercritical systems are neatly explained in the enthalpy-pressure diagram
shown in Figure 1 (from Fournier 1999). At temperatures and pressures above the critical
point (CP), only a single phase, supercritical fluid exists. If a supercritical hydrothermal fluid
(at A) with an enthalpy of about 2100 Jg-1 flows upward, decompresses and cools
adiabatically it would reach the critical point (at B), and with further decompression separate
into two phases, water and steam (E and D). The arrows to the left of the vertical line AB
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(AE and AL) show possible pathways where upward flow is accompanied by conductive
cooling so that supercritical fluid is transformed into hot water with, or without, boiling.
This situation is representative of many high-temperature, water-dominated, geothermal
reservoirs where typically boiling, induced by decompression, drives a thermo-artesian flow
in a wellbore. Similarly the pathway H-D represents supercritical fluid that separates into
steam and water at D and E, a situation representative of a vapour-dominated geothermal
reservoir. Steam turbines in geothermal plants generate electricity by condensing the steam
separated from the two phase system, which, depending upon the enthalpy and pressure at
which steam separation occurs, is often only 20% of the total mass flow. The concept behind
the Deep Vision program is to produce supercritical fluid to the surface in such a way that it
is transformed directly to superheated steam along a path like F-G in Figure 1, resulting in a
much greater power output than from a typical geothermal well, possibly an order of
magnitude greater.

Figure 1. Pressure enthalpy diagram for pure H2O with selected isotherms. The
conditions under which steam and water coexist are shown by the shaded area,
bounded by the boiling point curve to the left and the dew point curve to the right.
The arrows show various different possible cooling paths (Fournier, 1999).
It should be noted that the pressure, enthalpy, and temperature limits on the two-phase
field in Figure 1, will be affected greatly by salinity and the presence of non-condensable
gases, such a CO2 in particular. The effect of this, for instance, was discussed by Fournier at
the IDDP-ICDP workshop 1, and by Tsuchiya and Bignall at IDDP-ICDP workshop 2,
presentations available at the CD disc accompanying this feasibility report.
Considerable effort has been made in publicizing IDDP internationally and
domestically since its beginning. In order to keep track of these, a reference to abstracts and
publications to date is made (Fridleifsson and Albertsson, 1999, 2000; Albertsson and
Fridleifsson 2000; Fridleifsson et al. 2000; Elders et al. 2001, a, b, c; Fridleifsson 2001,
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Fridleifsson et al., 2001 a, b, c, d, e; Fridleifsson et al. 2002 a, b; Saito et al. 2001, 2002;
Thorhallson 2001), beside lectures and White Papers presented at the US–Iceland Science
day, May 2002, lecture at the Soc.Sci.Islandica 2002, SAGA reports, 1, 2, 3, in 2001 and
2002 (Appendix 1), White Paper in relation to a possible application to EC-Framework
Program 6, January 2003, and several presentations within the Deep Vision companies.

2

OVERVIEW ON REYKJANES, HENGILL AND KRAFLA

The three sites selected for consideration by the IDDP display different stages in the
tectonic development of the mid-ocean ridge. The Reykjanes site, a direct on-land
continuation of the submerged Reykjanes Ridge, represents an immature stage of rifting with
a sheeted dike complex as a heat source. Fluids produced by 2 km deep geothermal wells in
this system are evolved seawater. At Nesjavellir, the relatively young Hengill central volcano
is the heat source for a geothermal reservoir in a graben recharged by meteoric water. The
Krafla high-temperature geothermal field rests within a caldera in an active, mature, central
volcanic complex, developed above a magma chamber. It produces evolved meteoric water
with some addition of volcanic gases. Figure 2 shows the location of these three geothermal
systems.

Figure 2. Simplified geological map of Iceland showing the location of the Reykjanes, Hengill and Krafla high-temperature geothermal systems.
First we present an overview of these high temperature areas. Closer details of the
surface and subsurface geology and borehole geophysics, fluid geochemistry, resistivity,
seismic studies and environmental aspects are dealt with in subsequent chapters. Most of our
discussion is based on published and unpublished data, papers and technical consultancy
reports to the energy companies (HS, LV, OR) on all the three areas. Most of the reports are
in Icelandic and published by Orkustofnun, and in some cases others. Only a mere fraction of
the reports is referred to here, and in general we limit the references list to significant
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published papers or published extended abstracts in English if available. An exception to
this, concerns the seismic study done by Ingi Þ. Bjarnason in chapter 6. There a new
interpretation on available seismic data is presented, e.g. on the depth to the brittle/plastic
boundaries at all sites and the overall rheology of the crust, which is of particular importance
to IDDP.
2.1

Reykjanes
The Reykjanes geothermal area is situated in the extreme SW of Iceland, about 50 km
southwest of Reykjavík (Figure 2). There is a history of episodic hot spring activity there
from early times (Sæmundsson 1997). Exploration of the area started in 1956 with the
drilling of well RN-1, surface exploration phase followed, and an earthquake episode in 1967
gave valuable information. In 1968 wells RN-2-8 were drilled (Björnsson et al. 1971), well
RN-9 in 1983, well Rn-10 in 1999, well RN-11 in 2001, and well RN-12 in 2002. Wells RN8 and RN-9 have been regarded as extremely successful and have been used for a salt
production plant but well RN-8 had to be closed down in 1993 due to a leak in a liner and
deposits. Wells RN-10, RN-11 and RN-12 are still being tested, and data on reservoir
temperatures and deep fluid composition is still limited.

Figure 3. Simplified geological map of the Reykjanes peninsula showing the
distribution of historic lavas, and the distribution of active high temperature
geothermal fields, like the Reykjanes field at the tip of the peninsula. The
Trölladyngja field is mentioned in context of the wells of opportunities in later
chapters.
Figure 4 shows typical temperature profile for some of the drill fields on the
Reykjanes peninsula. The Reykjanes field is the hottest system, where max. temperature at all
depths is defined by the BPD-curve. The bottom hole temperature in well TR-01 at
Trölladyngja is the highest measured in the fields shown, the well being 2300 m deep, and
the bottom hole T only just below the BPD-curve. The deepest well at Reykjanes, and also
the deepest high-T well in Iceland, is well RN-12, 2500 m deep. Knowledge of the true
bottom hole temperature is expected within the next few months.
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Figure 4. Typical temperature profiles showing the reservoir temperatures at
Svartsengi, Eldvörp, Trölladyngja and Reykjanes. The temperature of well 10 at
Reykjanes is close to that defined by the BPD-curve.
A closer detail of the geology of the Reykjanes field is discussed in Chapter 3. Some
detailed surface exploration has taken place in recent years, both detailed geological
mapping, and no the less detailed TEM-resistivity surveys (Chapter 6). A very important
feature of those is the presence of low resistivity on top of high resistivity and the areal extent
of such a feature is considered to delineate the high-T subsurface geothermal system. An
overview of the resitivity at 500 m depth b.s.l. of the Reykjanes peninsula is shown in Figure
5.

Figure 5. An overview of TEM resistivity at 500 m.b.s.l on the Reykjanes peninsula.
The Reykjanes high-T geothermal field is in the lower left corner.
The results of recent resistivity measurements for the tip of peninsula (Karlsdóttir 1997) is
discussed in more detail in Chapter 5, but they suggest an areal extent of at least 10 km2 for
the Reykjanes geothermal system whereas the extent of the surface surface manifestations is
only about 1 km2. The geothermal system is not restrained to the SW and it is quite likely that
it extends for some distance in that direction below the sea-floor on the Reykjanes Ridge.
Seismology is a powerful tool to study and describe the nature of the earth’s crust
below drillable depths, and about the only tool available to predict the likely conditions at
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depths of interest to IDDP. In recent years development in seismometers and accumulation of
digital data have enabled more detailed studies of the seismogenic crust. Such a study is
described in Chapter 7. Figure 6 shows two examples of data accumulated during earthquake
swarms in 1971-1976 (a), and 1991-2001 (b). Lack of a very recent seismicity within the
Reykjanes geothermal system, and Krafla geothermal system, affects the feasibility study of
seismicity to some extent while a very recent seismically active episode has affected the
Hengill volcanic system (Chapter 7).

Figure 6. Seismicity during 1971-1976 (a) and 1991-2001 (b) on the Reykjanes
peninsula. Data from the Meteorological Office.
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2.2

Hengill and Nesjavellir
The location of the Hengill central volcanic system is shown in Figure 2. The Hengill
geothermal area covers about 100 km2 according to results of geophysical measurements.
The volcanic system has in recent year been divided by geophysicists into three “central
volcanoes”, overlapping and succeeding each other, the oldest one being the HveragerdiGrændalur center, active 300.000 to 700.000 years ago, and already eroded down to the
chlorite zone; succeeded by the Hrómundartindur center, whose surface formations are
younger than 115.000 years old; and the Hengill volcanic system which is presently active.
Figure 7 shows a topographic map of the whole area, the distribution of geothermal
manifestations and drillholes (mostly at Nesjavellir and Hveragerdi).

Figure 7. A topographic map of the Hengill volcanic complex. The Nesjavellir part
of the system is northeast of the Hengill mountain. Green squares indicate drillholes
at Nesjavellir and Hveragerdi. Red spots indicate active fumaroles, spread over the
Hengill complex and towards the Hveragerði town in the southeast. The distance from
Nesjavellir to Hveragerði is about 12-13 km.
Three high enthalpy geothermal fields, i.e. Hveragerði (including Grændalur),
Ölkelduháls and Hengill respectively have developed within the three volcanic systems
respectively. The geothermal fields of Nesjavellir and Hellisheiði are parts of the Hengill
system. While convenient, this division into three separate central volcanoes is somewhat
loosely defined geologically, and seems to relate rather to episodically active volcanic
periods and local accumulation of volcanics at a shifting plate boundary, than separate
systems. In many respects, it is more natural to look at the whole volcanic complex as an
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entity, slowly drifting away from the plate boundary. An interference with the south Iceland
seismic zone (SISZ), which is of transform character, blurs the picture a little and affects the
geothermal activity and possibly the volcanic activity as well. One such active episode
started in 1994, and culminated in major earthquakes on the SISZ zone further to the east
17th and 21st June, 2000. The intense seismic activity during 1994-1999 in the Hengill area
may have been caused by subsurface magma inflow in the Hrómundartindur volcanic system
(Feigl et al. 2000). The Hengill system defined here with respect to IDDP, surrounds the
Hengill mountain and the most active part of the fissure swarm crosscutting it. The Hengill
mountain itself was mostly accumulated in one or two large subglacial eruptions during the
last glacial period. Last summer, new geological data were presented that suggest the lower
part of the mountain may have formed during the 2nd last glacial.

Figure 8. A view from the Nesjavellir valley to the Hengill mountain (above) and
further to the south to Hellisheidi. White numbers indicate drillholes. Two Holocene
volcanic fissures cross the drillfield on the right hand side, the older one 5500 year
old, the younger about 2000 year old. These eruptive fissures and parallel faults
control up- and outflow of hot water and steam from the center of the Hengill system.
The Nesjavellir Geothermal Field is located just north-east of the Hengill mountain
(Figures 7 and 8). The existence of a high temperature (>380°C) below 2 km depth in well
NJ-11 suggests proximity to a magmatic heat source. The center of magmatic activity is to
the south of the wellfield. Tectonic activity is episodic and accompanied by rifting and major
faulting along the fissure swarm that intersects the central volcano as magma is injected into
the fissure swarm. Major rifting has taken place after the last eruption about 2000 years ago
indicating magmatic activity at depth within the fissure swarm. Thus the primary heat source
for Nesjavellir is probably partially molten rocks beneath the central volcano causing a major
upflow of geothermal fluids. On the other hand the upper crustal intrusions found within the
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Nesjavellir system itself are secondary heat sources suggested by thermal cracking at 2-6 km
depth observed in analysis of microseismicity (Foulger 1984). The anomalously high
temperature in well NJ-11 is probably related to a recent intrusive event. The intrusions also
enhance the permeability of the reservoir (Steingrímsson et al. 1990). The Nesjavellir field
has been harnessed, and presently the geothermal energy is used for space heating (200
MWt) and for production of electricity for the national grid (90 MWe). The field was
developed from 1965 to 1990, and production started in 1990, and has been increased in
steps.

Figure 9. The Nesjavellir power plant was built just east of wells no.11 and 16
(photo by Emil Þór)
To date a total of 22 deep geothermal wells have been drilled Nesjavellir, 14 of these
are used for the present production. The average output is 90 MWe (Steingrímsson et al.,
2000, Gíslason, pers.com.2003). Frequent monitoring of the wells has been carried out, with
weekly recording of wellhead pressure and/or water level; and also flow rate and enthalpy
measurements and sampling for chemical analysis as well as downhole pressure and
temperature measurements at least once per year.
For the last decade a simple conceptual model has been used to describe the Hengill
hydrothermal system (Figure 10). The model assumes that the main heat source and upflow
zone lies under the Hengill mountain itself. The red arrows indicate flow directions of hot
water and steam, and the blue arrows inflow of cold recharge water. During the last 5 years,
4 new wells NJ-19 to NJ-22 have been drilled at Nesjavellir, three of them directional wells
towards the south below the Hengill mountain. And since 2001, 5 new wells (four
directional) have been drilled in the flat area on the left side (south side) of Figure 10. The
wells on the south side added valuable new data to the knowledge of the Hengill
hydrothermal system and are discussed further in the next chapter.
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Figure 10. A conceptual model of the Hengill hydrothermal system. Several
drillholes at Nesjavellir are shown and a single well, drilled in 1985, south of the
Hengill mountain. Four new wells (NJ-19 to NJ-22) have been added at Nesjavellir
side since 1999, and five new well (HE-1 to HE-5) on the south side since 2001 (flat
area near the well from 1985 in the diagram above). See text for discussion
During the feasibility study, it became an additional assignment to look for a suitable
drillsite for an IDDP well outside the Nesjavellir field somewhere in the larger Hengill area.
The new wells on the south side all show temperature inversion with depth, with the highest
temperature about 270°C at 900-1200 m depth, but around 220°C near the bottom at
1600~2000 m. The 270°C fits neatly the model in Figure 10, while blue arrows, indicating
cold water recharge from the south, may possibly need to be added to the model. We are still
waiting for downhole temperature data from the three wells drilled last summer. The centre
of the Hengill system remains to be drilled as well as the main upflow zone.
From the discussion above it should be pretty obvious that discussion on well siting in
the Hengill volcanic system of a 5 km deep IDDP well, necessarily needs to focus on the
Nesjavellir part of the geothermal system. The centre of the upflow zone might still be
considered as a target for deep drilling, but hardly justified without a single drillhole to
support such siting.
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Krafla

The Krafla high temperature geothermal system is located within the Krafla caldera in
North-eastern Iceland (Figures 2 and 11). The geology of the area is dominated by an active
central volcano including the caldera and an active cross cutting fissure swarm. The volcanic
activity at Krafla is episodic, occurring every 250-1000 years, each episode apparently
lasting 10-20 years, judging from the last volcanic episode. The last eruptive episode lasted
from 1975-1984, resulting in 21 tectonic events, and 9 volcanic eruptions. A magma chamber
(Figure 12), evidently the heat source for the geothermal system, was identified from S-wave
attenuation at 3-8 km depth during the 1975-1984 volcanic activity (Einarsson 1978).

Figure 11. A map showing the location of 5 central volcanoes in the NE-Iceland
volcanic rift zone. En echelon arranged fissure swarms, several tens of km long, are
linked to all the volcanic centers. (see also simplified geological map in figure 2).
Figure 12 shows a schematic view of the magma chamber, detected in 1978. A
solidifying magma chamber under the Krafla well field is a sufficiently reliable hypothesis
for the purpose of well siting for IDDP, and in line with accumulated well field data on gas
emission and temperature distribution. In Figure 12 some of the key elements of the Krafla
high temperature field are shown (see also the figure caption). The most important one with
respect to IDDP is the Hveragil explosive fissure, which serves as one of the main
hydrothermal upflow zones, and inevitably becomes one of the most attractive targets for an
IDDP well.
The oldest exposed rocks in the Krafla central volcano are hyaloclastites from the 2nd
last glacial (younger than 200.000 years. At the end of the last interglacial, about 100.000
years ago a huge (some km3), explosive acid eruption resulted in the formation of the Krafla
caldera, which is 8 by 10 km in diameter (outlines in Figure 13). During the last glacial the
caldera was more or less filled with volcanics simultaneously with widening of the fissure
swarm
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Figure 12. A conceptual model of the Krafla magma chamber showing most of the
key elements discussed in the context of siting an IDDP well. Namely the heat source
itself; the Hveragil explosive fissure which is the main hydrothermal upflow zone of
the Krafla high-T field; the Víti explosive vent from the beginning of the 1724-1741
volcanic episode, and the Leirhnjúkur crater row which erupted 9 times during the
Krafla fires 1975-1984, and several times during the Myvatn fires (1724-1729, 1741)
and earlier volcanic episodes.
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Figure 13. A simplified structural map (from Saemundsson 1991) showing the
presently active fissure swarm,for the last ~3000 years, and also more than 8000
years ago (outlined in blue), and a fissure swarm further west, active during midHolocene (outlined in green). The caldera fracture (solid black dash, chief faults and
fractures (lighter dashes), center of Mývatn and Krafla fires (double marked dash),
outlines of the magma chamber (inclined hatch), active fumaroles (red symbols),
hydrothermal surface manifestations (yellow symbols).
crossing the center, by some tenths of meters every 10 thousand years, and subsidence of the
order of 100 m for the same time interval, resulting in the elliptical shape of the caldera
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(Saemundsson, 1991). During Holocene, extensive volcanic activity has taken place within
the caldera, especially within the presently active fissure swarm (see Fig. 13), characterized
by fissure eruptions and lava flows outside the hydrothermal fields, and explosive activity
within the hydrothermal fields. Hveragil for instance, an explosive crater row and the main
hydrothermal upflow zone, may have been formed during late Glacial but was reactivated by
explosive activity in early Holocene. The explosive crater Víti, the most spectacular one in
the area was formed in 1724 at the beginning of the Mývatn fires, and is the youngest
eruptive formation within the Krafla drillfield. The second youngest eruptive product within
the drill field is a crater row and lava from Daleldar, about 1100 years old. The Krafla
power plant was built on top of this crater row and its lava. The 3d youngest eruptive
products close to or within the drill field, relate to Holseldar, about 2000 year old. Explosive
activity took place just northwest of Víti in Holseldar, and a fissure eruption took place on
Sandabotnafjall and on the northeastern slope of the Krafla mountain, with lava flows at both
sites. This 2000 year old eruption almost cut through the easternmost part of the Krafla
drillfield where well KJ-18 is located, a 2200 m deep well considered a “well of opportunity”
in IDDP.
Surface hydrothermal manifestations extend over an area of about 15 km2 (Figure 13).
Based on surface activity and properties of well fluids at least four sub-fields, Leirhnjúkur,
Leirbotnar, Suðurhlíðar and Hvíthólar have been identified. Leirhnjúkur and Leirbotnar were
affected by magmatic gas during the volcanic activity 1975-1984. Leirhnjúkur has never been
drilled but the other three have. In fact drilling was moved from Leirbotnar to Suðurhlíðar
and later Hvíthólar because no signs of magmatic gas were found in fumarole fluids from the
latter two. In subsequent chapters, the well fields will be discussed in closer detail, but this
overview is concluded by showing the characteristic temperature distribution within each of
these three subfields. The Suðurhlíðar field is the hottest, following the BPD-curve from the
surface down, and identical to Leirbotnar field from 1200 m down, the bottom hole T~340350°C.

Figure 14. Characteristic temperature distribution within the three drill fields in Krafla,
S uðurhlíðar, Leirbotnar and Hvíthólar.
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GEOLOGY

3.1

Geology of the Reykjanes Field
An overview of the Reykjanes peninsula was discussed in Chapter 2. In Figure 15
there is a birds eye view over the tip of the peninsula, the Reykjanes itself. Steam from the
Eldvörp and Svartsengi high temperature fields can be seen in the distance.

Figure 15. View over the high temperature field at Reykjanes, the landward
continuation of the Reykjanes Ridge. The surface manifestations of the Reykjanes
high-temperature field are in the central part of the fissure swarm. Most of
Reykjanes is covered by Holocene lavas while the tops of submerged hyaloclastite
ridges poke the lava fields.
A geological map of Reykjanes is shown in Figure 16. The distribution of the
Holocene lavas is pretty simple, the early-Holocene eruptive crater rows and lavas mostly
occurring on the SE-side of Reykjanes, and have since been faulted and fractured during later
tectonic events. The older lavas are partly buried by late-Holocene lavas in the SW part of
the area, and so are evidently all earlier faults and fractures. At least four volcanic eruptions
have taken place along the young Stampar crater row in late Holocene times, the latest one
in 1226 AD. The more extensive Eldvörp fissure eruption took place the same year as seen in
Figure 3, which shows the distribution of all historic (younger than 874 AD) volcanic
eruptions on the
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Figure 16. A geological map of Reykjanes showing the age distribution of lavas,
crater rows, main faults and fractures, hydrothermal surface alteration, depth
contours to a high resistivity core, and locations of drillholes. The latest wells No. 10,
11, and 12 (red numbers) where drilled in 1999, 2001 and 2002 respectively. Well
No. 12 is the deepest high temperature well in Iceland, 2500 m deep.
peninsula. The volcanic dikes accumulating at depths in general act as heat sources for the
geothermal systems and retain vertical permeability. Gudmundsson (1986) modelled four
magma reservoir under the “string” of high temperature geothermal fields from Reykjanes
inland, and concluded these magma reservoirs covered an area of 372 km2, and suggested a
6-7 km depth to the top of a magma reservoir under Reykjanes. Results of the seismic study
presented in Chapter 7, do not confirm this, but suggest a 6 km depth to the brittle/plastic
boundary (at ~700°C) under Reykjanes, and no magma chamber (see Chapter 7).
The Reykjanes hydrothermal field onland is relatively small, perhaps ~3x3 km.
Resisitivity surveys suggest that the geothermal area is somewhat larger (see Chapter 5), but
an offshore resitivity survey is needed to find out the extent of the geothermal system below
the seafloor. The relatively small size of Reykjanes limits the options for an IDDP drill site.
So far we have suggested the Stampar eruptive fissure as an ideal and promising target
(Fridleifsson and Albertsson 2000), but the center of the drillfield may possibly be just as
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good. Since 1999, three new deep drillholes have been drilled, No. 10, 11 and 12, in the
center of the drillfield (see Figure 16). Well No. 12 was drilled to 2500 m depth last autumn,
and is presently the deepest high-T well in Iceland. It is cased by 13 3/8” cemented
production casing to about 800 m depth, and was drilled by a 12 ¼” tricone bit with a
downhole motor in record time. The well is barefoot, and could, depending on a number of
political and policy decisions, be deepened to 4-5 km in one or two steps and become a “well
of opportunity” or a full scale IDDP well. The same applies to well No. 11 which has the
same construction and is 2248 m deep. In both cases, a 10 3/4” casing would need to be
installed and cemented prior to deepening by coring or rotary drilling.
The plan at Reykjanes has already been accepted by the authorities after
environmental assessment, both for deepening the wells discussed above, and for a deep
drillhole within the Stampar eruptive fissure. A near future plan by the Hitaveita Sudurnesja
company is to drill a step-out well in the Stampar fissure zone. Of course, it would be
desirable to wait for new information on all the drillsites in order to compare them with
respect to temperatures and permeability at 2000-2500 m depth before siting and drilling the
first IDDP well in the field.
The reader may feel that a conclusion on siting an IDDP well has already been
reached without a presenting more detailed description of the Reykjanes system. Figure 16
shows the location of all drillholes at Reykjanes. Only wells No. 9, 10, 11 and 12 are in
operation, all others have been abandoned, either cemented or are used for monitoring
purposes. The fact that all the three new wells experienced large circulation losses (feed
points) at great depth, close to or below 2 km depth and near 300°C, is perhaps one of their
most interesting aspects. No evidence excludes the possibility that deeper aquifers will be
met by deeper drilling. Considering the small surface area of the Reykjanes system as a
whole, in addition to environmental restrictions on surface access to the southwestern part of
the field, a detailed knowledge of the extent of a deep seated workable reservoir is of
fundamental importance to the energy company.
The chemical character of the deep aquifers in wells 10, 11 and 12 remains to be
studied, and full knowledge of the temperature distribution is not yet available. The reason
for the delay relates to mechanical failures in both well 10 and 11. Apparently, a differential
thermal expansion of the two uppermost casing rods caused a leaky joint. The problem area
is accessible from the surface and repair will be completed within the next few months. In
addition to this, the slotted liner in well No.10 seems to be damaged at about 1100 m depth,
possibly because of upflow of corrosive fluid from the lower aquifer into an upper aquifer at
1100 m. The incident has not been fully explained as yet, delayed by the repair of the leaky
joint. No slotted liners were inserted into wells No.11 and No.12. That makes them easily
accessible to IDDP, yet depending on a number of decisions, but both wells fulfil the widthand depth requirement for a proper IDDP well of type B (see part II of the feasibility report).
Later this year we expect to have fuller knowledge of the fluid composition, temperature
distribution and the deep reservoir properties in the vicinity of well No.12.
Referring to the modeltrack shown in the foreword of this report, and shown again
next to Figure 17, there are indications from the deep temperature in well RN-10, that the
bottom of the convection cell has not yet been reached. The same may apply to the deeper
wells No. 11 and 12, which haven’t recovered from drilling, but downhole logging is
anticipated with considerable interest. So far the data, however, seems to indicate a deep
convection cell, a positive sign for the possible presence of a deep reservoir, and probably a
solid enough reason for pilot coring to greater depths within well No.12 for instance.
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Figure 17. Measured temperature and alteration temperature compared with the
BPD- curve. The simplified model on the right hand side on a deep convection cell,
may apply to the Reykjanes system within the upflow zone. Temperature logging of
wells RN-11 andRN-12 are awaited.
The data accumulated on the subsurface geology, alteration zonal distribution and the
alteration history all comes from drill cutting studies. As drill cores are hardly ever collected
in Icelandic high temperature wells, experience in drill cutting analysis has accumulated for
decades. Figure 18 shows a simplified geological and alteration profile for well RN-10. The
gray symbol on the geological column indicates lava piles, and/or pillow lavas, while the
green symbol indicates hyaloclastite formation. The yellow symbol indicates sedimentary
succession. Interestingly, these sediments include remains of shallow marine molluscs,
implying both that the Reykjanes peninsula was built up from the sea floor, and that the
degree of subsidence in Pleistocene time has been considerable, of the order of some
hundreds of meters.
The strata in well No. 10 range from basaltic lava formations (possibly pillow basalt
formations to some extent) and intrusives at the deepest level, to shallower tuffaceous
volcanic successions intercalated with reworked shallow marine fossil-rich sediments
between 1000 - 500 m, and lastly hyaloclastites, pillow basalt and subaerial lavas. The
formations are relatively high-porosity and low permeability, and the aquifers encountered
(black triangles in Fig. 17) in the well are largely related to fractures along sub-vertical dyke
intrusions. The largest aquifer (1930-1960 m) near the bottom is related to a sub-vertical
fracture, rich in wollastonite. Intrusive intensity in well No.10 is relatively low (~ 5 %). A
provisional figure for intrusive intensity in wells No.11 and No.12 is about 19 %, in both
cases. In well No.11, below 1 km depth, the intrusive intensity is only about 15 %, but about
28 % below 1 km depth in well No.12. Compared to both Nesjavellir and Krafla, these
figures for intrusive intensity are remarkably low, but reflect the immaturity of the young
Reykjanes system pretty neatly.
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Figure 18. Distribution of alteration minerals, alteration zones, glass and
plagioclase alteration and degree of void filling in well RN-10 (from Franzson et al.
2002).
The distribution of hydrothermal alteration minerals in Figure 18 shows that the well
entered the high-temperature system below about 500 m depth. From there a progressive
alteration zonation occurs, ranging from smectite-zeolite to > chlorite > chlorite-epidote >
epidote-actinolite zone. The sequence of mineral deposition in rock cavities indicates that the
geothermal system has from its initial stage been progressively heating up. The highest
bottom temperature measured to date is about 320°C. Due to a damaged liner or some
obstruction near 1100 m, temperature monitoring in RN-10 has not been possible below that
depth for some time. Even so, the bottom hole temperatures are not likely to change
significantly. Measurements of Th in fluid inclusions show a good correlation with alteration
and measured formation temperatures, while Tm-measurements show a wide range in salinity,
irrespective of depth, from freshwater to seawater compositions, the latter being close to the
present salinity of the field. Evidence suggests that well RN-10 is sited further away from an
upflow zone than RN-9, while temperatures in well RN-10 below 1 km depth are up to 20°C
higher than found elsewhere in the reservoir, reaching a maximum of about 320°C.
Figure 19 shows that the alteration zones between wells 10 and 9 are pretty flat lying,
while the temperature profile seems to indicate an upflow zone closer to the latter. In the last
two years wells RN-11 to 2300 m and well RN-12 to 2500 m have been added. A more
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detailed model of the Reykjanes system including these wells is likely to appear within this
year or next.

Figure 19. Cross section A-A’ (see fig. 16) between well No.10 to 9 and 8, showing
mineral zonation and temperature distribution.
From the geological data accumulated so far, the intrusive rock intensity between 1-2
km depth is quite low, ~5-30 %, compared to the more mature high temperature systems at
Nesjavellir and Krafla, where the intrusive rock intensity within the volcanic centers is some
tens of percentages higher. As will be seen in a later chapter and is mentioned above, no
real magma chamber has been detected below Reykjanes. From that and the low intrusive
rock intensity in the uppermost 2,5 km, which partly relates to near vertical dikes extending
towards the surface from depths, a feasible model for the high temperature heat source is that
of a simple ophiolitic sheeted dike complex, simplified in Figure 20. A gradual increase of
dikes should be the case with increasing depth. From the discussion in Chapter 6, the depth
of the seawater recharge zone might be some 6 km at Reykjanes and the bottom of the crust
some 5-10 km deeper.
An attempt to prioritize the potential drill sites at Reykjanes is shown in Table 2. The
Stampar site has never been drilled so a selection between the two sites is premature and not
very meaningful. A full scale drillhole to 2500 m, ready to be cased, evidently beats the cost
estimate compared to an undrilled well by a factor of two. Rating of permeability is both
qualitative, relative to each other, and evidently speculative. Environmental sensitivity is
higher at Stampar that at RN-12, which is in the center of the drill field. The climatic
conditions are better at Reykjanes than at both Nesjavellir and Krafla; vary during winter
from year to year, but are normally fair for 11-12 months.
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Figure 20. A simple ophiolite model seems to apply to Reykjanes. Updoming of the
heat source below the high-temperature hydrothermal fields on the Reykjanes
peninsula is likely to be the case. Higher intensity of sheeted dikes seems to be a
more likely scenario than a cooling gabbro judging from the deep geophysical
studies.
Table 1. Priority list of potential IDDP drillsites at Reykjanes
Drillsite

Priority

Temperature

Permeability

Environ./geography/climate

RN-12

1

High

High

Already 2500 m deep/no liner

Stampar

2

High

High

Adequate – and a stepout

RN-11

3

High

High

Already 2300 m deep with liner

Center elsewhere

4

High

High

Adequate

3.2

Geology of the Nesjavellir field

The locations of all drillholes in Nesjavellir are shown in Figure 21. Also shown are the two
eruptive fissures along the eastern margin of Kyrdalur. The older eruptive fissure, 5500 year
old, is just west of and partly buried by the younger eruptive fissure since 2000 years ago.
These eruptive fissures and a fault just east of them act as the main conduit for hydrothermal
fluid flow up and outwards from the Hengill center. The deepest well at Nesjavellir, NJ-11,
2265 m deep drilled in 1985, was apparently drilled straight into this conduit and interfered
with a supercritical hydrous fluid temperature higher than 380°C. The well was sealed by a
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gravel pack up to about 1600 m, but remained one of the better producers from an aquifer at
1100 m.

Figure 21. Location of drillholes at Nesjavellir. Yellow areas delineate
extinct hydrothermal manifestations, pink and red areas, warm and hot
surface activity and red triangles signify fumaroles. Trajectories for inclined
wells are also shown.
During drilling completion of well NJ-11 at Nesjavellir (Steingrímsson et al. 1990), a
kind of subsurface blowout occurred, where the fluid from the lower >380°C aquifer flowed
upwards to meet some 45-60 l/s cold circulation fluid pumped from the surface, both
disappearing into a feed zone between 1100-1200 m depth. The pumping of cold water was
maintained for some 5 days in an attempt to control the well, but without success. Figure 22
shows the temperature-depth logs from the well during this course of events, with the BPDcurve shown for comparison. Below 2,2 km depth the temperatures exceeded 380o C, but
only the lower limit is known as the thermometer could not record higher temperatures. A
600-700 m gravel pack was used to seal off the lower zone. Since, no attempts have been
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made to re-enter the superhot zone below 2,2 km depth at and near well No.11, a re-entry’s
is evidently of key interest to IDDP.
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Figure 22. Temperature - depth curve for the well NJ-11, measured during drilling.
The BPD-curve for pure water is shown for comparison.
A simplified lithological cross-section through the Nesjavellir field is shown in Figure
23. The base of the Hengill volcanics is set at some 300.000 years, below which depth
subglacially formed hyaloclastites become less abundant, but subaerial lava flows more so,
forming several discrete series. Also shown are all the main faults detected within the field.
Some of the faults reach the surface, while others are buried and inferred from drillcutting
data by comparing lithological sections between wells. Wells No.17 and No.12 are furthest to
the west in the Kýrdalur valley, whose elevation is about 150 m higher elevation than that of
the Nesjavellir valley. The additional pressure head of 10-15 bar, makes Kýrdalur a
favourable drillsite to attempt to re-enter the superhot zone NJ-11 encountered. Well No.12
was listed as one of the options to considder as a “well of opportunity” during IDDP/ICDP
workshop 2. It coincides with one of the most favourable sites for a full scale IDDP well, as
will be discussed below.
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Figure 23. Simplified geologcial cross-section through the Nesjavellir drill field
(from Franzson, 1998)
In Figure 24 a schematic presentation of the intrusive rock intensity in Nesjavellir is
shown along the same cross section as in Figure 23. Three intrusive rock types are
distinguished as altered basalt intrusion, intermediate to acid diorite dikes, and relatively
fresh (and young) basaltic dikes. The intrusive rock intensity, based on drill cutting analysis,
is quite low in the uppermost 1000-1200 m, but increases drastically to some 40-60 % in the
next 300-400 m, below which depth 60-100 % of the drillhole cuttings are composed of
intrusive rocks. The intrusive complex, is apparently composed of low angle sheeted dikes,
dipping towards the Hengill mountain in the south. The youngest dikes, reaching towards the
surface, are rarely intersected by drillholes, suggesting they are pretty close to vertical, in the
depth range
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Figure 24. Schematic representation of intrusive rock intensity along the same
section as in fig 23.
drilled. Moving deeper, the dikes might possibly bend inwards to the graben center in a
listric fashion, as faults and fractures are known to behave in similar tectonic settings.
Within the crustal depth of interest to IDDP, some 4 -5 km, the eruptive dikes are not likely
to bend at all significantly (K. Saemundsson, 2002, pers.com) and should be assumed to be
subvertical. This may relate to a relatively slow spreading rate in Iceland, as compared to fast
spreading oceanic ridges where listric faults at shallow depths have been observed (P.Pezard,
2002, pers.com).
A map showing the temperature distribution of the Nesjavellir system at about 600 m
depth is shown in Figure 25 a), and in Figure 25 b) a W-E cross-section from well No.12 to
well No.10 showing the temperature-depth distribution from Kýrdalur across the Nesjavellir
valley, just over 1 km. From Figure 25 it is pretty obvious that the main upflow zone is
subparalell to the eruptive fissures of late Holocene age, on the west side of the Nesjavelllir
valley. The upflow zone, shown by the 300°C, 350°C and 400°C isotherms in Fig. 25b, is
pretty narrow, and with respect to IDDP the shape of the 300°C isotherm is noteworthy.
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b)

Figure 25. a) A map showing measured and simulated temperature distribution at
1400 m.b.s.l. at Nesjavellir (~1600 m depth), indicating up- and outflow from the
Hengill mountain in the south towards the northeast into Nesjavellir. b) A cross
section from well No.12 to well No.10 showing the main upflow zone at Nesjavellir
(from Steingrimsson et al. 2000)
As stated above, the key interest of IDDP is to access the high pressure, high
temperature zone at Nesjavellir. Mainly because of the high pressure (P) at shallow depth in
the center of the up-flow zone as experienced by well No.11, but also due to environmental
and geographical restrictions on the west side of the Nesjavellir valley, siting an IDDP well
there is literally out of the question until more is known about the center of the up-flow zone.
However, sidetracking by drilling from either side seem quite possible for physical reasons,
which mostly hinge on the minimum pressure head attainable within the wellbore at each
depth. A cemented safety casing to about 2,4 km is needed to enter P-T at or above the
critical point, in order to control the well safely. The 300°C isotherms in Fig. 25b, for
instance, give some indication of the likely fluid P on both sides of the up-flow zone. By
looking at the temperature distribution in Figure 25, quite a few options for selecting a
potential drillsite for an IDDP well appear, only physical conditions accounted for. The
Kýrdalur valley on the west side is evidently of top priority, but the eastern side of the
Nesjavellir valley may be just as feasible from the physical point of view. In order to
simplify the discussion, five options for a potential drill site are shown Table two for
Nesjavellir, and two for other parts of the Hengill fields elsewhere. For Nesjavellir, two of
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the drillsites, are in Kýrdalur, one near well No.12, and the other further to the south near
well No. 17. On the east side of drillfield, a drillsite near well No.15 in the south is made an
option, and also another site further to the north, near well No.10. In order to prevent
misunderstanding, the fifth option is shown as re-drilling of well No.11, which for solid
physical reasons is rejected, and therefore ranked as low-priority.
The discussion of geology and borehole physics is concluded here by showing a
conceptual model of the Nesjavellir drillfield from Franzson (1998). The potential drillsites
mentioned above, and shown in Table 2, can be viewed with reference to this model. The
good part is, if a supercritical fluid can be studied and successfully harnessed in one IDDP
well, there is plenty of room for many additional super deep production wells within the
Nesjavellir drill field. Thus, the drilling of one IDDP well at Nesjavellir might be the
beginning of a new era in power production for the capital city, Reykjavik.

Figure 26. A conceptual model based on drillhole data (Franzson, 2000). The
hydrothermal alteration zonation pattern is shown on the left hand side of the
diagram. Potential IDDP drillsites are proposed on both the east side of the
Nesjavellir valley, and in Kyrdalur furthest to the west.
More details of the hydrothermal evolution, and the prograde and retrograde patterns
everywhere within the well field, available in Orkustofnun reports, and discussed in the
literature cited. This conforms neatly with the measured and inferred temperature distribution
within the field, and needs to be looked at if and when it comes to siting an IDDP well at
Nesjavellir. The discussion here is completed by presenting Table 2, listing the potential
IDDP sites, and ranking them in a priority order. The rating of permeability in Table 2 is
only qualitative and relative between the drillsite options. Environmental sensitivity is
considerable at Nesjavellir and a determining factor, the safest drillsite is in Kýrdalur due to
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higher elevation and an additional pressure head. The winter climate varies somewhat from
year to year, but is most often fair for 8-9 months at Nesjavellir, sometimes longer.
Table 2. Priority list of potential IDDP drillsites at Nesjavellir and Hengill
Drillsite

Priority

Temperature

Permeability

Environ./safety./climate

Kýrdalur near NJ-12

1

Higher

Higher

Depending but safe

Kýrdalur near NJ –17

2

High

High

Depending but safe

Nesjavellir valley SE

3

Medium

High

Depending but safe

Nesjavellir valley NE

4

Lower

Medium

Depending but safe

Nesjavellir NJ-11

0

Highest

Highest

Not safe yet due to high P-T

Hengill centre

?

High

High

Undrilled field

Hengill south

0

Coldest

High

CP out of reach

The south and center part of the Hengill was considered for potential IDDP drill sites
as well. These were introduced in earlier chapters. The central part has never been drilled.
Still, the Innstidalur valley is easily accessible, but probably environmentally sensitive. To
site an IDDP well there as the first drillhole, is not very sensible, and need hardly be
discussed further, while its potential would be ranked high in respect to the conceptual
models of the main heat source of the Hengill hydrothermal systems, on both the south and
the north side.
Five new wells have been sunk on the south side of Hengill at Hellisheidi, wells HE-1
to HE-5. A location map of these is shown in Figure 27 a) and a SW-NE cross-section in
Figure 27 b). The highest temperature, near 270°C, is observed at intermediate depths 9001200 m, while the bottom temperatures at about 1800-2000 m are near 220°C. The field is a
liquid dominated field, apparently based on southward outflow from the Hengill center part.
Permeabilities in the faulted central part of the graben zone are quite high. Total circulation
losses of all drilling fluid below about 1 km depth is the case for all the 5 wells drilled in
2001 and 2002, and discussed here in the context of IDDP. Evidently, the Hellisheidi area is
of little interest to IDDP based on present knowledge. Further exploration by deep drilling
for other reasons might change that view in the future.
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a)
Figure 27. a) Location of new wells at Hellisheidi, south of Hengill. b) NV-SE
cross section from well HE-4 to well HE-3. (legend same as in fig.21).
Eruptive fissures of different ages are shown in shades of blue color, the 2000
year old fissure in the center, the 5500 year old one further to the west close to
wells HE-4, HE-7 and HE-6.
b)
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3.3

Geology of the Krafla Field
In 1975 a 55-60 MWe geothermal power plant was commissioned in Krafla. Surface
exploration had been carried out during 1970-1973. Two exploration wells drilled to 1100
and 1200 m depth in 1974, and three production wells added in 1975. The volcanic eruptive
episode started in December 1975, at the same time as the power plant was being
constructed. A few months later, volcanic gases invaded the main production zone of the
reservoir. Gas concentration in the geothermal fluid increased drastically and the pH of the
fluid dropped severely. Mostly for that reason an increased effort was laid on drilling and
exploitation of the Suðurhlíðar drill field where the gas invasion was not detected, east of the
main upflow zone, and three wells were drilled in the Hvíthólar field by the caldera rim,
several km south of the power plant. By 1984, 24 wells altogether had been drilled in three
well fields. Unit-1 (30 MWe) was in operation from 1978, initially yielding some 7 MWe, but
by 1984 excess steam was available. The installation of unit-2 was postponed.
For the next decade, the well field was monitored (see Chapter 4) for decline in
volcanic gases and other parameters. Two exploration wells were drilled, in 1990 and 1991
(wells 25 and 26). Following a steady decline in volcanic gas emission a decision on drilling
several production wells within the earlier abandoned drill field was taken in 1996 and 8
productions wells were sunk in the following 3 years (Table 3) to supply the 2nd 30 MWe.
turbine. As expected the best producers of high pressure steam intersected the main upflow
zone in Hveragil, such as wells No.30 and No.34. The recovery of the field after the volcanic
episode and successful drilling results, encouraged Landsvirkjun to make plans to enlarge the
power plant by 40 MWe (Gudmundsson, 2001). Drillhole locations within the three drill
fields in Krafla are shown in Figure 29.

Table 3. Total output of high and low pressure steam from well No.27-34.

Well no.

HP steam

LP steam

Total

m

kg/s

kg/s

MWe

27
28
29
30
31
32
33
34

1 ,7 7 1
1 ,0 0 3
2 ,1 0 3
2 ,0 5 4
1 ,4 4 0
1 ,8 7 5
2 ,0 1 1
2 ,0 0 2

6 .5
0 .0
4 .8
3 0 .3
4 .9
1 4 .0
1 9 .9
4 3 .6

1 .5
9 .0
0 .4
0 .2
0 .0
0 .3
0 .9
0 .2

to ta l

1 4 ,2 5 9

1 2 4 .0

1 2 .5
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Figure 28. Location map of drillholes at Krafla. Trajectories for inclined wells
indicated. Location of cross-section from well KJ- 8 across the field to KJ-18 is
shown.
A simplified geological and alteration profile is shown in Figures 30 a,b, the location
of the cross-section being shown in Figure 29. The two profiles outline the main
characteristics of the Leirbotnar and Suðurhlíðar drill fields above the magma chamber,
discussed in earlier chapters. The intrusive rock intensity increases drastically below about 1
km reaching up to 80-100 %. Coarse grained dolerite or gabbro intrusion(s) are shown under
the eastern part of the field, cut by numerous sheeted dikes and minor intrusions (not shown).
Acid intrusives (felsites-granophyre) are common at 800-1000 m depth and below. The
alteration profile on the right hand side (b) clearly indicates a general rise in alteration
temperature above the intrusive complex on the eastern side. The temperature range between
the mineralzones is noted in brackets. Attention is drawn to well No.18, the easternmost
well, being discussed within IDDP as a possible well of opportunity. A temperature decline
to the east, in both mineralogy and measured temperature is pretty clear.
A significant decrease in intrusive rock intensity at 1-2 km depth is observed on both
the south side and the north side of the magma chamber and its overlying intrusive rock
complex, as seen in wells No.6 on the south side and wells No.30 and No.34 on the north
side. This may be of importance when selecting a suitable drillsites for IDDP, in addition to
the knowledge of the main upflow zone in Hveragil, between the two drill fields in
Leirbotnar and
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b)

Figure 29. Geological (a) alteration (b) and temperature distribution (c) profiles
across the Krafla drill field from west to east. The cross-section line is shown in
Figure 28 (note the changes in scales)
c)
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Suðurhlíðar. Evidently, both high temperature and high permeability zones are favorable to
IDDP. During IDDP/ICDP workshop I a presentation was given, suggesting drilling the
margins of a cooling magma chamber was more favorable to IDDP than drilling straight into
its top, model scenarios represented by models a) and b) in Figure 30 below, respectively. A

a)

b)

Figure 30. Temperature scenario along the margin (a) and the top (b) of a cooling
magma body at 4 about km depth, evidently at some point in time.
model of this sort may apply to the Krafla drill field at depths of interest to IDDP. Looking a
the temperature distribution within the Krafla drill field in Figure 29c, it is pretty evident that
only about 35°C addition in temperature is needed to reach the critical point (CP) below most
of the drill field on the west side. In such a situation one might expect a minimum depth of
3,5 km, or less to reach the CP. Depending on the thermal history of the cooling intrusive
complex underneath the field, one concern should be a scenario like in Fig. 30b, which is not
favorable to IDDP, but another concern should be the permeability. With both in view, two
options for an IDDP drill site are more favorable than others, namely (i) the Hveragil upflow
zone, which must be replenished by plentiful hydrous fluid, and (ii) the sides of the intrusive
complex in view of the scenario in Fig. 30a. In addition to these geographical conditions
need be considered. Still – quite a few sites are possible. A glimpse back to figure 29c shows
a pretty neat thermal disturbances furthest to the west in the profile, both severe subsidence
of the 200°C isotherm, and updoming of the 340°C isotherm. This location happens to be in
line with the historic Daleldar eruption, ~1000 year old, which in turn may be responsible for
some of the temperature disturbances referred to. A potential drillsite at the Daleldar fissure,
pretty close to the Krafla power plant, and next to well No.26 which is used for reinjection,
has been suggested during the IDDP/ICDP workshops. Similarly, the whole Hveragil upflow
zone is a feasible target, at any favorable site for that matter, along it, or on the north or south
side. These potential targets are indicated schematically in Figure 31.
A note need be added on the possible “well of opportunity”, KJ-18. From the
discussion above, it would evidently would be ranked considerably lower than the potential
drillsites. Still KJ-18 could serve as a perfect site for a “pilot well” (as discussed in SAGA
Report No.3, Appendix 1), to be used for detailed studies of the secondary mineral transition
through the critical point into supercritical, possibly enabling sampling of a supercritical
fluid, ideal for tool testing of coring at high temperature and prototype monitoring tools, not
interfering with other activity within the Krafla drill fields. The 2000 year old Hólseldar
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eruptive fissure is near to KJ-18, and the magma chamber extends quite some distance east of
KJ-18.

Figure 31. A view over Víti towards the Krafla power plant. Potential IDDP drill
sites in Hveragil on the left, and in Hlidardalur on the right are indicated by arrows
(photo by Emil Þór).
An attempt to prioritize the potential drill sites discussed above is shown in Table 4.
The rating of permeability is both qualitative and relative to the others as in Tables 1 and 2.
Environmental sensitivity and winter climate conditions vary within the drill fields.
Table 4. Priority list of potential IDDP drillsites at Krafla
Drillsite

Priority

Temperature

Permeability

Environ./geography/climate

Hveragil

1

High

Highest

Depending on siting

Hlidardalur

2

High

High

Adequate

Margin elsewhere

3

Lower

Medium

Depending north/south

Center elsewhere

4

High

Lower

Depending summer/winter

KJ-18

5

Lower

Low

Depending summer/winter
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FLUID CHEMISTRY

4.1

REYKJANES

4.1.1

Model of the geothermal system
Drillhole logging shows a system with temperature and pressure in accordance with
equilibrium boiling to about 900 m depth, but below that a liquid dominated system. which
reaches 280 – 290°C in the NE part but is probably hotter to the SW and at greater depth.
Björnsson (1998) has presented a conceptual model of the system (Figure 32). Monitoring of
utilization combined with computations of mass and heat flow suggest that there is a
considerable supply of heat and mass in the system and that it can be expected to be a good
producer for a long time. A simple computational model for simulation has been developed
(Björnsson 1999, Figure 33). The model extends from the surface to 3000 m depth and 10 km
away from the center, with 10 blocks growing 100 m each, followed by 9 blocks to 10 km
total radius. Horizontally the model is divided into 12 layers. The rock is divided into two
types, i.e. an inner type in which temperature and pressure are changeable and a border part
in which temperature and pressure do not change. There has been good agreement between
observed and calculated results (Figure 34). Continued utilization is expected to reduce the
pressure in the system by a few bar and cause boiling with the rise of steam to the system
which in turn will cause increased surface activity. Well 10 was drilled December 1998February 1999. It is 2054 m deep. The boiling curve is observed to a depth of 1400 m and
below that the temperature is steady at 315-320°C (Franzson et al. 2001). Well 11 was drilled
March-April 2002. It is 2248 m deep and a temperature of just under 300°C has been
recorded. Both are relatively good producers.

Figure 32. A conceptual model of the Reykjanes geothermal area (Björnsson 1998)
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Figure 33. Initial computational model for the Reykjanes geothermal system
(Björnsson 1999).

Figure 34. Simulation results for deep temperature and pressure at Reykjanes for the
year 1970 (Björnsson 1999).

4.1.2

Chemical composition of the fluid
Ólafsson and Riley (1978) published chemical analyses of water from hot springs and
wells 2 and 8, including results for several trace elements. They concluded that the discharge
waters are formed mainly by the penetration of local meteoric water into brine-bearing
formations followed by evaporation of this brine. Hauksson (1981) reviewed all chemical and
isotopic data for springs and boreholes in the area that had been obtained up to that time and
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presented a model of the postulated flow in the system (Figure 35). His conclusion was that
the borehole discharge water was derived from seawater modified by boiling, water-rock
interaction and mixing with fresh seawater and meteoric water. He concluded that there was
poor permeability at depth in the system and poor flow from deeper strata. Bjarnason (1984)
published results for well 9 fluid as well as additional analyses for well 8 and found that the
chemical composition of the fluid from the two wells was practically identical.
Sveinbjörnsdóttir et al. (1986) and Kristmannsdóttir and Matsubaya (1995) have studied the
isotopic (δD, δ18O) composition of the fluids and minerals of the system and related to
alteration mineralogy. The former conclude that for a part of the history of the Reykjanes
geothermal system its deeper part has been dominated by meteoric water, rather than
seawater, circulation, which probably reflects melt-water input or changing sea-level during
glaciations. This should be borne in mind if the Reykjanes system is to be used as a model
for sea-floor hydrothermal metamorphism. The latter state that their results are compatible
with an origin in a mixture of sea-water and fresh groundwater with about 80% of the present
salinity of Svartsengi-Eldvörp brine followed by evaporation, or alternatively the reaction of
brines with sheet-silicates formed at a stage of more dilute water, may have changed their
isotope ratios. Lonker et al. (1993) concluded that at an earlier stage the system was hotter
and meteoric, possibly glacial melt-water.
The chemical composition of the fluids from wells 8 and 9 is compared with the
composition of sea water in Table 5. The most important deviations from sea water chemistry
are magnesium and sulphate depletion and increase of silica, potassium and calcium
concentrations all to be expected at high temperatures. The gas concentrations show CO2 to
be the major gas but a relatively low H2S concentration compared to fluid from many other
geothermal areas. There is a significant N2 concentration suggesting that flow from the
surface contributes to the fluid. The H2 and CH4 concentrations are relatively low, the H2
concentration reflecting the temperature of the aquifers and the CH4 concentration suggesting
that little or no gas is derived from organic remains in the area. The composition of fluid
from wells 10 and 11 is essentially similar.

Figure 35. Suggested temperature distribution and flow paths in the Reykjanes
geothermal system (Hauksson 1981).
From the brine in well Rn-8 in Reykjanes downhole scales of iron-magnesiumsilicates have formed. Metal sulfides with high contents of precious metals have been
precipitated at the wellhead in all producing wells, but are much more prominent in well Rn9 than in well Rn-8. They are also prominent in well-11 but well-10 has only discharged for a
Report–Part I of III

47

IDDP FEASIBILITY REPORT

GEOSCIENCES - SITE SELECTION

short time so that the opportunity for observation of scales has not yet arisen. The sulfide
mineral sequence observed is: Sphalerite, chalcopyrite, pyrrhotite and galena. The conditions
for formation of the silicates are not well known, but the sulfides show a clear relation with
temperature and pressure and regular sequential precipitation with reduced pressure. The
chloride-rich fluids favor the transport of metals which form complexes with chloride, such
as the base metals (Zn, Cu, Pb etc.). Boiling causes loss of CO2 which increases pH in the
liquid phase and thus tends to destabilize chloride complexes, while H2S loss favors the
precipitation of metals transported by sulfide complexes (Harðardóttir et al. 2001).
Table 5. Composition of total fluid (mg/kg) in drillholes RN-8 and RN-9 and of sea water at
35 ‰ salinity (Turekian 1969).

°C
SiO2
Na
K
Ca
Mg
SO4
Cl
F
Al
Fe
Sr
B
Mn
Li
Pb
Zn
Rb
Cu
Cr
TDS
CO2
H2S
H2
CH4
N2

Well RN-8*
275
553
9488
1438
1591
1.28
21.8
18732
0,17

Well RN-9*
290
647
9572
1419
1632
0.91
14.1
18640
0.14
0.09
0.47
6.6
7.6
2.4
3.5
0.002**

0.07***
3.7***
0.01***
32147
1005
27
0.08
0,09
2,02

0.002
32860
1536
45
0.13
0.07
3.68

Sea water
6.4
10800
392
411
1290
2712
19800
1.3
0.001
3.4
8.1
4.5
0.0004
0.17
0.005
0.12
0.0009
0.0002
35000

* Database Orkustofnun. * *After Kristmannsdóttir et al. (1996). * **From Ólafsson & Riley (1978)

4.1.3

Reykjanes – Conclusions
The heat source is apparently rather deep-seated and for this reason relatively deep
drilling may be needed to reach supercritical conditions. The fluids encountered so far in this
system are relatively saline and there is no reason why deeper fluids should not be saline too.
Other factors being equal higher pressure and temperature and therefore greater depth are
needed for supercritical conditions if the fluid is saline than if it is dilute. As the fluid is
modified seawater and the system is known to extend into the ocean fluids from geothermal
systems on the sea-floor are probably the most representative for calculations of possible
properties of fluids at supercritical conditions in this system. Sea-floor systems at very high
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temperatures and pressures (Black smokers) are known (e.g. Campbell et al. 1988) and in fact
a sea-floor geothermal system is known on the Reykjanes ridge about 50 km south-west of
the system presently described (Ólafsson et al. 1991). Some modeling of the chemistry of
such systems exists (e.g. Bowers 1989, Bowers and Taylor 1985).
4.2

HENGILL – NESJAVELLIR

4.2.1

Nesjavellir – Reservoir Characteristics
Within the greater Hengill volcanic system there are several geothermal reservoirs,
which seem not to be interconnected. One is the Nesjavellir system and its geological
features and geothermal characteristics are fairly well known down to about 2 km depth,
because of numerous studies carried out under the development phase and monitoring during
production. The data has been used to construct a numerical model of the field (Figure 36),
and experience has shown that the model generally predicts changes in flowrate and enthalpy
from the wells reasonably accurately (Steingrímsson et al., 2000).

Figure 36. A three-dimensional conceptual model of the Nesjavellir reservoir.
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The stratigraphy is dominated by a succession of layers of basaltic lavas, formed during
interglacial periods, and irregular layers of palagonite formed by eruption under glaciers.
Intrusive rocks increase in volume with increasing depth. The stratigraphy is cut by faults,
generally with a NE-SW direction, which influences the permeability greatly. The faults form
a graben through the field, and the most intensive geothermal activity takes place within this
structure. Many of the faults are seismically active and some have acted as feeders during
eruptions, such as the latest eruption about 2000 years ago on the main fault on the western
escarpment of the geothermal field, the Kýrdalur fissure.
The main aquifer found in the producing wells is at 1000 to 1500 m depth and the
aquifer temperature is in the range of 260-290°C, but temperature >380°C has been
encountered in well NJ-11. The boreholes can be divided into three different groups
according to their properties. The best producers, and those with highest enthalpy are found
immediately east of the Kýrdalur fissure (see map in Figure 21, wells NJ-21, NJ-22, NG-6,
NG-9, NJ-13, NJ-19, NG-11, NG-5 and NJ-16), with initial enthalpy 1700 – 2600 kJ/kg and
aquifer temperature generally close to 290°C. The enthalpy of the boreholes farther to the
east was lower (1200 – 1600 kJ/kg) and the aquifer temperature is close to 270°C (Figure 21,
wells NJ-20, NJ-14, NJ-15, NG-10 and NJ-7). The third group of wells is west of the central
graben and west of the Kýrdalur fissure. Their enthalpy is 910 – 1400 kJ/kg and aquifer
temperature 220 – 260°C (Figure 21, wells NJ-17, NJ-12 and NJ-18). None of the boreholes
in the last group is connected to the power station, whereas all the other wells are.
All wells east of the Kýrdalur fissure are drilled into a two-phase reservoir, as the
enthalpy indicates, but the steam/water ratio differs, initially the steam ratio in group I
boreholes was between 40 – 60% by weight, but the figure for group II boreholes is 5 – 20%.
Production has influenced the steam/water ratio of the inflow into boreholes (Figure 37)
(Gíslason, 2000).

Figure 37. Steam ratio in feeder zones in selected wells.
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4.2.2

Hengill – Chemistry
The fluid at Nesjavellir is relatively dilute, with total dissolved solids in the range of
1000–1500 mg/kg. The chemistry indicates equilibrium between water and rock in a
temperature range of 270–290°C (Figure 38). The water is carbonate-rich, and initial chloride
concentrations were exceptionally low, especially in group I boreholes (Figure 39), with
chloride levels as low as less than 10 mg/kg. The composition of one group I well (NJ-16)
deep fluid about two months after start of discharge is shown in Table 6 along with analyses
from some other Hengill boreholes. With increasing utilization and the accompanying
changes in enthalpy (Figure 37), this dilute water has disappeared, and chloride levels have
increased gradually.

Figure 38. Nesjavellir, Na-K-Mg diagram (Giggenback 1988).

Figure 39. Cl - (ppm), Nesjavellir reservoir, the highest conc. (red) above 120 ppm
Cl -, and the lowest (yellow) below 20 ppm.
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Table 6. Chemical composition of deep fluid in well NJ-16, Nesjavellir 1986.04.03 (Steingrímsson et al. 1986), well G-6, Ölfusdalur, Hveragerði, well KhG-1, Hellisheiði and well
ÖJ-1, Ölkelduháls
Deep water

NJ-16

G-6

Date
Ref. Temp (°C)
SiO2
Na
K
Ca
Mg
SO4
Cl
F
CO2
H2S
H2
O2
CH4
N2

3.4 198613.2 1980
290
210
718.5
337
83.8
158
16.9
16.3
0.53
2.06
0.021
0
12.3
30.2
10.2
166
0.78
0.93
57.4
37.4
0.72
22.7
0.72
0
0.01
0
0.02
0
0.47
0.04

Deep steam
CO2
H2S
H2
O2
CH4
N2

2510
1538
160
1.1
7.2
125

2317
301
4.9
2.0
2.5
102

KhG-1

ÖJ-1

17.10 1986
270
538
127
18.5
0.30
0.002
16.7
7.4
1.11
220
56.0
0.011
0.003
0.035
0.679

21.9 1995
198
337
172
17.1
1.37
0.0062
33.6
170
0.79
333
32.9
0.006
0.243

8136
432
4.4
1.2
16.7
409

-

The oldest geothermal system within the Hengill volcanic complex is the Hveragerði
field. As is to be expected the chemistry of the fluid there shows equilibrium with a lower
temperature, and the chloride level is higher than is found at Nesjavellir, although the water
is dilute (Table 6).
Currently the Hellisheiði geothermal system is under investigation, and a total of 6
deep boreholes have been drilled, one in 1985 and five in 2001 and 2002. Four of the new
wells are currently being flow tested but the fifth is still warming up. Chemical data (still
incomplete) is available for two wells, and it indicates equilibrium at 255–275°C.
Information on water chemistry in other geothermal systems of the Hengill volcanic
complex is less known. One well has been drilled and tested at the Ölkelduháls field (well
ÖJ-1), but other geothermal systems within the Hengill volcanic complex have not been
tested by drilling. In Table 6 the chemical composition of fluid from selected wells in the
Hengill area are shown

4.2.3

Hengill – Conclusion
Investigation of the Hengill volcanic complex indicates that super-critical conditions
at shallower depth than 5 km are likeliest to be found associated with the youngest volcanic
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structure in the western part of the complex. Of the geothermal systems, the Nesjavellir area
is best understood, the Hellisheiði field is under investigation, but the Innstidalur field,
located between Nesjavellir and Hellisheiði fields, is least investigated
At 1-2 km depth at Nesjavellir the geothermal reservoir is two-phase with temperature
and pressure increasing with depth along the boiling point curve. The aquifer system near the
bottom of well NJ-11 could not be quenched with cold water circulation, suggesting initial
aquifer pressure above 220 bar and the temperature was at least 380°C. If the fluid at the
bottom is dilute fluid of the type observed elsewhere in the Nesjavellir system these
conditions would lead to a supercritical fluid state in the aquifer (Steingrímsson et al. 1990).
The system is a satellite system and therefore likely to have reached some sort of equilibrium
after magmatic gases were emitted from the magma reservoir and therefore the fluids are not
likely to be vicious. Thus it is likely that at Nesjavellir supercritical conditions can be
reached at a relatively shallow level with relatively little danger of serious utilization
problems.
The investigation of the Hellisheiði geothermal system by deep drilling is still at an
advanced stage. Preliminary interpretation indicates a strong flow control by faults, and all
except the oldest well reach a temperature maximum at 900 – 1400 m, and encounter lower
temperatures at deeper levels. The main upflow zone appears to be outside the Hellisheidi
field, presumably closer to the Hengill center as suggested in the model in figure 10.
4.3

KRAFLA

4.3.1

Chemical composition of the well fluids
Ármannsson et al. (1987) divided the fluids from Krafla wells into seven groups
according to chemical composition and geography: Leirbotnar upper zone (1), Leirbotnar
lower zone N (2) and S (3), Hveragil (4), Suðurhlíðar (5), Hvíthólar upper (6) and lower parts
(7). Isotopic ratios suggest two sources, local (for Leirbotnar) and nearby mountains (for
Suðurhlíðar and Hvíthólar) (Darling and Ármannsson 1989). All these groups contain dilute
waters close to neutral pH. Bicarbonate is usually the major anion in deep water when a
boiling fraction is present and when excess magmatic gas is present. In Leirbotnar, upper
zone, Leirbotnar S lower zone, Hveragil and in the upper part at Hvíthólar there is more
sulphate than chloride. In Leirbotnar N lower zone, Suðurhlíðar and the lower part of
Hvíthólar there is more chloride than sulphate in the liquid phase. Magmatic gas has probably
affected the composition everywhere but it is more likely that excess is only observed in the
areas closest to the magmatic inflow and equilibrium is not established. Recent literature on
gas emanations from volcanic areas suggests that more gas rises to the surface in a steady
stream of volcanic gas through soil (e.g. Chiodini et al. 1994, Klusmann et al. 2000) than
through fumaroles and wells. Attempts to simulate geothermal fluid composition in the
Krafla system by titrating Krafla rock with local groundwater suggest that the geothermal
fluid composition cannot be derived from water and rock alone, volcanic gas must have been
added too (Ármannsson 2001). In Table 7 deep water and deep steam composition calculated
using the program WATCH (Arnórsson et al 1982) for selected samples from each of the
seven groups is presented.
4.3.2

Effects of magmatic gases
Based on surface activity and properties of well fluids at least four sub-fields,
Leirhnjúkur, Leirbotnar, Suðurhlíðar and Hvíthólar (Figure 28), have been identified.
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Leirhnjúkur and Leirbotnar were affected by magmatic gas during the volcanic activity 19751984. Leirhnjúkur has never been drilled but the other three have. In fact drilling was moved
from Leirbotnar to Suðurhlíðar and later Hvíthólar because no signs of magmatic gas were
found in fumarole fluids from the latter two.
Magmatic gas was identified by a large gas concentration in the steam, mostly carbon
dioxide and hence by the ratio of carbon dioxide to other gases such as hydrogen sulphide
(Ármannsson et al. 1982). The carbon dioxide concentration of the fluid in well KG-3 and,
when that well collapsed, in the nearby KJ-7, was monitored and found to reach maximum
1977-1979 and then decrease (Figure 40). The gas seemed to wane sooner in Southern
Leirbotnar and Leirhnjúkur than in Northern Leirbotnar near Víti (Ármannsson et al. 1989).

Figure 40. CO2 concentration in well KG-3 and then well KJ-7 fluid 1975-1984.
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Figure 41. Well KJ-15 CO2/H2S 1980-1998 (Guðmundsson 2001).
Gas changes in well KJ-15 illustrate this. Figure 41 shows changes in the CO2/H2S ratio in
well KJ-15 1980-1998. Concomitantly the flow from the well has increased. The gas
concentrations and ratios along with different temperature profiles for the individual subfields (see figure 14) were instrumental in constructing a conceptual model of the Leirbotnar
and Suðurhlíðar sub-fields (Figure 42) and this has been used with small changes as a basis
for modeling to date. The most obvious consequences of the magmatic gas incursion was the
formation of massive deposits in the wells. These consisted of iron sulphides (pyrite,
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pyrrhotite) and iron silicates with traces of other deposits (Ármannsson et al. 1982). The gas
incursion was first observed in early 1976. At the same time well KG-4 which had been
drilled in Northern Leirbotnar in 1975 went out of control and turned into a boiling pond and
by March the pH of water in a stream flowing from it was 1.86, which suggested a different
fluid from the one flowing from the well during its early discharge. Reduction in the flow
from the well and a change in the composition suggesting flow from the upper zone of the
Leirbotnar field suggests that the lower part of the well (and the gas flow with it) was
blocked, probably by deposits. Well KG-10 was drilled in Northern Leirbotnar in 1976 and
very soon became blocked by deposits and also showed signs of very acid fluids in the lower
zone before it was blocked. Well KG-25 was drilled close to well KG-4 in 1990 and also
contained acid fluids. Its flow declined but it seemed to be due to damage to the liner by
corrosion rather than deposits (Ármannsson and Gíslason 1992). The acid fluids are
apparently still present although the magmatic gas has disappeared.

Figure 42. A conceptual model of the Leirbotnar and Suðurhlíðar subfields (Stefánsson 1981)

4.3.3

Superheated steam and brine
Well KG-12 started discharging at the end of November 1978. The steam fraction of
the flow increased until early January 1979 when it was discharging dry steam. Temperature
and pressure measurements suggested that this steam was superheated, i.e. the measured
wellhead temperature was considerably higher than the equilibrium temperature
corresponding to the measured wellhead pressure. Analysis showed that this steam contained
about 100 ppm chloride and caused corrosion to the wellhead upon condensation followed by
erosion of the turbine blade.
Hydrothermal alteration minerals are likely to buffer the fluid but the invasion of
magmatic gases may have disturbed mineral-water equilibria and caused a decrease in pH (as
possibly happened in Leirbotnar N). Vapour containing about 100 ppm HCl as was observed
can be boiled at 350°C from a liquid containing 10.000 to 80.000 ppm at the probable pH of
5 to 6. If the pH range is narrowed to 5.5-5.7 as was observed in a brine that emerged once in
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a pulse from the nearby well KJ-7 the chloride range in the liquid corresponding to the above
chloride concentration in vapour is 30.000 to 40.000 ppm. During its early days well KG-12
fluid was superheated and the flow sporadic and there is an apparent relationship between the
extent of superheating and the chloride concentration (Truesdell et al. 1989). In 1981
superheating and chloride concentration decreased and both became insignificant in 1982.
Results of isotopic determinations suggested that at the same time discharge from the well
changed from being primarily Hveragil fluid to being Suðurhlíðar fluid (Fig.25, Darling and
Ármannsson 1989). No signs of brine have been observed in Suðurhlíðar.

Figure 43. KG-12. Flow, extent of superheating and Cl- concentration 1980-1984.
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Table 7. Deep water and deep steam composition of selected Krafla well fluids.
Group No.
1
Well No.
KG-8
Date
84.09.29
Ref. Temp°C
210
Boiling p. %
0.14
Deep water
PH
7.96
SiO2 ppm
351.5
Na ppm
179.5
K ppm
21.08
Ca ppm
1.58
Mg ppm
0.00
SO4 ppm
170.5
Cl ppm
1.60
F ppm
1.02
TDS ppm
905.8
CO2 ppm
94.64
H2S ppm
53.0
H2 ppm
0.00
O2 ppm
0.02
CH4 ppm
0.03
N2 ppm
0.43
Deep steam
CO2 ppm
4948
H2S ppm
581
H2 ppm 6.9
25.3
O2 ppm 41.3
6.0
CH4 ppm
112
N2 ppm
1206
1) Mixture of 6 and 7

Report–Part I of III

2
3
KG-26 KJ-13

4
KJ-20

5
KJ-14

6 1)
KJ-22

7
KJ-21

Námafjall
BJ-12

9207048 3.10.29

82.11.25 81.08.21 83.09.12 85.05.09 92.04.30

310
0

310
0.24

285
0.21

295
0

210
0.11

270
0.18

259
0.53

7.13
793.6
357.6
81.46
28.93
0.077
61.97
610.7
3.78
2030
367
99.46
0.20
0.05
0.01
0.83

7.83
645.6
165.4
26.42
3.16
0.005
134.7
27.37
0.89
1564
396
111.0
0.36
0.01
0.00
0.14

7.31
665.5
153.2
36.05
0.80
0.004
43.73
91.76
0.69
1107
676
102.6
0.16
0.05
0.01
0.54

7.77
726.0
165.8
34.02
0.55
0.008
14.38
78.79
4.71
1263
497
42.44
0.00
0.00
0.00
0.00

7.70
325.6
116.8
11.43
2.32
0.009
83.18
49.67
0.96
663.4
52.96
30.71
0.00
0.00
0.00
0.00

7.59
505.5
138.0
25.02
0.61
0.000
23.68
115.8
0.78
943.5
114.6
78.76
0.10
0.00
0.01
0.12

7.49
522.7
120.6
20.75
0.30
0.010
9.88
79.05
0.50
1023.7
31.11
142.8
0.47
0.04
0.03
0.22

13486
1091
44.7
0.92
2.5
128

11927
873
39.9
11.86
0.00
22.4

39818
1627
0.00
0.00
6.0
167

19392
411
0.00
0.00
0.00
0.00

4630
587
37.9
1.61
0.00
0.00

7152
1172
256
17.10
7.5
55.4

2314
2481
21.4
142
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4.3.4

Námafjall
The heat source for the nearby Námafjall geothermal system is connected to that of
Krafla by way of a dyke (Figure 44), as was witnessed by the lava eruption through well B04 (Larsen et al. 1979). Presumably, a complex of cooling intrusions, originally emanating
from the Krafla magma chamber, are trapped at depth below the Námafjall drill field. The
fluid however has a different origin, probably far to the south according to interpretation of
isotope ratios (Darling and Ármannsson 1989). The system is relatively uniform in chemical
composition. Calculated deep water and deep steam composition for one of the deep wells,
BJ-12 is shown in the last column of Table 7.

Figure 44. The Krafla magma chamber and dikes that conduct magma and heat to
nearby geothermal systems (After Björnsson et al. 1979).

4.3.5

Krafla - Conclusions

The heat source is relatively shallow and high temperatures should be reached
relatively easily by drilling. The closeness to the magma chamber may bring problems such
as those encountered during the 1975-1984 episode, manifested in extensive deposits and
acid fluids. The reservoir fluid is apparently dilute and easy to handle but there are signs that
there may exist a more saline brine at greater depth from which HCl-rich steam can boil. The
experience in Námafjall suggests that it is possible that the magmatic fluids may have reacted
to a greater extent, the system approached equilibrium more closely and that the reservoir
fluid is more benign if the heat source is secondary, e.g. a dyke complex.
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PREDICTION ON DEEP FLUID CHEMISTRY

5.1

Introduction
Dr. Valgardur Stefánsson of the SAGA group commented after the first meeting that a
chemical study whose results would indicate whether rapid plugging or corrosion would be
likely or not at the target depth was a prerequisite for drilling. As a result it was decided to
carry out a study using presently available data on fluid chemistry at such conditions and the
reaction path program CHILLER with the database SOLTHERM (Reed and Spycher 1998)
which can be employed in the temperature range 25-590°C to compute the likely composition
of the target fluid and how it is likely to behave.
5.2

Conditions
The study involves rock, water and gas. The rocks are seen to differ especially with
depth. At great depth intrusions often acidic are relatively common in Krafla. Therefore it is
likely that the fluid at the target depth might be interacting with acidic rock. In Nesjavellir
intrusive rocks are basaltic to intermediate but in Reykjanes only basaltic rocks have been
observed. One of the aims is to carry out calculations with basaltic and acidic rocks and find
out whether this makes a difference. Earlier experience suggests that fluids interacting with
acidic rocks are high in fluoride.
5.3

Earlier work
Previous calculations in which Krafla ground water was reacted with altered Krafla
basalt and volcanic gas at 200-300°C showed that the addition of volcanic gas is essential to
produce the type of fluid composition that is common in high-temperature geothermal areas
such as Námafjall and Krafla. The same calculations also showed that the gas affected the
mineralogy and also the capacity of the fluid to take up gas showing an increased capacity
with increasing temperature. Therefore enormous quantities of gas are needed to saturate the
fluid and cause excess gas to be present in the system. This is however what happened in
parts of the Krafla system during the Krafla fires 1975-1984 and this excess gas caused the
formation of deposits that led to rapid plugging of production wells. At some distance from
the major upflow, such as in the southern part of Krafla and where the heat source is
secondary, e.g. an intrusion such as in Námafjall, this did not happen in spite of volcanic
activity. Thus it seems prudent to stay away from primary magma sources if possible.
5.4

Results of calculations
The program Chiller was applied to react basalt with seawater, freshwater and
magmatic gas in the following sets of calculations.
a) Seawater-basalt reaction from 0 to 1000 grams basalt per kg of initial water, at
P=1000 bar and T= 200, 300, 400 and 500°C.
b) Freshwater-basalt reaction from 0 to 1000 grams basalt per kg of water at P=1000
bar and T=400°C.
c) Cooling of seawater-basalt fluids from the 500°C reaction (a), from 500 to 150°C,
taking fluids from 10g, 100g and 1000g reaction points. This calculation series is
intended to simulate potential conductively cooled fluids.
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d) Reaction of magmatic gas (CO2 (0.5), SO2 (0.25), H2S (0.25) as mole fractions)
with an already-reacted basalt-freshwater mixture (at 9 g basalt per kg
freshwater).
The results show that there are no significant qualitative differences between the 400500°C reactions and their 200-300°C equivalents The seawater reactions produced
moderately acidic (pH 2.8 when cooled to 150°C) to very acidic (pH 1.7 when cooled to 150
°C) fluids owing to H+ production by precipitation of Mg-silicates, driven by the large
concentration of Mg2+ in seawater. Seawater sulfate is reduced to sulfide as ferrous iron
reactant minerals are altered to ferric minerals, such as hematite, magnetite and epidote.
In contrast to seawater, the freshwater reaction produces high-pH fluids (e.g. 8.0 when
cooled to 150°C). These fluids are also quite reduced.
Cooling of the seawater-basalt fluid yields acidic waters and “scale” or vein minerals
dominated by quartz (or amorphous silica), with lesser sulfides of Fe, Cu and Zn. The details
of sulfide mineral abundance and mineral ratios differs depending on the pH and redox state,
which, themselves, depend on the effective water-rock ratio of the deep reaction between
basalt and seawater.
Magmatic gas reaction with the freshwater-basalt mixture at 400°C acidifies and
sulfidizes the system. The original rock-forming (alteration or metamorphic) minerals are
partially replaced by quartz, magnetite, pyrite, and anhydrite.
The result of a preliminary simulation in which actual Nesjavellir fluid equilibrated
with gas and rock at 300°C was titrated with Ölkelduháls basalt at 450°C and 400 bar
suggests a benign fluid but increasing deposition with decreasing water/rock ratio.
5.5

Conclusions
In all cases there is apparently not a great danger of deposition if the fluid is
maintained at a temperature close to its subsurface temperature
At Krafla there is some danger of deposition as excess gas might be present. At
Reykjanes the fluid is likely to be saline and thus relatively acid and corrosive. There is also
some evidence that relatively acid brine might be present deep within the Krafla system. The
Nesjavellir fluid seems least likely to produce acid fluids and deposition.
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GEOPHYSICS 1 – RESISTIVITY

6.1

Introduction
Electrical and electro-magnetic methods have been used extensively to identify and
delineate high-temperature geothermal reservoirs in Iceland. All high-temperature systems,
within the basaltic crust in Iceland, have a similar resistivity structure, characterised by a low
resistivity cap at the outer margins of the reservoir, under-lain by a more resistive core
towards the inner part. This is found in fresh-water systems as well as brine systems, with the
same character but lower resistivities in the brine systems.
Comparison of this resistivity structure with data from wells shows a good correlation
with alteration mineralogy. The low resistivity in the low-resistivity cap is dominated by
conductive minerals in the smectite-zeolite zone in the temperature range 100-200ºC. At
temperatures 200-250ºC zeolites disappear and the smectite is gradually replaced by the
resistive chlorite. At temperatures exceeding 250ºC chlorite and epidote are the dominant
minerals and the resistivity is probably dominated by the pore fluid conduction in the highresistivity core. The important consequence of this is that the observed resistivity structure
can be interpreted in terms of temperature distribution.
The resistivity of rocks in the uppermost 1 km of all the three geothermal areas under
consideration have been mapped in some detail. They where originally mapped coarsely by
DC-methods (Schlumberger soundings) in the seventies and early eighties and later remapped more densely by the more resolving central-loop TEM sounding method.
The sounding curves are interpreted by one-dimensional inversion, and layered
models are used to compile resistivity cross-sections and maps at various depths. Based on
comparison of resistivity and data from wells, an attempt is made to interpret the resistivity
structure in terms of likely geothermal activity and temperature distribution.
The heat sources of the geothermal systems are normally deep seated (at some or
several km depth) and the production zones of wells in conventional high-temperature
utilization are generally in the depth range of 1-2 km. Experience has, however, shown that a
detailed knowledge of the resistivity structure in the uppermost 1 km is a good indicator of
deeper structures. Because of the convection mechanism in geothermal systems, near surface
resistivity anomalies are generally found above the main heat sources at depth.
6.2

The Hengill Area
A total of 186 TEM-soundings has been carried out in the area, from 1986 up to the
year 2000. There exit, in addition to the resistivity data, several other valuable data sets from
the Hengill area.
The Hengill area was very active seismically in the period 1994-999. Processing of
extensive micro-earthquake data has revealed active tectonic movements which are
somewhat different from the fissure-swarm/graben tectonics that are most prominent on the
surface. A good data set on geothermal gas concentrations in fumaroles exists, as well as
gravity data and tomographic data on sound velocities in the upper crust in the Hengill area.
In the following discussion an attempt is made to interpret with the different data sets, with
the main emphasis on the resistivity data.
Figures 45-47 show resistivity maps of the Hengill area at different elevations (100,
-100 and –600 m a.s.l.), faults and fractures from geological maps and inferred faults from
seismicity (green lines), as well as fumarolic surface activity. Figure 47 also shows Bouger
gravity isolines.
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The main conclusion from the resistivity data is that at depths greater than 1 km, there
is a large geothermal system, more or less continuous from the Grændalur-Hveragerdi
volcanic centre in the east to the northwest under Tjarnahnúkur, Bitra, Mt Hengill and
Skarðsmýrarfjall; it extends some 5 km under Mosfellsheiði, NW of the Hengill volcanic
complex. The heat sources could be cooling intrusions associated with EW-trending tectonic
faults. These faults are probably closely related to the South-Iceland transform zone (SIZS).
Intrusions seem to be most intensive where EW-trending faults meet NS-trending faults,
which in turn seem to connect to different zones of EW-trending faults.
Between the Hengill and the Hveragerdi volcanic centers, intrusion and geothermal
activity is likely to have persisted for hundreds of thousands of years and existed during
glaciation, at much higher ground-water level than at present. The rocks are highly altered,
with high-temperature alteration minerals at shallow depths. The well ÖJ-1, drilled on Bitra,
confirmed that a relatively cool (about 200°C) convective system is presently found in the
uppermost 1 km, at least in some places. Gas geothermometers do, on the other hand,
indicate higher temperatures at greater depth, but discrepancies between different gas
thermometers can be interpreted as indicating cooling near surface rocks. It is therefore
argued, by analogy with the geothermal system in Krafla, NE-Iceland, that near-horizontal
intrusions, below 1 km depth, act as a cap-rock for a deep geothermal system with higher
temperatures. A shallow convective system is found above the intrusions, mainly driven by
heat conduction through the cap-rocks. The presence of dense intrusions in the area is
consistent with relatively high gravity and sound velocity. The TEM-soundings show
anomalies of relatively low resistivity in the high-resistivity core. They correlate with faults
inferred from seismicity and are interpreted as reflecting cooled rocks. If this is the case, then
a shallow cooled convective system is not just confined to the vicinity of the well ÖJ-1. It is,
however, difficult to predict with any certainty how widespread this cooled upper system is,
because the resistivity structure is rather complex in this area and fumaroles unevenly
distributed.
To the SW of Bitra, the TEM-soundings do not indicate high temperature alteration
minerals at depth in an area extending northward and into the resistivity anomaly of the
geothermal system. This coincides with a NS-trending fault. The fault might therefore act as
a recharge-channel for cold ground-water to flow towards the geothermal system.
The TEM-soundings indicate an intense geothermal activity under the eastern part of
Mt Hengill and westward NE of the valley Innstidalur. The resistivity data do not indicate
high temperatures in the uppermost 1 km in the western part of the fissure swarm under the
NW part of Mt Hengill and northward. The same applies to the valley Innstidalur; the fact
that resistivity increases only slightly at depth to the north of the valley might indicate
limited geothermal activity in that area. A clear resistivity anomaly under Skarðsmýrarfjall
indicates highly altered rocks and intensive and persistent geothermal activity.
Inside the fissure swarm, the geothermal activity seems to be most intense on the
southern and northern margins of a zone where EW-trending faults intercept the fissure
swarm. Extrusive volcanic production is highest in these places (Mt Hengill and Mt
Skarðsmýrarfjall) and a high density of intrusions is expected at depth. The resistivity
indicates generally less-altered rocks in the uppermost 1 km inside the fissure swarm than
outside it, especially to the east. This is probably, at least partly, because the rocks in the
swarm are younger and have not accumulated as much alteration. Gas geothermometers
indicate higher temperatures at depth inside the fissure swarm than to the east and do not
indicate cooling at shallow depths.
The resistivity data indicate high-temperature geothermal activity west of Mt Hengill
and Húsmúli, extending some kilometres to the NW under Mosfellsheiði. The geothermal
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system in this area is at a greater depth, and the rocks are less altered, than on the east side of
the fissure swarm. The heat sources of the geothermal activity under Mosfellsheiði are
probably intrusions in the crust. Some of the intrusions have drifted out of the Hengill
volcanic complex, but more recent intrusions, connected to EW-trending transforms are also
thought to be present. No geothermal surface manifestations are found in this area, and
tectonic activity visible on the surface occurs far less than on the east side of the fissure
swarm. This can be taken as an argument against geothermal activity. The question of
whether high-temperature geothermal fluids are present at depth under Húsmúli and
Hellisheiði can only be answered by drilling.
The geothermal activity at Hveradalir is obviously related to the western margin of
the fissure swarm. It is not clear whether it is merely an outflow from the geothermal system
to the north, or if it has its own heat sources. The presence of Mt Reykjafell with relatively
high extrusive volcanic production might suggest intrusions and therefore heat sources at
depth. The geothermal activity in Hverahlíð does not seem to be connected to the geothermal
systems in the north. It is probably driven by heat sources and higher permeability related to
EW- and NS-trending faults that intercept in the area, and it is considered likely that the
geothermal activity extends westward at depth, into the fissure swarm NE of Stóri-Meitill.

Figure 45. Hengill area. Resistivity 100 m above sea level, faults and fissures (blue
and green lines), surface manifestations (red dots) and wells south of Hengill (black
stars).
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Figure 46. Hengill area. Resistivity 100 m below sea level, faults and fissures (blue
and green lines), surface manifestations (red dots) and wells south of Hengill (black
stars).
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Figure 47. Hengill area. Resistivity 600m below sea level, Bouguer gravity contours
(yellow lines), faults and fissures (blue and green lines), surface manifestations (red
dots) and wells south of Hengill (black stars).

6.3

The Reykjanes Area
In 1996 a TEM resistivity survey was carried out in the western part of the Reykjanes
peninsula. The survey covered an area extending from the shoreline in south and west to
Kalmanstjörn in the north and Eldvörp high temperature area in the east. In addition a few
soundings were carried out in the vicinity of Fagradalsfjall.
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The survey reveals an extended high temperature field at Reykjanes as seen on a
resistivity map, 700 meters below sea level, in Figure 8. The north-eastern boundary of the
geothermal field is well defined but boundaries to south and west are off shore. The size of
the geothermal field is therefore not known. The high-resistivity core reaches a height of -100
m (a.s.l) in the area where most geothermal manifestations are seen at the surface. From there
it dips slightly towards south and west to about -300 m (a.s.l.) as far as it is possible to detect
on land. Towards north and east the core dips steeply. A good correlation is seen between the
resistivity structure and the thermal alteration derived from borehole data.
The resistivity structure at Sandvík, just north of the Reykjanes geothermal field,
indicates high temperature alteration below -600 m (a.s.l.). The high-resistivity core reaches
as high as -900 m (a.s.l.) where the temperature would exceed 250°C, provided there is
equilibrium between thermal alteration and the present temperature state. That will however
only be verified by drilling.

Figure 48. Outer Reykjanes peninsula. Resistivity 700 m below sea level.
Reinterpretation of older TEM soundings from the Eldvörp geothermal field in view
of the results from Reykjanes indicates strongly that Eldvörp and Svartsengi are one system.
The high-resistivity core reaches height of -260 to -280 m (a.s.l.) with a thin overlying lowresistivity cap. The easternmost sounding shows the low-resistivity cap at the same depth as
the mixed-layer-clay-zone is seen in borehole 9 in Svartsengi at a distance of 800 meters.
Seismic data allowing study of active tectonics like in the Hengill area, is not
available at Reykjanes. The Reykjanes peninsula was very active seismically in the 1970's.
Seismic data, on digital form, are, however, sparse from this period. Since then, the area has
been very quiet, until recently. After the high seismic activity in the Hengill area, the activity
has been increasing in the Krýsuvik-Trölladyngja area. This might indicate that increasing
seismicity is to be expected further south on the peninsula in near future. The Reykjanes
peninsula is now monitored by a relatively sensitive digital seismic network, operated by the
Meteorological Office.
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6.4

Krafla Area
Figures 49-52 show the resistivity structure in the uppermost one kilometre of the
crust in the Krafla area. The results are mainly based on one-dimensional inversion of
central-loop TEM data collected in 1991, 1993 and 1999. The data set is, in some cases,
augmented by older Schlumberger and head-on-resistivity data.
Above sea-level, the results show three, largely separated anomalies of low resistivity
which is under-lain by higher resistivity. The largest anomaly extends from Mount Krafla and
its southern slopes and Kröfluháls in the south-east and to the north-west over Leirhnúkur
and towards Hvannstóð. The eastern boundaries of the anomaly, north of Mount Krafla, are
sharp and near vertical. The same applies to the south-west boundaries of the anomaly, under
Grænagil, Leirbotnar and southern part of Leirhnúkur. They are sharp and near vertical down
to sea level. Another resistivity anomaly is found under Leirhnúkshraun, west of the
mountains Þríhyrningar, and extending to the south under Dalfjall. The third anomaly is
under Sandabotnar and the southern part of Hágöng. At 200 m above sea-level, it connects
weakly, west of Sandabotnar, with the anomaly under the southern slopes of Krafla. A part
of this anomaly lies outside the caldera and extends outside the surveyed area so that its
north-east boundaries are not defined. At sea-level, an anomaly starts to appear under the
southern part of Sandabotnafjall and Sandabotnaskarð. At and right below sea-level this
anomaly appears to be mostly separated from other anomalies.
The anomalies discussed above are thought to reflect, in some respect, distinct upflow zones. At greater depths, the anomalies start to merge and at 400 m below sea-level, a
continuous anomaly of high resistivity below low resistivity is observed, over an area of
about 48 km2. The resistivity soundings do not show signs of geothermal activity in a wedge
into the main anomaly, under the valley Hlíðardalur and the western part Sandabotnafjall.
Contrary to what was expected, the resistivity soundings did not show resistivity
anomalies below and south-west of Hvannstóð. It is generally believed that a geothermal
system was active there, some thousand years ago. The observed resistivity structure does not
indicate geothermal activity in this area, at present. The prominent and extensive resistivity
anomaly under Hágöng was likewise unexpected. No indications of geothermal activity are
found on the surface, but the anomaly has all the characteristics of a high-temperature
geothermal system.
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Figure 49. Krafla area. Resistivity 400 m above sea level.

Figure 50. Krafla area. Resistivity 200 m above sea level.
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Figure 51. Krafla area. Resistivity 100 m below sea level.

Figure 52. Krafla area. Resistivity 500 m below sea level.
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6.5

Further Exploration
All the three geothermal systems which are considered as candidates for deep
geothermal drilling have been studied in some detail, by TEM soundings, to a depth of about
1 km. Information on the shallow structure of the geothermal systems can, to some extent be
extrapolated to greater depths, based on geological, geochemical and other geophysical data.
When wells are to be sited and drilled, aiming at targets in the depth range of 3-5 km,
a more firm knowledge of likely conditions, than can be inferred from near surface data, is
highly desirable. Such a knowledge can only be gained by geophysical methods. Of the
available geophysical methods, resistivity and seismic methods have the highest potential for
giving information on the thermal state at depth.
It is therefore suggested that deep resistivity surveys (probably MT), aiming at the
resistivity structure in the depth range of 1-7 km, are conducted. In addition, it is suggested
that the large earthquake data set from the Hengill area is analyzed, with the focus on lateral
variations in the depth to the ductile-brittle transition, which is generally thought to be at
temperatures of about 600-700°C. No extensive digital seismic data sets exist for the Krafla
area nor for Reykjanes, but they may be accumulated in the future.

Figure 53. Models from 2D inversion of MT soundings along a profile in
Threngsli, SW of Mt. Hengill. a) TE mode, b) TM mode c) TE and TM modes.

Report–Part I of III

70

IDDP FEASIBILITY REPORT

7

GEOSCIENCES - SITE SELECTION

GEOPHYSICS 2 - SEISMICITY

In developed crustal genesis regions of Iceland, like at the proposed sites for the Iceland
Deep Drilling Project (IDDP) at Reykjanes, Krafla and Hengill, it is hypothesized that the
onset of semi-brittle state in crustal rocks occurs at the top of the lower crust. At
approximately this depth does the frequency of earthquakes start to drop. It lies at 4-5 km
depth under the IDDP sites. The depth above which 90 % of the seismicity lies, is defined as
the depth to the brittle-plastic boundary and the bottom of the seismogenic part of the crust.
This boundary lies between 6-7 km below the IDDP sites with a 1.5-2 km thick brittle-plastic
transition zone above it. There are limited laboratory measurements available on rheology of
basaltic rocks, but arguments exist for a 600°C temperature at the semi-brittle boundary and
760°C at the brittle-plastic boundary in a 2 cm/yr strain region like Iceland. These
temperature depth values can be linearly connected from the surface with a thermal gradient
between 110-130°C/km assuming approximately a 1.5 km thick transition zone. A 2 km thick
brittle-plastic transition zone, however, suggests a decrease in thermal gradient in the top part
of the lower crust compared to the gradient above. None-double couple earthquakes in the
midcrust and in the top part of the lower crust in crustal genesis regions of Iceland do suggest
that hydrous phases may exist in the crust at depths where the average temperature exceeds
400°C.
7.1

Introduction
The main motivation of the IDDP is research and application of geothermal energy at
4-5 km depth, with the aim of reaching a 400-600°C hot supercritical hydrous fluid
(Fridleifsson and Albertsson, 2000). Three areas have been proposed as sites for this project,
Reykjanes, Hengill and Krafla. The proposed 4-5 km drilling depth is double that of the
deepest current geothermal wells in Iceland. The most relevant information on physical
conditions for this project is rock temperature and concentration of chemicals in liquid, and
pressure at 4-5 km depth in the high temperature geothermal fields of Iceland. Here it will be
examined what contribution seismology can make and has made to predict the temperature
and liquid concentration at 4-5 km depth in a high energy geothermal environment. As this
project will enter a new geological frontier it is very important to maintain a broad research
view that can aid future projects of similar type. A very important objective for that view is
that the proposed hole should penetrate into the lower crust.
Seismology can give an indication of liquid concentration in a rock mass (water,
magma, oil or gas), but seldom a direct proof except in extreme cases. One method for such
an exploration, is to measure the ratio of compressional velocity over shear velocity (vP/vS) ,
or another combination of these velocities called the Poisson's ratio. Subsurface hydrous
phases are among factors that can lower this ratio (Nur, 1987), but porosity and fracture
geometry can have a similar effect. The existence of a partial melt within a rock mass has the
opposite effect of water in that it increases the vP/vS ratio. Melt can have a wide distribution,
especially in the mantle. However, water saturation in a rock mass is usually on such a small
geological scale, a few kilometers or less, that it is only detected with high resolution
measurements of the velocity structure. High resolution measurements are costly and not as
common as the lower resolution measurements. The Hengill area is the only one of the three
proposed drill sites where such a survey has been carried out (Foulger et al., 1995). Its reults
showed a decrease in the vP/vS ratio in the top 3 km of the crust that correlates closely with
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areas of hot springs and fumaroles, and was interpreted as a hydrous effect on the vP/vS
ratio.
The other seismological indication of fluids within the crust comes from the existence
of non-double couple earthquakes of explosion or implosion type. They have been observed
both in the Krafla and Hengill areas (Foulger, 1988; Foulger et al., 1989). The most recent
and comprehensive study in the Hengill area, resulted in the location of six non-double
couple earthquakes in the depth range 2.9-5.0 km during one summer recording (Julian et al.,
1997). Five of the six were of explosion type. No non-double couple earthquakes have been
documented on the Reykjanes Peninsula, but not much effort has been put into looking for
them there.
There exist abundant low resolution (1/2-10 km depth and 5-50 km lateral resolution)
refraction measurements of the Icelandic crust, a couple of those close to the proposed IDDP
sites. These measurements yield the one or two dimensional absolute body wave velocity of
the crust, always compressional velocity and sometimes shear velocity as well. Though the
direct temperature effect on seismic velocity is rather low, except close to the solidus (Sato et
al., 1989), it will be argued in this report that even a low resolution knowledge of the crustal
structure can be crucial to put bounds on the thermal state of the crust, with perhaps 100°C
uncertainty in temperature at 5 km depth. The primary link between seismic velocity and
temperature that will be emphasized here, comes from correlation of seismic velocity with
the thickness of the seismogenic zone (i.e. the brittle part of the crust).
It is concluded that a reasonable estimate can made of the temperature of the crust at 5
km depth below high energy geothermal fields in Iceland. However, detection of hydrous
fluids with seismic imaging techniques requires more detailed knowledge of the velocity
structure than is generally available in Iceland, and may need more development before they
can be used for deep geothermal exploration. The occurrence of explosive non-double
earthquakes down to 5 km depth in the volcanic rift zones of Iceland does suggest existence
of fluids down to that depth.
7.2

Crustal velocity structure of Iceland
The Icelandic crust is created in the on land portion of the Mid-Atlantic ridge. The
wave speed of the crust in Iceland corresponds closer to wave speeds observed in oceanic
crust than in continental crust (Pálmason, 1971; Bjarnason et al., 1993). The similarity in
wave speed suggests similarity in the chemical composition of basaltic type, which is
certainly observed in the surface geology (Sæmundsson, 1979). On the other hand the
thickness of the crust in Iceland resembles more closely the thickness of continental crust.
The thickest Icelandic crust is 30-40 km thick (Stables et al., 1997; Menke et al., 1988;
Darbyshire et al., 1998; Du and Foulger, 2001) and probably covers more than half the island
(Bjarnason and Sacks, 2002). The thinner part of the Icelandic crust is between 15-24 km
thick (Bjarnason et al., 1993; Brandsdóttir et al., 1997; Weir et al., 2001). As a consequence
of the thick Icelandic crust, crustal velocity gradients are considerably lower in Iceland than
below the oceans.
In Iceland as elsewhere the crust is divided into two parts, the upper and lower crust,
also called layers 2 and 3 (Pálmason, 1971). This division is best defined as occurring at a
significant change in the velocity depth gradient, a change of the order of a magnitude in the
Icelandic crust (Flóvenz, 1980). This division usually also occurs close to the depth of the
6.5 km/s compressional velocity, which is defined to be the boundary velocity between the
upper and lower crust (Pálmason, 1971). The thickness of the upper crust varies between 310 km (Flóvenz and Gunnarsson, 1991), and that of the lower crust by 10-30 km. The
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thickness of the upper crust in the neovolcanic zones of Iceland is between 3.5-6.5 km thick
(Bjarnason et al., 1993; Brandsdóttir et al., 1997; Darbyshire, et al., 1998; Du and Foulger,
2001).
Lately the upper crust has been divided into an upper and lower part in Iceland. The
upper part, still called upper crust, and the lower part called midcrust (Bjarnason et al., 1993;
Darbyshire, et al., 1998). This distinction is geologically useful in associating the upper crust
with mostly extrusive basaltic rocks with similar velocity as the oceanic layer 2A (3.0-5.5
km/s). The midcrust consists likely of increased volume of intrusives and metamorphosed
basalts as observed in ophiolites with a velocity range of oceanic layers 2B and 2C (5.5-6.5
km/s) (Bjarnason et al., 1993. Note a change from Bjarnason's et al., (1993) definition of 5.0
to 5.5 km/s for the upper and midcrust boundary). The velocity depth gradient of the midcrust
is usually 3-4 times lower than the upper crustal gradient and 5-6 times higher than the lower
crustal gradient. The midcrust therefore has several intermediary properties of the upper and
lower crust including, velocity, velocity gradient and degree of instrusives and
metamorphism. This tripartite division of the crust will be followed in this report.
Figure 54a shows a smooth one dimensional compressional velocity model that
demonstrates the tripartite division of the crust and is probably a good average crustal
compressional velocity model for Iceland. Its upper 20 km part was compiled by Bjarnason et
al. (1993) for the South Iceland Lowlands and is the standard model used for earthquake
location in Iceland by the Meteorological Office (the SIL model). Here it has been extended
to 30 km depth to represent the average thickness of the Icelandic crust. The depth to the
lower crust is 6 km, with 2.7 km thick upper crust and 3.3 km thick midcrust. In comparison
Figure 54b is an un-smoothed one dimensional compressional velocity model for the
Þingvallavatn area, 5 km north of Hengill. This model may be more representative for the
velocity structure of the candidate IDDP sites. It has a 2.5 km and thick upper crust and a a
1,9 km thick midcrust with 4.4 km depth to the lower crust. Here there is a smaller difference
between the velocity depth gradients of the upper and midcrust than usually. Notice the 2-3
% velocity inversion at 7-9 km depths. It compares to a hypothesized magma inflation at 7
km depth, the source of crustal deformation near the Hengill volcano in 1993-1998 (Feigl, et
al., 2000).
7.3

The seismogenic crust and temperature
Stefánsson et al. (1993) found a remarkable deepening of the seismogenic (brittle) crust
from the Western Volcanic Zone (WVZ) in the Hengill area east along the South Iceland
Lowlands (SIL) towards the younger Eastern Volcanic Zone (EVZ) (Figure 55). Comparing
the Stefánsson et al’s. (1993) finding with the relatively high resolution velocity structure
measured on the SIST tomographic refraction profile that passed over this area (Bjarnason et
al., 1993), it is observed that the brittle-plastic boundary (defined as the depth above which
approx. 90 % of microseismicity lies) correlates with the 6.75 km/s compressional velocity
contour. Likewise, if the semi-brittle or the brittle-plastic transition zone is defined to lie
between the depth where microseismicity has declined by 1/3-1/2 from its maximum depth
frequency and the 90\% accumulated microseismicity, a correlation is observed with the
onset of semi-brittle state and the depth to the lower crust, the 6.5 km/s compressional
velocity contour. It is therefore postulated here that the compressional velocities 6.5 km/s and
6.75 km/s are important rheology and temperature markers within the crustal genesis zone
and some spreading distance away from it. From the WVZ into the SIL region this
correlation holds to approx. 7 Ma.
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Within the framework of Pálmason's (1986) crustal formation model a boundary like
the mid-lower crustal boundary is advected to greater depth with time, but reaches a
maximum advection depth some distance away from the axial rift zone. However, the
isotherms continue to deepen away from the axial rift zone unless a new thermal source lifts
them up. Crustal erosion also moves the markers closer to the surface and they cool faster.
The 6.5 km/s and 6.75 km/s markers therefore do not define uniform rheological properties
for the whole of Iceland.
There is a lack of laboratory rheology measurements of basaltic rocks. Bjarnason et
al., (1994) estimated from limited data a temperature range 600-700°C, or an average 680°C,
in the brittle-plastic transition zone within a 2 cm/yr plate velocity zone as in Iceland.
Assuming a linear temperature gradient and a 680°C temperature in the middle of the
transition zone, a temperature can be calculated at the onset of the transition at the mid-lower
crustal boundary. Such a calculation e.g. for the Þingvallavatn area (Figure 54 b) gives the
temperature 620 +/-90°C at the mid-lower crustal boundary at 4.4 km depth and a thermal
gradient of 140 +/- 20°C/km.

a)

b)

Figure 54 a) A tenable average compressional velocity structure for Iceland showing the
tripartite division of the crust into an upper, middle and lower part. The top 20 km is the SIL
model extended to 30 km thick crust with a small crustal-mantle velocity discontinuity.
b)
The compressional velocity in the Þingvallavatn area, 5 km north of Hengill on the SIST
profile on top of the average Iceland model. Notice the velocity inversion at 7-9 km depth in
the Þingvallavatn model, which coincides with proposed magma inflation depth during the
1993-1998 Hengill uplift period (Feigl, et al., 2000).
7.4

Temperature at 5 km depth in crustal genesis regions
Of the three proposed IDDP sites Reykjanes is the only one where an undisturbed
geothermal gradient has been determined locally in an 800 m deep hole (Orkustofnun
database). The temperature-depth profile is highly linear with a gradient 115°C/km (Figure
56). A linear extrapolation of these measurements gives a temperature of 575°C at depth 5
km depth. This hole is located in Miðnessheiði, 15 km from the main geothermal fields at
Reykjanes and may therefore reach a cooler crust.
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A high resolution (within ¼ km) determination of the depth to the lower crust, the
important rheology marker, has not been carried out at any of the IDDP sites. Brandsdóttir et
al. (1997) determined the velocity structure of the top 2 km within the Krafla caldera with
high depth resolution, but the deeper structure is mostly modelled by large offset (>50 km)
undershooting measurements. The depth to the lower crust is modelled in the range 3-4 km
within the Krafla caldera and magma storage region at 3-4.5 km depth (Figure 57) was
imaged too. A number of reversed medium resolution refraction profiles were obtained for
the Reykjanes peninsula (Pálmason, 1971). Flóvenz (1980) reanalyzed these measurements
and determined a 4.3-4.5 km depth to the lower crust (layer 3). The present author
recommends that these data should be further analyzed and augmented by reading all seven
recording channels instead of just the one that Pálmason's (1971) and Flóvenz (1980) analysis
are based on, given that the channel spacing can be sorted out. The recent Reykjanes-Iceland
Seismic Experiment (RISE) (Weir et al., 2001) added little new information on the crustal
structure of the upper and midcrust on the Reykjanes Peninsula due to a lack of on land
sources and receivers. They modelled a 4.0 km depth to the lower crust at the Reykjanes. No
high resolution refraction has been run directly across the Hengill area, but such a profile has
been measured 5-10 km north of the Hengill geothermal region (Bjarnason, et al., 1993), and
a 4.4 km depth to the lower crust observed (Figure 54b). There may be an uncertainty of
approx. one kilometer in the estimated lower crustal depths at all three IDDP sites (Table). It
is also possible that there is up to one kilometer variation in the estimated lower crustal depth
within individual regions, as a result of up-doming of the lower crust within central volcano
areas.

Figure 55. Depth of earthquakes versus longitude inside the South Iceland Lowlands
into the Western Volcanic Zone recorded on the SIL network from 1. July 1991 to 31.
December 1993 by the Icelandic Meteorological Office (Gunnar Guðmundsson,
personal communication, 2002). The SIL compressional velocity model used to locate
the earthquakes is shown on the right. Notice the deepening of the seismogenic
thickness from approx. 6 km at the western end to approx. 11 km at the eastern end.
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Figure 56. Temperature depth profile on Miðnesheiði at the western end of the
Reykjanes Peninsula. Different symbols represent measurements at different times.
The latest measurements (star symbol) show a highly linear profile with a thermal
gradient 115°C/km (From the Orkustofnun database).

Figure 57. North-south and east-west compressional wave speedcross section of the
Krafla area (Brandsdóttir et al., 1997). The Rand V labels on the lateral scale
position the caldera rim and the caldera lake named Víti. The lower crust rises to 3-4
km depth under the Krafla volcano with a magma storage region at 3-4.5 km depth,
shown with lighter shading.
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Figure 58. Earthquake depth frequency on the Reykjanes Peninsula, Hengill and Krafla
areas recorded by the Meteorology Office (Guðmundsson et al., 2001). The arrows give the
approx. depth of the accumulated 90 % of the seismicity measured from the surface, which is
defined as the brittle-plastic boundary. Notice the sharp drop in seismicity around this
boundary on Reykjanes and Hengill, suggesting a high thermal gradient.
The thickness of the seismogenic crust, that may correspond to a bottom temperature
of 760°C, is reasonably well determined at all three IDDP sites. The onset of the semi-brittle
zone, that may correspond to a temperature of 600°C is less well constrained. The Krafla and
Hengill areas both have a 7 km thick seismogenic crust (Figure 58; Guðmundsson et al.,
2001). The average seismogenic thickness in the Reykjanes Peninsula is 8~km (Figure 57),
but thins towards the west and is 6 km thick at the tip of the peninsula (Klein et al., 1973;
Guðmundsson personal communication, 2002). Based on seismogenic thickness alone,
Reykjanes is the hottest of the three locations. If we assume a 1.5 km thick transition zone at
all three sites, then we can linearly connect the transition zone temperatures with a surface
temperature and thermal gradients between 110-130 °C/km. This gives the lower rheology
temperature at 5 km depth in the Table. If, however, we assume a 2 km thick transition zone,
then the thermal gradient is lower in the transition zone than above it. This gives the higher
rheology temperature at 5 km depth in the Table. It is worth noting that the thermal gradient
measured on the western part of the Reykjanes Peninsula (Miðnesheiði) is almost the same as
that obtained from the estimated rheology temperature in Hengill and Krafla, but 9-15 %
lower than estimated rheology temperature for Reykjanes (Table 8). As was pointed out
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before the higher calculated rheology temperature may be real, because the borehole is 15 km
outside the high temperature geothermal area.
There are a number of uncertainties in the seismogenic thickness determinations,
which may be of the order of one kilometer at the IDDP proposed sites. The seismic network
of the Meteorological Office has only been dense enough for good hypocenter depth
determination since 1997 on Reykjanes. From that time Reykjanes has been almost aseismic.
However, combining the limited Meteorological Office data since 1997 with the portable
network of Klein et al. (1973), a coherent picture emerges. The Krafla area has not been very
active seismically since 1994 when recording by the Meteorological Office started in north
Iceland. For that reason the hypocenter depth distribution may still be a little uncertain and
the estimated deeper seismicity questionable. The seismogenic thickness of the Hengill area
may be overestimated by about 1 km due to the increased strain rate in 1993-1998.
Table 8. Results of the study of seismicity.
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ENVIRONMENTAL ISSUES

8.1

Legislation
According to the Act on Environmental Impact Assessment, No. 106/2000, all
projects, which may have a significant effect on the environment, natural resources or
community, shall be subjected to an Environmental Impact Assessment (EIA).
Skipulagsstofnun, the Planning Agency, monitors the application of law and regulations on
planning, building and Environmental Impact Assessment. The Minister for the Environment
has the supreme control of planning and building under the Planning and Building Act and
EIA programmes under the Act on Environmental Impact Assessment. The assessment must
be a part of the planning process.
A regulation supplementing the environmental act states which projects are
compulsory for an EIA. Other projects, which may or may not be subjected to an assessment,
depending on their magnitude, are listed in Appendix 2 of the regulation. It includes “drilling
of production wells and exploration wells in high enthalpy fields”, and “plants for production
of electricity, steam and hot water, hydro plants with installed capacity of 100 kW or more or
geothermal exploitation of 2500 kW or more”. Apparently the IDDP falls under projects
listed in Appendix 2. In such cases the executing party prepares a report, the Environmental
Impact Statement, to inform the Planning Agency of the intended project. The report must
include a detailed description of the proposed project, in accordance with the procedure
outlined in the regulations. After evaluation the Agency makes a decision on whether the
project is exempted from EIA.
Figure 59 shows the Environmental Impact Assessment process from the initial
notification of the project and scoping of the assessment to the final ruling by the Planning
Agency or the minister for the environment, in case the Planning Agencies ruling has been
appealed. This process is described in further detail in chapter 14 (Environmental Impact of
Drilling) in Part II.
8.2

Geothermal experience

Initial development of the three geothermal fields in question, i.e. Reykjanes, Hengill
and Krafla, predates the present environmental act and the request for a modern EIA. But in
recent years additional development in all these fields has been subjected to such a study, and
it is useful to analyse the resulting environmental reports in order to foresee what will be the
main environmental concern resulting from a deep drilling project in one of the three areas.
In some cases it has been a complete Environmental Impact Report, but in other cases
projects under Appendix 2 as described above have been considered
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Developer prepares a notification
report for a high enthalpy
geothermal drilling, classified
according to article 6 (Annex 2)
The Developer hands Notification
of the project and relevant data
over to the Planning Agency
[Week 0]
The Planning Agency
assess data and seeks
the opinion of the granters
of consent

4 weeks

Reasoned ruling by the Planning
Agency if the project is subject to
EIA [Week 4]
4 weeks
Appeal?
[Week 8]

Yes
4 weeks

Decision if project is subject to EIA.
Ruling by the Minister for the
Environment [Week 12]

No
Subject to EIA?

No

The Project may start
The Project may start

Yes
The Developer prepares
the EIA work

The time to decide if the proposed project is
subject to an Environmental Impact
Assessment study is 4-12 weeks, without the
time to prepare documents.

Figure 59. The process from the notification of a high enthalpy geothermal drilling project,
leading to the decision if the project is subject to Environmental Impact Assessment or not.
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The Developer hands in a Scoping
Document Proposal [Week 0]
4 weeks
No

Proposal
acceptable?
Yes
EIA study

The Developer hands in the EIA
study [Week 0]
2 weeks
Is EIA
study according
to SDP?

No

Yes
Publicity and presentation
[week 2-8]
Examination by the Planning
Agency [week 2-12]

Reasoned ruling by the Planning
Agency [Week 12]
4 weeks
Appeal?
[Week 16]

Yes
8 weeks

Reasoned ruling by the Minister for
the Environment; accepted (with or
without conditions) or rejected
[Week 24]

No
Accepted?

Yes

The Project may start
The Project may start

No
The Developer abandons
or redesigns the project

The time to assess the environmental
impact is 12-24 weeks, without the
time to prepare documents.

Figure 60. The process of an Environmental Impact Assessment study, from the
scoping of the EIA-Report to the ruling of the Minister for the Environment.
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Reykjanes

Geothermal steam has been used at the Reykjanes Geothermal Area for extracting salt
from the geothermal brine. Currently, the factory produces high quality salt called "Edalsalt"
and exports about 150 tonnes per month to the UK. Process steam produced is 16 kg/s. The
plant also produces electricity, 0.5 MWe, for its own use.
In 2000 Hitaveita Suðurnesja submitted an Environmental Impact Statement to the
Planning Agency on a proposed industrial development at the Reykjanes high enthalpy field
(VSÓ 2000). The project involved drilling for sufficient steam for a 100 MWe power plant,
estimated 18 production wells, 11 exploration wells and 5 reinjection wells.
In March 2000 the Planning Agency published its decision on the Environmental Impact
Statement. Drilling is permitted within the planned industrial area, but additional assessment
is required on several listed items:
1. Disposal of wastewater. A study of the effect of dilution of sea water on the flora and
fauna at the proposed location of disposal,
2. A study of the flora and the fauna in the dilution area,
3. Further information on the concentrations of dissolved solids in the wastewater and
their influence on the marine biosphere, such as silica, aluminium, iron, and
manganese as well as various heavy metals such as cadmium, copper and zinc as well
as arsenic and lead.
4. Information on flora and fauna within the proposed reinjection area and an evaluation
of the adverse influence caused by construction of roads, pipelines, drilling platforms
etc.
The developers disputed the verdict but the Minister of Environment confirmed the
Planning Agencies ruling.
In July 2002 a new plan was presented to the Planning Agency (VSÓ 2002) involving 7
production wells within the planned industrial area, 3 reinjection wells and 3 exploration
wells outside the planned industrial area. In September 2002 the Planning Agency issued a
ruling where the plan was agreed upon with a few mitigating measures regarding disposal of
geothermal brine.
8.4

Hengill
Four high enthalpy geothermal fields, i.e. Hveragerði (including Grændalur),
Ölkelduháls, Nesjavellir and Hellisheiði have developed within central volcanoes in the area.
Environmental Impact Statements have been prepared for proposed development in the three
first named fields within the last 8 years, and EIA is being prepared for the last one.
Nesjavellir
The construction of the geothermal power plant at Nesjavellir predates the
requirement for EIA. The permit obtained at the time allowed the drilling for water and steam
sufficient for the production of 400 MWt and 76 MWe. In the late 1990s plans were made to
increase the power production at Nesjavellir to 90 MWe, and Orkuveita Reykjavíkur
submitted an Environmental Impact Statement (VGK 2000) to the Planning Agency. After
reviewing the statement the agency issued its decision in January 2001. In general the
statement was accepted without any additional conditions, but the main concern in the
agency’s report is the disposal of brine and condensate from the boreholes and the power
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plant. The mitigation measures proposed by the operator in the Environmental Impact
Statement, involving reinjection, are supported by the agency.
In July 2002 Orkuveita Reykjavíkur submitted an Environmental Impact Statement
for expansion from 90 MWe to 120 MWe at Nesjavellir. The statement was accepted by the
Planning Agency in September 2002.
Ölkelduháls
Prior to the drilling of one geothermal well in 1995, no development had taken place
in the Ölkelduháls field. Hitaveita Reykjavíkur (later Orkuveita Reykjavíkur) had carried out
a surface reconnaissance project, and in 1995 the first (and so far the only) exploration
borehole was designed and sited. An Environmental Impact Statement (Gunnlaugsson 1994)
was prepared and delivered to the Planning Agency for evaluation and decision. The main
comment from the agency concerned the construction of a road to the Ölkelduháls area. The
area did not have any road connection except for a simple track for four-wheel drive vehicles.
The construction of a 5 km long road to bring a drilling rig into the area was proposed in the
statement. The Planning Agency accepted this plan, but put stringent restrictions on design,
material etc. Requirements regarding disposal of waste products during drilling and well
testing were spelled out.
Grændalur, Hveragerði
The Hveragerði high enthalpy field is partly located within the township of Hveragerði
and partly in the slopes of the mountains north of the town. Drilling for steam in the town of
Hveragerði started as early as 1947, and the steam has been used for industry, mainly for the
extensive greenhouse industry. Considerable exploration has been carried out in the
Hveragerði area, and apparently the main upflow area is in Grændalur on the slopes north of
Hveragerði. Plans were made by the firm Sunnlensk orka to investigate the reservoir of the
Grændalur field by deep drilling. In an Environmental Impact Statement (VGK 2000b) four
drill sites were considered (Figure 61), one at the mouth of the Grændalur valley (location a),
one right in the center of the valley, close to the river Grændalsá (location b), one on the
slopes north of the bottom of the valley, close to Ölkelduháls (location c) and one on the
eastern slope of the valley (location d). Exploration results suggested that location b was the
most promising, locations a and especially d were less promising but less was known about
the possibilities of location c. There is a road connection to location a but not to the others. A
one km track would be needed to reach site c from the road accompanying the electric line to
the Búrfell power station. The Planning Agency accepted the drilling for location a, but
rejected all plans for constructing a road into the Grændalur area and drilling in locations b or
c. The decision to turn down the request for drilling in Grændalur was based on:
1. Road construction. No roads or tracks exist in the Grændalur valley. At least four
options for a road location were proposed in the statement, but the agency considered
that all of these would cause irreversible damage to the environment, especially the
main spring and fumarole areas. Due to the steep slopes any road construction in this
area would create an eyesore in the unspoiled landscape.
2. Tourism and hikers. It is pointed out that Grændalur is a popular unspoiled hiking
area close to the main population centers of Iceland. Numerous hot springs, colourful
rock formations and vegetation makes this area unique for outdoor activities, and the
Agency considers that the proposed drilling and related activities would greatly
reduce the value of the Grændalur for hiking and other outdoor activities.
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Figure 61. Hveragerði area. Proposed drillsites in Grændalur shown.
It should be pointed out the Agency considers that drilling and well testing as such
would not have serious influence on the area and its flora and fauna.
The potential operators of the field, Sunnlensk orka, were not satisfied with the decision and
complained to the Ministry of the Environment who is the final arbiter in such cases. Their
demand was that the decision of the Planning Agency be reversed and drilling at site b be
permitted but if this permit were not granted that drilling at site c be permitted. The final
outcome was that the Ministry has granted permission for drilling at site c provided that the
track needed would follow the contours of the landscape and that excavation for material be
carried out in cooperation with the Nature Conservation Agency.
Hellisheiði
The first deep drilling at the Hellisheiði geothermal field in 1985 predates the
Environmental Act, but since 2001 Orkuveita Reykjavíkur has drilled five deep exploration
wells in the area. The drilling was reported to the Planning Agency according to Appendix 2
of the Environmental Act. The field is a popular area for outdoor activities, both in summer
and winter, due to its scenic landscape and proximity to the capital. Three large power lines
cross the area, and all the locations for the boreholes were close to existing roads, therefore a
minor surface disturbances were caused. The Planning Agency’s verdict was that the
proposed drilling was exempted from EIA. Following the positive results from the drilling
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the operators decided to start the preparation to construct a power plant using geothermal
energy from the Hellisheiði field for production of electricity and hot water for space heating.
An Environmental Assessment plan was submitted to the Planning Agency in April 2002
(VGK 2002) and subsequently approved. Work on the EIA is ongoing according to the plan.
8.5

Krafla
Both the Krafla geothermal field and nearby field of Námafjall were developed for
energy production and industry long before the current Act on Environmental Impact
Assessment came into action. But new development has been planned in both areas and
Environmental Impact Statements prepared.
Krafla.
The present drill field covers only a small part of the large Krafla caldera, but the geothermal
area is located within the boundaries of the caldera. The original production permit was for
60 MW. Drilling in recent years has resulted in more steam production than is needed for the
present plant and therefore the operators of the Krafla field, Landsvirkjun, plan to increase
the plant to a 100 MW capacity using the present excess steam with steam from additional
drilling. The operation involves an additional power house and cooling tower. An
Environmental Impact Report (VGK, Orkustofnun 2001) was prepared and in December
2001 the Planning Agency approved the proposed activities. The Food and Environment
Agency, which issues the final operation permit, has reservations about the chemical
composition of the potential effluent from the larger plant and demands stringent conditions
if it is to issue such a permit, but the Planning Agency approved the mitigation measured
proposed by the operators of the plant. The operators of the Krafla power plant have also
made a plan to investigate whether additional prospects suitable for development can be
found within the Krafla caldera. Therefore four possible targets have been marked, and a
declaration report (VGK, Orkustofnun 2000) delivered to the Planning Agency in accordance
with Appendix 2 of the Environmental Act. The current drill field is centrally located within
the large geothermal system in the Krafla caldera, but the four proposed new drill fields are
bordering the current drill field on all sides. In the Agency’s decisions each of the four areas
were dealt with separately, two of them being exempted from EIA (i.e. Eastern and Southern
fields) but the other two not (Leirhnjúkur area and Western field). The main reason for
requesting an EIA is the proximity of the exploration area to the Leirhnjúkur craters, the
center location of the Krafla fires 1975 – 1984. On a nature protection map produced by the
Nature Protection Agency (1987) land is divided into five groups according to protection
value. The Leirhnjúkur area is in the second priority group, the highest in the Krafla area, due
to its scientific and educational importance and because of its tourist attraction. The EIA is
requested to evaluate possible irreversible damage to the environment, pollution and
disturbance to tourism. It is pointed out that although Landsvirkjun has the rights to
geothermal development in Krafla then the proposed drilling area is defined in the municipal
development plan as a “wilderness area”. Any drilling activities would require an amendment
of the general development plan and drilling would have to take place within an “industrial
area”. There is also controversy about a specific law on the protection of Lake Mývatn and
River Laxá (No. 36/1974), which was passed specifically for the protection of these
phenomena but is for convenience valid for the whole district of Skútustaðahreppur to which
the Krafla area belongs. Another problem is whether the environmental impact of potential
utilization should be estimated concurrently with the assessment for an exploration well.
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Following the Agency’s decision the operators decided to prepare an EIA for the
Western field, and an action plan was submitted in February 2002, and an EI report in June
2002. The Planning Agency’s verdict was issued in September 2002. The finding was that the
proposed drilling and construction activities would not cause an irreversible environmental
impact, and the project was approved. An amendment of the general development plan for
the field in question must be made prior to the issuing of the final operation permit.
Námafjall, Bjarnarflag
Steam from the Bjarnarflag field has been utilized for industrial use and for a small power
plant (3 MWe) for decades. Landsvirkjun, which has the geothermal rights in the whole of the
Námafjall geothermal field, has made plans for a 40 MWe geothermal power plant at
Bjarnarflag. An Environmental Impact Statement (Hönnun 2000) was delivered to the
Planning Agency. There the drilling of up to 7 new production wells is proposed, additional
to two existing wells, which have been in production for almost 20 years. Despite an
extensive assessment of the environmental impact of the proposed drilling and testing of
boreholes and the construction and operation of power plant and power lines, the agency’s
verdict was that further investigation and evaluation were required. The Agency’s conclusion
was that the operator had not demonstrated that the need for the construction and economic
benefits justified the unfavourable environmental influence, especially the visual pollution.
Several subjects where more information is required are listed in the report, these include:
1. Compare different potential locations of the various buildings and accompanying
steam emission, with emphasis on the visual influence as viewed from various
popular tourist spots in the neighbourhood.
2. Compare different construction possibilities, such as surface versus sub-surface steam
pipes, overhead power lines versus sub-surface cables, and different well locations.
3. Evaluate various options for disposal of wastewater from boreholes and power plant.
4. Evaluate possible changes in geothermal surface manifestations.
5. Evaluate the impact the planned activities will have on tourism.
6. The situation at the end of the 50 years operation period.
A proposal for a new EIA is now in preparation (Hönnun in preparation) and the reaction of
the National Planning Agency is awaited.
8.6

Relevance to IDDP during pilot studies
When reviewing the verdicts from the Planning Agency, it is clear that the drilling
itself is usually not the main environmental concern but rather items such as road
construction and excavation of material. Geothermal areas are often important tourist
attractions, and apparently there is a growing tendency not to open up new areas for
geothermal development. An area where there is already good road connection is more likely
to be accepted by the Planning Agency for development than a complete wilderness. If an
IDDP borehole will be located within a borefield of an approved power plant, or it will
involve deepening of an existing borehole in such a field, it is likely that road construction
and other surface disturbances will not cause serious environmental concern.

The main “geothermal” related concern is the disposal of waste water from boreholes, either
during testing or utilzation. When the IDDP project will be evalued, the disposal of waste
fluids is likely to cause concern, as the purpose is to obtain fluid which we are not familiar
with and might well contain various elements in higher concentration than is suitable to the
environment, unless preventive action is taken.
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An operator of an existing power plant is allowed to drill replacement wells within
the approved borefield in order to maintain the output of the plant without approval from the
Planning Agency. One of the objectives of the proposed IDDP project is to design and build a
pilot plant to study the supercritical hydrous fluid. An IDDP borehole, although drilled within
an existing borefield, cannot be classified as a replacement well, and therefore the IDDP falls
under projects listed in Appendix 2 of the Environmental Act. Deepening of existing wells
(wells of opportunity), however, is not expected to need an EIA. An overview of geothermal
EIA in Iceland is shown in Table 9.
Table 9. Environmental Assessment of Geothermal Projects in Iceland – Overview
Location

Project

Report Year Comment

Drilling and development
Exploration drilling

EIA
App.2

2002 Plan accepted
2000 Plan accepted.

Installed capacity 90 MW
Exploration drilling
Exploration drilling
Exploration drilling

EIA
App.2
EIA
EIA

2001
2001
1994
2001

Plan accepted.
Plan accepted.
Plan accepted
Rejected

Installed capacity 100 MW
Exploration drilling
Exploration drilling
40 MW e Power Plant

EIA
App.2
EIA
EIA

2001
2001
2002
2000

Plan accepted.
Two plans accepted.
Plan accepted
Report requested

Reykjanes
Reykjanes
1)
Trölladyngja

Hengill
1)

Nesjavellir
Hellisheiði
Ölkelduháls
Grændalur

Krafla
1)

Leirbotnar, Suðurhlíðar , Hvíthólar
West, Leirhnúkur, East, South
West
Námafjall (Bjarnarflag)

1) Deepening of existing wells (TR-01, NJ-12, KJ-18) unlikely to need assessment
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SITING OF IDDP WELLS AND PRIORITY ORDER

Table 10. Priority list of potential IDDP drillsites at Reykjanes :
Drillsite

Priority

Temperature

Permeability

Environ./geography/climate

RN-12

1

High

High

Already 2500 m deep/no liner

Stampar

2

High

High

Adequate – and a stepout

RN-11

3

High

High

Already 2300 m deep with liner

Center elsewhere

4

High

High

Adequate

Table 11. Priority list of potential IDDP drillsites at Nesjavellir and Hengill :
Drillsite

Priority

Temperature

Permeability

Environ./safety./climate

Kýrdalur near NJ-12

1

Higher

Higher

Depending but safe

Kýrdalur near NJ –17

2

High

High

Depending but safe

Nesjavellir valley SE

3

Medium

High

Depending but safe

Nesjavellir valley NE

4

Lower

Medium

Depending but safe

Nesjavellir NJ-11

0

Highest

Highest

Not safe yet due to high P-T

Hengill centre

?

High

High

Undrilled field

Hengill south

0

Coldest

High

CP out of reach

Table 12. Priority list of potential IDDP drillsites at Krafla :
Drillsite

Priority

Temperature

Permeability

Environ./geography/climate

Hveragil

1

High

Highest

Depending on siting

Hlidardalur

2

High

High

Adequate

Margin elsewhere

3

Lower

Medium

Depending north/south

Center elsewhere

4

High

Lower

Depending summer/winter

KJ-18

5

Lower

Low

Depending summer/winter
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A priority order for the selected IDDP drillsites at Reykjanes, Nesjavellir and Krafla
is presented in Tables 10-12 above. The principal task of the geosciences group in siting an
IDDP well, was discussed and evaluated to some extent at all the IDDP/ICDP workshops.
The first aim of the Geoscience Panel at workshop No.1, for instance, was to help define the
drilling target by specifying the likely range of conditions of fluid temperature, pressure and
composition, and of lithology and permeability that might be encountered at depth in the
three sites being investigated in the feasibility study. Depending on the initial salinity of the
recharge water, minimum supercritical temperatures will be in the range 375 to 425oC, and
minimum fluid pressures in the range 225 to 350 bars. Depending on the temperature
gradient this will require drilling to 3.5 to 5 km depths.
The chemical composition of supercritical fluids in different localities in Iceland will
be different, as some have originated as meteoric water and others as seawater. At different
times in a given locality, supercritical fluids may temporarily contain volcanic gases evolved
from magmas intruded along the rifts during volcanic episodes. A general consensus also
ensued that scaling problems would be greater in a system involving seawater, as expected at
Reykjanes, as compared to more dilute water systems as at Nesjavellir and Krafla. In
particular, it is expected that sulfide deposition will be more extensive from seawater as
compared to dilute water systems. Also acidity due to transfer of gases from the magma heat
source is known to enhance rock dissolution and in this way intensify sulfide deposition
during decompression and cooling.
As discussed in part III of the feasibility report, preliminary well simulator models
carried out as part of the feasibility study indicate that temperatures of 450oC or greater, at
initial fluid pressures of 350 bars or less, are necessary in order prevent the fluid from
entering the two-phase field liquid water plus “wet” steam, during ascent and decompression.
It is possible that the steam produced in the resulting 2-phase mixture might have an enthalpy
no higher than steam produced from a “conventional” geothermal well that taps a liquid
water reservoir. However, the mass fraction of that steam in the 2-phase mixture that results
from adiabatic decompression of supercritical fluid should be much greater than that
generally produced by flashing steam from a liquid water reservoir.
With all this and other factors in mind, recommendations from workshop 1 with respect to
site selection for the first deep IDDP well were made as follows:
(1) Drill where the supercritical zone is likely to be at the lowest pressure and
shallowest depth. Not only does this reduce the drilling costs but should also lead to
higher enthalpy of the discharged fluid at the wellhead. It should also lead to lower
concentrations of dissolved solids in the fluid, and possibly better permeability.
However it could lead to higher HCl than would be the case for production at higher
pressure.
(2) Select a geothermal system of low salinity to minimize problems of scaling,
corrosion and acidity.
(3) Avoid lithologies with rocks of silicic and intermediate composition as they
behave more plastically at lower temperatures than do basalts, and are likely either to
have poorer permeability or to contain fluids and gases at, or near, lithostatic
pressures. Still a note need be made on fracture permeability at the acid intrusive rock
contacts at both Krafla and Nesjavellir, most of which involve many of the best feed
points within the well fields

Report–Part I of III

89

IDDP FEASIBILITY REPORT

GEOSCIENCES - SITE SELECTION

(4) Drill where indications in the shallower reservoir and geophysical studies suggest
the existence of permeabilty at the depth of the supercritical zone.
(5) Play safe by siting the first deep well of the series where the available data are
adequate to meet the above criteria so that the possibilty of failure is minimized.
All considered, both within each drill field as prioritized in Tables 10, 11 and 12, and
between the three drill fields considered, the following priority order for the first IDDP
drillsite is made :
I
II
III

Nesjavellir
Krafla
Reykjanes

Without extending this discussion much further, the selection for the first IDDP well,
also depends on other factors, which will affect Deep Vision’s decision on the first drill sites.
The first priority drillsite within a field as recommended above, may possibly interfere with
current plans on power production, or environmental considerations, and so forth. Lack of
funding, for instance, might lead to the selection of a very worthwhile pilot hole project in a
well of opportunity. Well KJ-18 in Krafla may serve as an example, a drillsite rated relatively
low in comparison to better sites further west. Still it would meet the request of a
supercritical temperature within reach, while permeability might be low. An advantage, i.e.
the lower probability of encountering volcanic gas compared to the high permeability zones
further west, can be mentioned. Well KJ-18 is not being used by the energy company,
except for monitoring, and an IDDP activity there is not likely to interfere with other activity
within the drill field. Possibly, the deepening of well KJ-18, might result in a production
well, beneficial to the energy company, and so forth. Similar arguments apply to the other
drill fields.
Still, to meet the principal goal of IDDP of studying the economics of exploitation of
a supercritical fluid zone beneath a conventional high temperature system, and to play safe
along recommendation (5) above, Nesjavellir (priority 1) becomes the first reccomended site,
and Krafla (priority 1) the second selected one. A positive result on the first IDDP well,
would result in a series of deep wells in the near future.
In the event of an IDDP well not meeting the expectation of becoming a potential
high energy producer, the experiment could be reversed in an attempt to enhance the
overlying geothermal reservoir. Injection of water with chemical tracers could prove useful.
In preparation for drilling the IDDP well such an injection test can be considered after each
coring phase.
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10 FUTURE PLAN AND SCIENCE ACTIVITIES
Based on the IDDP feasibility study, the Icelandic energy companies will need to
reach a conclusion on if and when to continue the IDDP project. If the decision will be to
continue IDDP, and the decision is not delayed for too long, the next logical step is to seek
domestic and international partners and funding for the drilling and science activities.
However, prior to this, a very important decision on where to drill the first IDDP well needs
to be made. That decision depends entirely on the energy company holding the drillfield in
concern. For example, if one of the energy companies, decides not to allow access to its drill
field, or a given part of it, for the first IDDP well, that field (or the part of it) will be
excluded from the list of IDDP drillsite options as soon as possible. That will simplify the
selection of drillsite and the type of well to be drilled. The company concerned, might still
intend to participate in IDDP, and the reason for not allowing access to a drill field or a well
of opportunity for the time being, might relate to interference with current industrial plans,
environmental restrictions etc. The sooner the energy companies select the wellsite
options available, the better.
Assuming that the energy companies decide to proceed with IDDP, the next step will be
to decide where to drill and what type of well. That decision depends on available funding
and potential partners. For example, some partner might demand a drillhole sunk into a saline
field as a prerequisite for participation. Others might request some tests, like tracer or
injection tests during drilling be performed. The sooner the options for the type of
drillholes are clarified the better. For example, if the potential partners decide to begin to
seek funding for a pilot hole in a well of opportunity, the rest of the planning process
focusses on that option.
Once the potential IDDP target has been selected, there is a need for extensive
preparation and planning activity for drilling, funding being most important. Applications
for funding from international funding agencies or the industry take time. Two years do not
seem unrealistic. The preparation of a firm cost estimate for the drilling and science
operations to be performed at the site selected, and the making of a detailed science plan
and organizing the research activity to be executed, prior- , during- and after drilling, is
of prime importance.
The establishment of the SAGA group, and the IDDP/ICDP workshops I and II,
particularly focussed on addressing a reliable drilling plan to reach the IDDP goals, and to
begin implementing a science plan and organizing the research activities. The international
team of experts, participating in the workshops, considered it pretty important to initiate this
process during the feasibility stage of IDDP, and evidently influenced the study to the mutual
benefit of both. This collaboration has been particularly fruitful to us, and is reflected in all
three parts of the IDDP feasibility report. Part one of this report, on geosciences and site
selection, is concluded by recommendations made by the international forum at the
IDDP/ICDP workshop 2, straight from the SAGA report No.3, and addressing the science
plan and reasearch activity:
10.1 Report of the panel on rock studies
The purposes of the proposed petrological and geochemical studies are to :
(1) determine the protoliths and the volcanological, hydrothermal and tectonic history
of the site(s) chosen for deep drilling. This is relevant to elucidating the formation of
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ophiolite sequences and ocean crust, and the volcanic processes, magma evolution and fluid
movement at spreading centers.
(2) determine mineral parageneses and calculate mineral-fluid equilibria in the
subcritical to supercritical regions. The geochemical, mineralogic, and geophysical data will
be used to evaluate solution-mineral equilibria under both subcritical and supercritical
conditions.
Mineralogic phase relations and parageneses will be combined with
thermodynamic properties of mineral components and fluids, to compute chemical affinities
of pH and redox sensitive reactions. This will provide a basis for developing reactive mass
transfer models.
(3) evaluate mass transfer. The effects of protolith (compositional as well as
petrophysical) properties, of temperature, of metamorphic grade, and of fluid composition on
mass transfer will be evaluated. Quantifying volume changes due to water/rock reaction can
be addressed by assuming conservation of mass for one or more immobile components.
Another approach is to quantify trace element mobility during basalt alteration. Comparative
analyses of trace element concentrations of geothermal fluids and secondary minerals from
the production zones in specific drillholes will allow evaluation of the degree to which trace
element concentrations of aqueous solutions are controlled by partitioning equilibria with
secondary minerals.
(4) model the magma-hydrothermal system including the supercritical regime.
Investigation of the dynamics of hydrothermal activity and near-critical behavior will involve
establishing the thermal stages of the system from analysis of thermal gradients, microseismic and conductivity datasets, distribution functions of fluid inclusions, and curvature of
thermal fields. The chronology of fluid percolation paths and the nature of alteration mineral
assemblages and mineral zonation patterns will help detect near-critical behavior, and
provide input for computation of models of magma-hydrothermal interaction.
Sample Requirements. In view of the very small amount of drill core available from
the geothermal systems being considered as targets by the IDDP, it is desirable to obtain as
much core as possible. The highest priority is for cores below 2000 meters depth, in or near
the supercritical zone, and specifically near zones from which fluid samples are obtained. If
the IDDP drills a core hole by re-entering and deepening an existing well it would be
desirable to consider collecting side-wall cores in the open interval in that well, or else coring
a slim hole alongside it, if costs and technical considerations permit. Similarly preexisting
rock samples and data already available from a borehole that is to be deepened should be
retained and curated by the IDDP for study by the project.
Studies During Drilling. Because of the need to recognize supercritical zones in real
time, and to anticipate potential hazards during drilling, it will be necessary to operate a
petrographic laboratory at the well site equipped with at least fluid inclusion and thin section
capabilities. Otherwise sample handling and curation will be patterned on past ICDP projects
(for example the Hawaiian Scientific Drilling Project). A formal sample-handling protocol
will be implemented. The basic core description should include lithology, alteration,
stratigraphy, structural and extrusive/intrusive relations, and pre-drilling fracture distribution,
orientation and cross-cutting relations.
Post-drilling Studies. Subsequent petrographic descriptions should start with detailed
descriptions of primary mineralogy and textures and secondary or alteration mineralogy and
textures. These studies should address alteration and replacement of primary minerals and
deposition of secondary minerals in open spaces and within vesicle- or vein-wallrock zones
adjacent to healed fractures. Geochemical studies of whole rocks, minor and trace elements
and stable and radioactive isotopes will then follow, according to the needs of specific
investigators. Samples will be selected for geochronologic and petrophysical
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characterization including porosity and permeability, electrical resistivity, seismic velocity,
natural gamma/neutron density, and magnetic susceptibility and paleomagnetism.
Integration and Interpretation. Most importantly these data will be integrated with
regional geologic and geophysical data, paying specific attention to the nature and history of
the fracture network and to the relationship of this network to the tectonic and geothermal
history of the system on local, regional and global scales. All of these proposed studies are
relevant to furthering our understanding of the origin, nature and economic potential of the
supercritical zones in Iceland. In terms of global geoscience these studies also relate to
issues such as: the time and spatial relationships in fluid chemistry, alteration minerals, and
isotopic systematics during evolution of sub- to super-critical geothermal systems on an
ocean-spreading ridge; the mantle contribution to volatiles in ocean-spreading ridge
hydrothermal systems; and global geochemical cycles that control, for example, ocean
chemistry. Another example would be mechanisms for the generation of methane and higher
hydrocarbon compounds in water-basalt geothermal systems, with implications to the global
methane flux.
10.2 Report of the panel on fluid studies
The fluid studies panel outlined a program of study that addresses fluid sampling,
analysis, and interpretation, and it identified tasks that must be completed before and during
drilling. The panel discussed the relative merits of the three areas being considered for
drilling and concluded that drilling into supercritical conditions could give valuable results
in all of them. However, drilling at Reykjanes would be of more interest to the international
scientific community primarily because of the interest in black smokers, ophiolites, and midocean ridge processes.
One of the principal emphases of the fluid sampling program should be to obtain
matched fluid and rock samples at fluid production points in the deep reservoir, since the
chemistry and thermodynamics of the geothermal system can only be adequately described
and interpreted from a knowledge of the total rock-water system. Such paired fluid-rock
samples would be among the most valuable scientific products of the drilling. Such samples
will optimize the ability to interpret both fluids and minerals, and would open opportunities
for novel thermodynamic studies.
Depending on costs, a second desirable goal would be to core the entire length of the
drill hole. Among reasons for such coring is the embarrassing lack of information from cores
in Icelandic geothermal systems in general, and ability to address specific questions such as
why δD in deep fluids at Reykjanes is ca. -20 0/00 even though these fluids are apparently
modified seawater.
Ideally every fluid-producing horizon should be sampled during drilling, and, ideally,
each productive horizon should be cased off or cemented so as to prevent mixing of fluids
from distinct aquifers. This would entail suspending drilling for a period to allow thermal
recovery and to flush out drilling fluids by the production of fluids from the well. If drilling
were to be stopped immediately when total loss of circulation occurs, a roughly
representative sample of the fluid could likely be obtained after two or more days of
discharge. Unfortunately, such an extensive program of sampling would be time-consuming,
expensive, and technically difficult. However the scientific value of the fluid samples is
great. A further concern is that repeated thermal cycling would be detrimental to the integrity
of the well casing due to thermal stresses and possible damage by corrosion or scaling. Some
participants argued that this plan for sampling is contrary to the concept of the “pipe”, that
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was discussed extensively at Workshop No. 1. This “pipe” is a replaceable liner intended to
protect the well casing against corrosion and scaling.
Owing to various problems with discharge samples (e.g. loss of material to scale,
indefinite fluid-gas ratio), it would be most beneficial to obtain downhole fluid samples in
addition to well head samples. Downhole samples still require well flushing to clear drilling
fluids and to recover the aquifer temperature and pressure, so there is no benefit in that
respect. Downhole samples can be obtained by mechanical, electronically controlled
devices, or by a novel approach using artificial fluid inclusions. High temperature downhole
samplers are under development in New Mexico and Canada that might be deployed for this
project. Techniques for artificial fluid inclusion sampling, including potential millimeterscale inclusions, still need to be developed experimentally, partly involving methods under
development at Tohoku University.
Preferably, fluids would be analyzed for nearly all elements of the Periodic Table as
well as for key anionic species and light stable isotopes (H, B, C, O, N, S etc.). Sampling and
analysis of both filtered and unfiltered samples is necessary. Quantification of many trace
elements is considered a valuable contribution of the project that sets it apart from previous
studies. Large, ultrafiltered samples for the determination of organic constituents may well be
of interest to many scientists. The cost of complete fluid analyses would be small compared
to the cost of obtaining the samples.
Recovery of hypersaline brines produced by supercritical phase separation would be
of great interest internationally. A careful consideration is required of the nature and the
likely residence, of such brines in supercritical systems.
Modeling of fluid properties before drilling will be useful. Such modeling should
include boiling of fluids to identify potential mineral scale deposition and fluid pH, thereby
aiding in site selection and well design. Such modeling will be tested when the “pipe” is later
removed to identify scale minerals formed at each set of discharge conditions. A combination
of modeling and experimental work based on produced fluids and rock samples would lead to
the derivation of the thermodynamic properties of solid solution end members such as
manganese and nickel chlorites, which are not available at present. A study of chemical
species involved in slow redox reactions, such at the CH4-CO2 and the SO4-H2S equilibria,
would be of great interest. Such a study would probably require rapid analysis of fluids at the
wellhead.
Interpretation of fluids and minerals. The interpretation of the fluid chemistry will
rely on fluid analyses, results of measurements of physical parameters, and on minerals
identified in rock samples matched to fluids. Concentrations of incompatible components in
altered rock, fresh rock and fluid are essential to constrain the origin of the fluid and to gain a
quantitative understanding of water-rock reactions and water-rock ratio. Isotopic data on
minerals and fluids in combination with theoretical modeling of mineral saturation in
reconstructed fluids with comparisons to the actual observed minerals will enable the
development of a well constrained model of the fluid and mineral origins.
Summary. Ideally, we would like to sample fluids from every significant fluid inflow
point in the well during drilling, then case off or cement those inflows so as not to mix fluids
from separate aquifers. In each aquifer, we would like cored rock samples to match to the
fluids. In practice, this ambitious sampling program would most likely have to be scaled
down, and focused on the zones of greatest interest. All fluids should be analyzed for a very
large set of major and trace elements, light stable isotopes and key molecular species. Using
such analyses in conjunction with matching whole rock analyses and analyses of individual
minerals, and with numerical modeling methods, we expect to be able to reconstruct the
physical and chemical evolution of the supercritical geothermal system.
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10.3 Report of the panel on reservoir studies
From the point of view of reservoir studies the well itself has the highest scientific
value. The well itself will confirm or reject the existence of an economic resource at depth.
Temperatures higher than the critical temperature have been measured in wells in Italy, the
United States and Japan, confirming the presence of potential high-enthalpy resources at
those locations. However, the well Nesjavellir No.11 seems to be one of the few examples
world-wide where a mass flow has been observed at such high temperatures. Two other
examples are the San Pompeo No. 2 well in Larderello, Italy, and the Wilson No.1 well near
The Geysers, California.
There will be substantial difficulties in obtaining representative values for reservoir
properties from the IDDP well. Coring or any type of drilling will most likely cause some
fracturing of the rocks and the parameters measured on the core in the laboratory will most
likely reflect only approximate in situ values. The same situation can also be true for the
fluid that may be contaminated or changed by phase separations before sampling.
There are several problems in state of the art reservoir simulation. At present most
simulations of fluid behavior in reservoirs assume properties of pure water, while in reality
saline solutions or, alternatively, dilute solutions containing high concentrations of dissolved
gas are likely to be present. Temperatures and pressures of critical points of these natural
fluids, and their densities and viscosities at and near their respective critical points may be
significantly different compared to pure water. Also, even in the case of pure water, physical
properties exhibit singularities near the critical point, and these circumstances cause
difficulties in conventional simulation work. Simulation with relatively coarse grid has been
carried out with reasonable results, but simulations with a fine grid close to the critical point
become unstable. Present computer codes are not well suited to describe the behavior close to
the critical point and better knowledge about the physical properties of the fluid are needed.
Some laboratory experiments could improve the situation. On the other hand, the porosity
structure of the rocks (porous versus fractured media) would not have much influence on
simulation work in the supercritical region as mobility of a very dilute fluid, or the gas phase
boiled off from a highly saline brine, is expected to be very high in the supercritical region.
Recommended Pre-drilling Activities. a) Numerical simulation. Carry out a parameter
study describing how a supercritical system could be feeding a conventional sub-critical
geothermal system. b) Laboratory experiments on the physical properties of the fluid. c)
Detailed mapping of earthquake hypocenters in the drilling areas in order to map the
minimum depth of the brittle crust. d) Magneto-telluric measurements to locate the top of the
critical zone.
Recommended Activities during Drilling. a) A pressure temperature (P/T) memory
tool should be attached to the core barrel at all times. During core recovery, a new tool
would be attached. The pressure and temperature would be recorded immediately after the
return to surface giving a fairly continuous record of the P/T conditions in the well during the
core operation. (No extra rig time. Highest priority). b) Another P/T memory tool should be
attached to the outside of the drill pipe. This tool would be retrieved when the drill bit is
changed. The purpose of this P/T registration is to achieve pressure- and temperature
gradients in the well during drilling. (No extra rig time. Medium priority). c) When
significant loss of circulation is observed, an injection test should be carried out in order to
record the transmissivity of the well. (The rig time required is 6-12 hours. Highest priority.)
d) Downhole logging should be carried out every time the bit is changed. Each log should
cover the depth interval from the last change of the bit. (Rig time required 6-12 hours.
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Medium priority.) e) A microseismic and an SP array should be arranged at the drill-site
providing a continuous record of these parameters. Recording would start some months or a
year before the drilling operation starts and continue for at least one year after the drilling has
been completed. (No extra rig time. Medium to high priority.) f) Continuous recording of
gases in the flow line. The equipment would record both the concentration and the type of
gases accompanying the circulation fluid. (No extra rig time. Highest priority) g) Upgrade
numerical simulation during drilling, if required. (No extra rig time. Lowest priority.) h) A
detailed mud logging will be carried out. The usual Icelandic procedure can serve as an
example. (No extra rig time. Highest priority.) i) A complete logging program, including
lithological logs will be carried out for the whole open hole section at the end of drilling.
(Rig time required 24-36 hours. Medium priority.) j) Stimulation of the well by massive
cooling of the open hole section and/or by placing a packer into the well and pumping water
under pressure into the zone below the packer. (About two days of rig time required. Highest
priority.) k) Repeat the wire line logging in order to detect any changing in the condition of
the formation due to cooling of the well. (Rig time required 24-36 hours. Highest priority.)
l) Vertical seismic profiling and walk away seismic profiling should be carried out in the cold
well. (Rig time required 24-36 hours.)
Recommended Post drilling activities. a) Temperature and pressure logging during the
thermal recovery of the well. The recovery time might be of the order of weeks or even
months. Higher frequency of logging is required at the beginning of this time than in the
end. These logs give the most reliable information about the location and the nature of the
feed zones in the well. (Highest priority.) b) Recording in the seismic and the SP array
should continue for about one year after the drilling has been completed. (Medium priority.)
c) Down-hole fluid sampling can be done in connection to other logging activities performed
at this time. (Lowest priority). d) The panel recommends strongly that “the pipe” (the pilot
plant) will be constructed in such way that it can be heated by an external source (induction
heating?) and provided with sensors to monitor the temperature of “the pipe”. By keeping
the pipe at a constant temperature above the critical point (say at 400°C), the formation of
acid by hydrolysis reactions can be avoided. At the same time, keeping the pressure gradient
from the bottom to the top of the pipe as small as possible will minimize the risk of scaling in
the pipe.
10.4 Report of the panel on technical issues
This panel was concerned with drilling, well completion and sampling. It benefited
from the extensive background provided during IDDP Workshop No.1. Importantly, it
concluded that no apparent insuperable technical problems with completing either a pilot
hole or a deep hole drilled from the surface to satisfy the scientific objectives of the IDDP.
The panel discussion on drilling cost during the workshop was based on preliminary
data and updated cost estimates will be dealt with in part II of the feasibility report.
An overriding concern is the safety of any drilling into or near supercritical
conditions. This concern was expressed in a discussion of the casing program as well as
cycling the well during flow tests and attempts to acquire fluid samples. A number of
options for sampling fluids from the well without flowing were discussed. These options
included down-hole sampling devices as well as the growth of artificial fluid inclusions. At
the Kakkonda hole in Japan (> 500 o C), a form of reverse circulation drilling was used to
acquire a fluid sample.
Information on new technologies that could be of value for this project was presented.
This included concepts of drilling with casing and of expandable casing. Expandable casing
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can be used to case a well without size reduction. This is accomplished by inserting casing
through an existing string and then expanding the casing once it is in place. Similarly, the
Sandia National Laboratory of the USA is working on the development of high-temperature
tools for the geothermal industry. Some of these prototype tools could probably be made
available for use in an IDDP well.
The high projected cost of the IDDP wells is of obvious concern. Additional
recommendations from the scientific panels that a well be cored from the surface to TD
would increase the drilling cost estimated. An alternative option is to enter an existing well
and drill or core to a greater depth. This option could be considered as a “pilot hole” or
“well of opportunity” since it would be testing coring and sampling technology in the
pressure-temperature zones defined as being of highest scientific interest. The option has a
cost advantage since much of the large diameter drilling and casing would already have been
installed. The panel listed the wells that would potentially fulfill the role of a “well of
opportunity” .
The general condition of these wells and the willingness of energy companies to make
such a well available to the IDDP needs to be addressed. According to the data listed in
Table, the most likely candidate wells would be No. 18 at Krafla and NJ-12 at Nesjavellir.
The relative merits of these options involved the present condition of the wells, their
scientific advantages, and the need for permission by the owners for IDDP to gain access to
the wells. Orkustofnun, the National Energy Authority of Iceland, was given the assignment
of reviewing the files and making a recommendation to SAGA and to the Principal
Investigators.
10.5 Evaluation of the wells of opportunities
After workshop II , the Orkustofnun team working on the feasibility report in addition to
those attending the workshop, reviewed quickly the primary drillhole data on the so called
“wells of opportunities” discussed at the workshop. Immediately, some of the listed wells
could be eliminated from the list for a variety of reasons. Some were permanently damaged,
others had experienced technical problems, and some were unavailable production- or
reinjection wells at present. Soon the discussion focussed on 5 options, i.e. two wells at
Nesjavellir (deepening of NJ-12, and a new inclined well near NJ-12 drillsite), one at Krafla
(well KJ-18), one at Reykjanes (RN-11) and one at Trölladyngja (TR-01) on the Reykjanes
peninsula (see Figures 3 and 4). Since this evaluation, a new 2500 m deep well, RN-12, has
been drilled at Reykjanes, closer to well RN-11 (2248 m deep). Both the RN-wells are 12 ¼”
wide production wells, and both are without a slotted liner. If available as well of
opportunities, RN-12 is of higher preference.
No definite conclusion was reached on the wells of opportunity by the Orkustofnun
team. The wells vary in three fundamental properties. The Krafla KJ-18 well, and the
Nesjavellir NJ-12 well, were both drilled with an 8 ½” drillbit, whereas the RN-wells and the
TR-01 well are drilled by a 12 ¼” bit to the bottom. Only KJ-18, RN-11 and RN-12 are
without a liner, the others have liners, which may or may not be retrievable?
The two wells at Reykjanes, accordingly, do have the IDDP well profile of a type-B
well, and as such can be classified as IDDP-wells proper. Core drilling in either well, in one
or two steps, from 2,5 to 4 or 5 km, is readily attainable, once a 10 3/4” casing has been
inserted and cemented. Subsequently, “the pipe” for fluid handling and evaluation (FHE) can
be inserted and tested, and this well of opportunity would not be different from a proper
IDDP well.
Well KJ-18, on the other hand, is only 8 ½” wide down to 2200 m depth. A 5” to 7”
casing could be inserted and cemented, followed by single step coring , say down to 4 km.
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The FHE-pipe cannot be inserted, and the well would need to be flow tested by a
conventional method. Accordingly, deepening of well KJ-18, would need to be classified as
a “pilot project” preparatory to IDDP, as discussed in SAGA report No.3.
The same applies to well NJ-12 at Nesjavellir, if the hanging liner is retrievable. Due to
the liner, and the high pressures expected at relatively shallow depths, when the main upflow
zone targeted across the eruptive fissure is entered, the option of drilling a new well adjacent
to NJ-12 was also considered. The benefit of a new well, be it inclined or straight, is first and
foremost a safety concern, in view of the proximity to well NJ-11 and the high P-T condition
encountered at shallow depths in 1985. The cost benefit of this type of a well of opportunity
is small, and evidently it is just a matter of taste whether a new well at NJ-12 should be
classified as a “well of opportunity” or a proper IDDP well. A new inclined well near NJ-12,
targeted to encounter a supercritical fluid at 3-4 km depth, would be the shallowest target
available in Iceland, and no different from a high priority IDDP wellsite discussed in earlier
chapters.
Once Deep Vision decides on what type of IDDP well to drill and where to drill
it, a detailed evaluation of the wellfield in which the target-well is situated should be
undertaken, and a detailed cost estimate made.
10.6 Scientific proposals
Some 40-50 scientific proposals and letters of interest for participation in IDDP and
suggestions on geoscientific projects to be carried out prior to, during- and after the IDDP
drilling, were made at the IDDP/ICDP workshops and meetings. Subsequently, additional
proposals and letters of interest for science studies, have be submitted to IDDP. Access to
most of these is made available on a CD accompanying this feasiblity report. These are
abstracts from the IDDP/ICDP workshop proceedings and power point presentations, and
should be considered as an inseparable part of this feasibility report.
Once Deep Vision has reached a decision on continuing IDDP, the organization and the
implementation of a science plan becomes timely, and all the science proponents will be
notified in order to reinstate their expression of interest on participation in IDDP. The notice
will be sent as early as possible in order to meet with the proponents’ needs to organize and
seek funding for participation well in advance.
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