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a b s t r a c t

Calculations discussed in the Iceland Deep Drilling Project feasibility study in 2003 indicated that, for
same volumetric flow rate of steam, a geothermal well producing from natural supercritical fluid would
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have the potential to generate power outputs an order of magnitude greater than from conventional high-
temperature wells (240–340 ◦C). To reach supercritical hydrous fluid conditions in natural geothermal
systems requires deep drilling to a minimum depth of some 3.5–5 km were temperature conditions
can be expected to range between 400 and 600 ◦C in reasonably active high-temperature fields. Three
geothermal fields in Iceland, Reykjanes, Hengill and Krafla, were selected as suitable locations for deep
drilling to test this concept in search of natural supercritical geothermal fluid systems.
. Introduction

The Iceland Deep Drilling Project (IDDP), is a long term program
y an industry-government consortium aimed at investigating
nconventional, very high-temperature, geothermal systems. Its
ims are to improve the economics of geothermal resources,
inimize the environmental impact of harnessing geothermal

eservoirs, evaluate the volume of deep accessible geothermal
esources, examine extraction of valuable minerals and metals, and
upport sustainable energy development in society.

The IDDP was established in the year 2000 by a consortium of
hree Icelandic energy companies, Hitaveita Suðurnesja (now HS
rka hf) (HS), Landsvirkjun (LV) and Orkuveita Reykjavíkur (OR),
nd Orkustofnun (OS) (the National Energy Authority of Iceland).
lso in the year 2000 the basis for the IDDP concept of drilling

or geothermal resources at supercritical condition (>374 ◦C and
221 bars for pure water, increasing with increased salinity) was
xplained further at the World Geothermal Congress 2000 in Japan
Friðleifsson and Albertsson, 2000).

Supercritical water has much higher enthalpy and lower vis-
osity than a two phase mixture of steam and water at subcritical
emperatures and pressures (Dunn and Hardee, 1981; Hashida
t al., 2001; Fournier, 1999). Modeling (Albertsson et al., 2003)
ndicated that a well producing supercritical water could have an
rder of magnitude higher power output than a conventional high-

emperature geothermal well, given the same volumetric flow rate
f steam.
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From the beginning, the IDDP consortium welcomed the inclu-
sion of basic scientific studies in the IDDP (Friðleifsson and
Albertsson, 2000; Elders et al., 2001; Friðleifsson and Elders, 2005).
As a guiding principle, the consortium expressed their opinion that
incremental costs of drilling and sampling for the science program,
and their subsequent study, should primarily be met by the scien-
tific community, to the mutual benefit of both, whereas the basic
costs of drilling should primarily be met by the IDDP consortium.
In 2005, HS offered the 3085 m deep well RN-17 at Reykjanes as a
well of opportunity to IDDP to deepen into the supercritical zone.
Unfortunately that well was lost during a flow test later the same
year, before IDDP could take it over for deepening to the proposed
4–5 km depth (SAGA Report 2006 at http://www.iddp.is). In June
2006, a decision was made to move the IDDP operations to Krafla
in NE-Iceland (Fig. 1). Funding for deepening that well had already
been secured by the Icelandic consortium and in 2005 funds for sci-
entific coring had been awarded from both the ICDP (International
Scientific Continental Drilling Program) and the NSF (United States
National Science Foundation).

In 2007, Alcoa Inc. (Alcoa), an international aluminum company,
joined the IDDP consortium, followed in 2008 by Statoil, an inter-
national oil and gas company. In 2007 each of the three Icelandic
power companies had announced their commitment to drill, at
their own cost, a 3.5–4.0 km deep fully cased well, in each of the
three - geothermal fields, Krafla, Hengill and Reykjanes. These wells
were to be designed to be suitable for deepening to 4.5–5.0 km
depth. The deepening of one of these wells as a joint IDDP consor-
tium project would then be funded by the IDDP energy consortium,

with additional funds from ICDP and NSF to cover spot coring costs
and part of the subsequent laboratory studies. Additional funding
would still be needed for the petrophysical, geophysical and many
other scientific and engineering studies associated to each of the

dx.doi.org/10.1016/j.geothermics.2013.03.004
http://www.sciencedirect.com/science/journal/03756505
http://www.elsevier.com/locate/geothermics
http://crossmark.crossref.org/dialog/?doi=10.1016/j.geothermics.2013.03.004&domain=pdf
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Fig. 1. The location of Iceland on the Mid-Atlantic Ridge. The arrows show the
spreading directions (spreading rate ∼2 cm/year) on the mid-ocean ridge crossing
Iceland, which rises above sea-level due to an underlying hot spot or mantle plume.
Due the plume numerous evolved central volcanoes (∼100) developed within the
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Fig. 2. Pressure-enthalpy diagram for pure H2O with selected isotherms. The shaded
area showing the conditions under which steam and liquid water co-exist is bounded
ctive rift zones in Iceland since late Miocene. The three active high-temperature

ydrothermal systems where the IDDP will carry out 4.5–5 km deep drilling, at
eykjanes, Hengill, and Krafla, are located within the presently active rift zone.

eep wells. Thus IDDP continued to welcome different kinds of
nternational participation in the IDDP program (Friðleifsson et al.,
010). It has always been our belief that the geothermal community
t large will benefit from the basic studies undertaken by the IDDP
esearch and development (R&D) program to prove its concept of
upercritical geothermal energy, introduced below.

. The IDDP concept

Hydrous fluid systems at supercritical pressures can only be
eached at great depths in natural hydrothermal systems in vol-
anic complexes, except those associated with some of the black
mokers on the ocean floor at great ocean depths, due to the high
ater pressure. The minimum depths to the ocean floor needs to

e around 3 km to reach the critical point for seawater, but for pure
ater the critical pressure and temperature is about 221 bar and

74 ◦C (see further discussion below).
In 1985, the well NJ-11 in the Nesjavellir Geothermal Field, on

he Hengill central volcano in SW Iceland (Fig. 1), unexpectedly
ncountered very high pressure at a depth of only 2200 m which
eemingly was due to supercritical fluid at temperatures of >380 ◦C
Steingrímsson et al., 1990). The fluid pressure and flow rates were
o high that there was fear of losing control of the well, so the high
ressure zone was shut off using a 600 m thick gravel pack as there
as no way the high pressures could be safely managed in the well

t the time, as the safety casing was far too shallow.
This experience stimulated thoughts in Iceland of deliberately

rilling deep enough to produce supercritical fluids under con-
rolled conditions. At that time Friðleifsson (1983a, 1983b, 1984)
ad completed a study of a fossil high-temperature geothermal
ystem within the Miocene Geitafell central volcano in SE-Iceland.
mongst the chief findings was conclusive mineralogical evidence
hat heat transfer from hot intrusive rocks appeared, in many
ases, to proceed via supercritical and/or superheated fluid layers
ithin the hydrostatically controlled hydrothermal system. Thus

t was just a question of time when researchers would propose a
on the left by the boiling point curve and to the right by the dew point curve. The
arrows show various different cooling paths of ascending fluids; see text (compiled
from data in Barton and Toulmin (1961), Fournier (1999, 2007).

deliberate attempt to drill for supercritical fluids (Friðleifsson and
Albertsson, 2000).

3. Supercritical conditions

At temperatures and pressures above the critical point of water
(a liquid and its vapor phase) only a single phase, a supercritical fluid,
exists. The critical point of pure water occurs at about 221 bars
and 374 ◦C, but higher in waters with dissolved components. For
example, the critical point for seawater is at ∼298 bars and ∼407 ◦C
(Bischoff and Rosenbauer, 1984). While supercritical hydrothermal
fluids in the Earth’s crust are of scientific interest, there have not yet
been any attempts to put natural supercritical fluids to practical use,
even though there have been some discussions of their potential as
a source of high grade energy (e.g. Yano and Ishido, 1998; Hashida
et al., 2001).

Supercritical water has higher enthalpy than steam produced
from boiling water, but another important factor is that large
changes in physical properties of water occur near its critical point.
Orders of magnitude increases in the ratio of buoyancy forces to
viscous forces can lead to extremely high rates of mass and energy
transport (Dunn and Hardee, 1981). Similarly, because of major
changes in the solubility of minerals above and below the critical
state, supercritical phenomena play a major role in high temper-
ature water/rock reaction and the transport of dissolved metals
(Norton, 1984; Norton and Dutrow, 2001).

Fig. 2 shows the pressure-enthalpy diagram for pure water,
showing selected isotherms (Fournier, 1999). If a supercritical
hydrothermal fluid (at A) with an enthalpy of about 2100 Jg−1

flows upward and 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 (AE and AL) show possible pathways
where upward flow is accompanied by conductive cooling so that
supercritical fluid transitions into hot water with, or without,
boiling. This situation is representative of many high-temperature,
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ater-dominated, geothermal reservoirs where boiling, typically
nduced by decompression, drives thermo-artesian flow in a well
ore. Similarly the pathway H–D represents supercritical fluid that
eparates into steam and water at D and E, a situation represen-
ative of a vapor-dominated geothermal reservoir. Steam turbines
n geothermal plants generate electricity by expanding and con-
ensing the steam separated from the two phase system which,
epending upon the enthalpy and pressure at which steam separa-
ion occurs, is often only 20–30% of the total mass flow. The concept
ehind the Iceland Deep Drilling Project is to produce supercritical
uid to the surface in such a way that it transitions directly to
uperheated steam along a path like F-G in Fig. 2, resulting in a
uch greater power output than from a typical geothermal well.
The depth scales marked at the left and right sides of Fig. 2

orrespond to pressures in hydrothermal systems – respectively
ontrolled by cold water hydrostatic conditions and by lithostatic
oad. Cold water is much denser than superheated steam. Thus, if
he pressure is controlled by cold water, such as on the ocean floor,
he critical pressure in a dilute water column would be reached at
bout 2.3 km depth. That is the reason why >400 ◦C hot hydrous flu-
ds can be expelled directly into the oceans from the black smokers
n mid-ocean rifts without boiling occurring. On the other hand,
ot water is less dense than cold. If a natural hydrostatic hydro-
hermal system is boiling from the surface down to the critical
oint, the maximum pressure and temperature at each depth is
etermined by the boiling point to depth curve (BPD-curve), and
he critical point would be expected to be reached at about 3.5 km
epth. Although the hydrostatic BPD-curve controls the maximum
-T in many high-temperature geothermal systems, exceptions are
ommon. This can be simply due to the dominance of conductive
ooling (such as the enthalpy pressure path A–L in Fig. 2). Other
cenarios are still possible, depending on how the hydrothermal
ystem couples with a magmatic system, which are the only credi-
le heat sources for such high-temperature hydrothermal systems.

For example Fig. 3A shows a simple convection model for a
upercritical hydrothermal system, whereas Fig. 3B shows another
ossible scenario going through a conventional high-temperature
ystem toward the brittle/ductile boundary approaching magmatic
emperatures. The Boiling Point with Depth Curve (BPD-curve) gov-
rns the maximum temperatures attainable at all depths within
iquid dominated hydrothermal fields, such as those in Iceland. If a
ilute hydrothermal fluid in a natural system is at boiling temper-
tures from the surface, the critical point (C and CP in Fig. 3A and
) would be reached at about 3.5 km minimum depth, in meteoric

ed systems. Boiling temperature profiles are common in the upper
arts of the Icelandic geothermal fields, like Krafla and Nesjavellir,
hile the Reykjanes field more typically follows a path like the one

etween points A and B in Fig. 3A, in all wells drilled to date (RN-8-
N-30). Beyond the minimum depth of the critical point convection
ay continue downwards as between points A and B in Fig. 3A, to

epths and temperatures at which permeability is destroyed either
y mineralogical self-sealing or by transition from brittle to ductile
ehavior (Hashida et al., 2001; Fournier, 1999). If the temperature
rofile along line B-D (Fig. 3A) is at a shallower depth than 5 km,
he supercritical conditions of interest to IDDP will be intersected
y IDDP drilling.

Although the BDP-curve controls the maximum temperatures
ttainable within liquid dominated systems, if an igneous intrusion
ccurs within the system at shallow depths, which is quite com-
on, the hydrostatically controlled temperature gradient becomes

emporarily disturbed until convective cooling restores the BDP
emperature gradient. Thus temporary superheated conditions
ay occur locally within hydrothermal systems. The question
emains of how long such conditions survive before adjusting to
he BPD-curve. This will vary depending on the shape and size of
he magmatic heat sources, the lithological composition, and the
ermics 49 (2014) 2–8

presence and extent of cap rocks etc. For example, in the case of
the Geitafell Miocene gabbro intrusion at 2 km depth, Friðleifsson
and Björnsson (1986) calculated it would take almost 10,000 years
to cool a gabbro intrusion of 1.25 km3 to ambient temperatures of
225 ◦C. Supercritical and superheated fluid conditions at the mar-
gin of such major intrusions would exist for only a fraction of that
time, possibly for several tens or hundreds of years before adjusting
to surrounding hydrostatic control.

To deal with possible scenarios which IDDP drillers could pos-
sibly face in deep drilling, the four scenarios in Fig. 4 were created
during the IDDP science workshop and were discussed in the Fea-
sibility report (Friðleifsson et al., 2003). The first scenario shows a
likely temperature path if IDDP were to drill into magma at ∼2 km
depth, the second shows the situation if the drilling occurred down
a sub-vertical contact aureole of one such large magma intrusion.
The third scenario shows the depth-temperature path if drilling
passed the critical point and penetrated into magma at 4 km depth,
and the fourth scenario shows the likely conditions within amphi-
bolite facies rocks at supercritical temperatures above 400 ◦C. The
brittle/ductile boundary for basaltic rocks lies between 600 and
760 ◦C (see discussion accompanying Fig. 5). Thus the target for
IDDP drillholes was set at 400–600 ◦C. The favored scenarios for
IDDP drilling were number 2 and 4 in Fig. 4. Accordingly, proposed
sites for an IDDP drillhole at Krafla, where a magma intrusion was
assumed at 3 km depth, were sited along the margin of that intru-
sion (Friðleifsson et al., 2003). However, after additional research
and other reasons, the IDDP-1 was later sited differently (see
Friðleifsson et al., 2014a), and incidentally ended in a scenario like
scenario 1 in Fig. 4.

From the present knowledge on the Reykjanes and Hengill
geothermal systems, it seems unlikely that future IDDP boreholes
would experience a similar scenario as at Krafla in well IDDP-1 (i.e.
drilling into magma), but rather that the future IDDP well would
follow paths as illustrated by scenario 4, and possibly a combina-
tion of 2 and 4. Such a plume of superheated steam may possibly
occur at both Reykjanes and Hengill at unspecified depth, especially
if we encounter deep seated self-sealing zones at the bottom of
the conventional 2-phase hydrothermal convection systems. Such
self-sealing zone would rupture intermittently due to faulting and,
as explained by Fournier (1999), would allow deep seated fluids
to move to shallower levels, either as supercritical fluid or super-
heated steam.

4. The evolution of the IDDP

In 2000 an oversight committee, Deep Vision, with member-
ship from a consortium of the three principal energy companies
in Iceland (Hitaveita Suðurnesja (now HS Orka (HS), Landsvirkjun
(LV), Orkuveita Reykjavíkur (OR) and the National Energy Authority
of Iceland (OS), was established to plan drilling for supercriti-
cal geothermal resources and invite international participation
(Friðleifsson and Albertsson, 2000)). Drilling and producing from
very deep wells necessary presents both technical challenges
and opportunities for important scientific studies. Deep Vision
therefore welcomed participation by the international scientific
community. Specifically, drilling to 4–5 km depths in high-
temperature hydrothermal systems in Iceland, heated by shallow
level magma intrusions, lying astride the Mid-Atlantic Ridge,
should penetrate into root zones similar to those that feed the black
smokers on oceanic spreading centers (Elders and Friðleifsson,
2010). In 2002 scientists and engineers from 12 different countries

attended two workshops funded by the International Continental
Scientific Drilling Program (ICDP), the first of these discussed the
optimal strategy for drilling such deep hot wells and the second
discussed the science program.
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ig. 3. A and B. Conceptual models A and B, the critical point is at point C and CP
oints B, C and D indicate the field of interest to IDDP.

A feasibility report on the IDDP, commissioned by Deep Vision,
as published by three working groups (1) geosciences, (2) drilling

echniques, and (3) fluid handling and evaluation (Friðleifsson,
003; Friðleifsson et al., 2003; Þórhallsson et al., 2003; Albertsson
t al., 2003). These reports and updates on the IDDP are available
t http://www.iddp.is. Part 1 identified three suitable locations in
celand to site a deep well intended to produce supercritical flu-
ds, within the high-temperature systems at Reykjanes, Hengill and
rafla, operated by the HS, OR and LV energy companies respec-

ively.
In developed crustal genesis regions of Iceland, like at the pro-

osed IDDP sites at Reykjanes, Hengill and Krafla it is hypothesized
hat the onset of semi-brittle state in crustal rocks occurs at the
op of the lower crust. At approximately this depth the number of
arthquakes starts to decrease. It lies at 4–5 km depth under the
DDP sites. The depth above which 90% of the seismicity occurs,
as defined as the depth to the brittle-plastic boundary and the
ottom of the seismogenic part of the crust (in Friðleifsson et al.,
003; Friðleifsson and Elders, 2005). This boundary lies between

ig. 4. Conceptual models along four different scenarios, 1, 2, 3 and 4. The first scenario
nd if we drill downwards along a contact aureole of a large magma intrusion, the 3rd i
he critical point within the amphibolite facies rocks at supercritical temperatures (>400 ◦

iscussion along Fig. 5).
ctively. The arrows in (A) indicate convection. The encircled field in (A) between

6 and 7 km below the IDDP sites at Reykjanes and Hengill with
a 1.5–2 km thick brittle-plastic transition zone above it. There
are limited laboratory measurements available on the rheology of
basaltic rocks, but arguments (I.Þ. Bjarnason, pers.com and in IDDP
Feasibility report (Friðleifsson et al., 2003) 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/year strain region like Iceland.
None-double couple earthquakes in the mid-crust 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 drill fields considered, range from 550 ◦C to 650 ◦C at 5 km
depth, ±100 ◦C as shown in Table 1.

The three developed high-temperature geothermal areas
selected by the IDDP, host contrasting stages of the tectonic devel-
opment of the mid-ocean ridge. The Reykjanes site represents an

immature stage of rifting with a heat source that is probably an
active sheeted dike swarm. At Nesjavellir, the Hengill central vol-
cano is the heat source for a geothermal reservoir in a graben that

shows a likely temperature path if we drill into magma at ∼2 km depth or so, the
f we drill into magma at 4 km depth, and the 4th and final one if we drill beyond
C). The brittle/ductile boundary for basaltic rocks lies between 600 and 700 ◦C (see

http://www.iddp.is/
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Fig. 5. Earthquake frequency with increasing depth on the Reykjanes Peninsula, Hengill and Krafla areas, recorded by the Iceland Meteorological Office (Guðmundsson et al.,
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001). The approximate depth of the accumulated 90% of the seismicity measure
eismicity around this boundary, suggesting a high thermal gradient. (Figure from F

as, in places, temperatures of >380 ◦C at 2.2 km depth. The Krafla
igh-temperature geothermal field is developed above a magma
hamber in a mature, active, volcanic caldera where numerous
ells have reached temperatures of >300 ◦C at depths of 2 km

Friðleifsson et al., 2003). In common with most high-temperature
eothermal systems in Iceland, the systems at Hengill and Krafla
ontain dilute fluids only slightly modified by water/rock reactions
nd the possible admixture of magmatic gases. In contrast, and in
eeping with its location on a narrow peninsula surrounded on
hree sides by the Atlantic, the Reykjanes system contains modified
eawater.

One of the chief findings of the feasibility report was that a
ell that produces supercritical fluids would be expected to have
greatly enhanced power output relative to conventional high-

emperature geothermal wells. Geothermal wells in Iceland today
ypically range up to 3.0 km in depth and produce steam up to
40 ◦C, or less, at a rate sufficient to generate about 4–10 MW of
lectricity. It is estimated that producing steam, at a rate of 0.67
ubic meters a second, from a well penetrating a reservoir with tem-
eratures >450 ◦C, could generate 40–50 MWe (Albertsson et al.,
003; Friðleifsson and Elders, 2005).

. First IDDP attempt at Reykjanes
In 2004 Hitaveita Sudurnesja Ltd. (now HS Orka hf), the opera-
or of the Reykjanes Geothermal Field, offered that the IDDP could
ake over, as a “well of opportunity”, and deepen to 4–5 km a

able 1
esults from the IDDP feasibility study of seismicity and rheology (Friðleifsson et al.,
003). The rheology temperatures values at 5 km in the last line, as shown ±100 ◦C.

Reykjanes tip Hengill Krafla

Crustal thickness 15 km 22 km 19 km
Depth to lower crust 4–5 km 3.5–5 km 3–4 km
Magma storage 7–9 km 3–4.5 km
Extrapolated T at 5 km depth >575 ◦C
Semi-brittle depth 4–5 km 5–6 km 5–6 km
Brittle-ductile depth 6 km 7 km 7 km
Rheology T at 5 km depth 630–680 ◦C 550–600 ◦C 550–600 ◦C
the surface, is defined as the brittle-ductile boundary. Notice the sharp drop in
fsson et al., 2003, repeated in Friðleifsson and Elders, 2005).

well at Reykjanes which was being drilled to 3.1 km depth by HS.
The well, RN-17, penetrated Holocene lavas, hyaloclastites, marine
sediments, pillow basalts, and both fine-grained basalt- and rel-
atively coarse-grained diabase dikes, hydrothermally altered to
epidote-actinolite stage (Friðleifsson et al., 2006). Unfortunately, in
November 2005, during a production flow test of the 3.1 km deep
well, it collapsed and became plugged and so, after attempts to
recondition it in February 2006 failed, the reluctant decision had
to be made to abandon the well for deepening. However, 3 years
later the IDDP obtained ICDP-NSF funded spot core from the well
RN-17B, a side track of the RN-17, at 2798–2808 m, corresponding
to a vertical depth of about 2562–2570 m depth from the surface
(TVD) (Friðleifsson and Richter, 2010). The first of ICDP-NSF funded
spot cores were collected in April 2005 from the bottom of well
RN-19 (Mortensen et al., 2006), and in May 2011 three success-
ful spot cores were retrieved from the inclined well RN-30 from
2510–2533 m depth (Friðleifsson, 2011), corresponding to about
2250–2280 m depth from surface (TVD).

Since 2005 detailed IDDP-related petrological studies have been
undertaken on drill cutting samples from well RN-17 and other
wells at Reykjanes, as well as on all available drill cores. They have
shown that the history of hydrothermal processes at Reykjanes
is complex and the rocks exhibit varying degrees of greenschist
facies alteration. Freedman et al. (2009) studied zoned epidotes
in the trivariant assemblage epidote-prehnite-calcite-quartz-fluid
and, using thermodynamic analysis calculated PCO2 of the hydro-
thermal fluids in equilibrium, and showed that the PCO2 of the fluids
has increased during the evolution of the hydrothermal system,
likely due to periodic magma injection.

Similarly, detailed studies of ıD and ı18O of minerals and fluids
at Reykjanes by Pope et al. (2009) showed that, before the Reyk-
janes system was penetrated by seawater, it had been occupied
by dilute meteoric water, probably glacial melt water. This was in
line with earlier studies on fossil freshwater system at Reykjanes
(e.g. Sveinbjörnsdóttir et al., 1986; Franzson et al., 2002). In the

detailed study of Marks et al. (2010) on well RN-17, a new discov-
ery of a high-temperature amphibole zone below 2400 m depth
was reported as a transitional feature into amphibolite grade alter-
ation. 87Sr/86Sr ratios within alteration minerals were observed to
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ignificantly shift toward seawater values with increasing depth,
nd therefore confirming deep penetration of seawater into the
resent-day Reykjanes system (Marks et al., 2010). A detail petro-
hemical study of the exclusively basaltic host rocks in well RN-17
as undertaken by Ottolini et al. (2012, and references therein).
ll these IDDP related studies have been a preparation to study

he details of the roots of the Reykjanes system at 3–5 km depth –
opefully within in the next couple of years or so.

. The IDDP-1 at Krafla

The loss of the “well of opportunity” at Reykjanes in 2005
equired a change in the work plan and so in 2006 Landsvirkjun, the
perator of the Krafla Geothermal Field, offered a planned well to
he IDDP for deepening, it was decided to move the site for the first
eep borehole there. In Krafla a 60 MWe geothermal power plant is
urrently in operation. The Krafla volcano has a 300,000 years long
istory of predominately basaltic volcanic activity, most recently
uring 1975–1984 (Einarsson, 1991). Eruptions of the Krafla vol-
ano are episodic occurring at 250 to 1000 year intervals, with
ach episode lasting 10–20 years. The presence of a magma cham-
er beneath the caldera at 3–7 km depth was inferred from S-wave
ttenuation during the 1975–84 eruptive cycle (Einarsson, 1978).

In 2009 the drilling of the first deep IDDP well (IDDP-1), designed
o reach 4.5 km depth, was attempted at Krafla. The drilling, how-
ver, had to be terminated abruptly at only 2.1 km depth when
he drill bit intersected 900 ◦C hot rhyolitic magma (Elders et al.,
011, 2014). The IDDP consortium decided to complete the well
s a subcritical well designed to produce from the contact zone of
he intrusion. This far the well has proved highly productive. Since
ovember 2011 it has been kept producing at 10–12 kg/s restricted
ow of dry superheated, but subcritical steam. Wellhead tempera-
ures have been slowly rising, and since November 2011 reaching
p to 450 ◦C, at wellhead pressure slowly rising up to 140 bar. The
nthalpy approached 3200 kJ/kg, and the well appears capable to
roduce up to 35 MWe. Most of the papers in this Special Issue of
eothermics concern the IDDP-1 well. In the event that the IDDP-1

urns out not to be sustainable, the option remains to create the
orld’s hottest Enhanced Geothermal System (EGS) at Krafla, just

bove the magma chamber (see Elders et al., 2014).

. Future IDDP activities

Until late summer 2012 the plan was to take the IDDP-1 well
nto production for the current 60 MWe power plant at Krafla.
hat would have required the superheated steam to be treated
y wet scrubbing (see Hauksson et al., 2014). Last autumn the

DDP-1 well had to be shut down due to valve failure, and when
his is written it is not clear if the well will be taken into pro-
uction again. Nevertheless, for Landsvirkjun, the field operator at
rafla, the result of IDDP-1 may lead to a new era in power pro-
uction at Krafla. Investigating the extent of the hot contact zone
f the intrusion and eventually drill more production and/or injec-
ion wells will be a high priority. In case the IDDP-1 well does not
rove to be a sustainable production well, the Krafla field, as said
bove, could one day become the site of the world’s first engineered
eothermal system operating at, or near magmatic temperatures
see Elders et al., 2014). In 2014–2015 HS Orka, the field operator

t Reykjanes, is seriously considering to drill an IDDP designated
ell there, suitable for deepening into the supercritical zone
ith participation by the scientific community (Friðleifsson et al.,

014b). In subsequent years a similar drilling program is expected
o follow within the Hengill Geothermal Fields, operated by
eykjavik Energy.
ermics 49 (2014) 2–8 7

8. Sustainability aspects of the IDDP

The definition in Brundtland’s report of the World Commission
on Environment and Development (1987) is: “Sustainable develop-
ment is development that meets the needs of the present without
compromising the ability of future generations to meet their own
needs.” Contemporary discussions of sustainability are mainly con-
cerned with ecological sustainability and sustainable economic
development. “The economics of the coming spaceship earth states
a concern for future generations that requires us to think more of
the world as a closed system than an open system with unlimited
sources of energy and waste-sinks” (Economist Kenneth Boulding).

There are two main concepts:

. Sustainable development is understood as an economic and
social development that maintains a certain level of human wel-
fare.

B. Ecological sustainability is understood as human interaction
with the environment that permits essential ecological states
to be maintained.

In order to support sustainable development as set forth in
Bruntland’s report, projects like the IDDP are inevitable. To cope
with the inherent time scale of sustainable development requiring
long term planning (at least 100 years) society will need to harness
deep seated renewable geothermal reservoirs. Long term, sustain-
able geothermal development will require drilling into the roots of
the existing geothermal systems. IDDP is attempting to understand
the mechanism of the chemical and heat transport of the renewable
geothermal systems at plate boundaries.

9. Summary and conclusions

The concept of IDDP is simple. We suggest that supercritical
condition can be reached by drilling deep enough into the three
Icelandic high temperature systems under consideration, namely
Krafla, Reykjanes and Hengill. We further suggest that supercriti-
cal conditions can be reached above 5 km depth, within the hottest
parts of these fields. In the event an IDDP well does not intersect
permeable rocks at supercritical condition at such great depths, we
suggest it is likely that it would intersect superheated steam. In
the event that sufficient permeability was not found, IDDP would
attempt to inject water into the hot rocks for heat sweeping, and
thereby enhance the performance of the conventional field above
(i.e. establish an EGS systems). Nevertheless the concept behind
the IDDP is to produce supercritical fluid to the surface in such a
way that it transitions directly to superheated steam at subcritical
pressures.

The industrial aim for the IDDP is to improve the economics and
availability of geothermal resources, an environmentally benign
source of sustainable energy. If producing electricity from super-
critical magma-hydrothermal systems in Iceland is successful
economically, it will make a positive impact on the geothermal
industry worldwide, wherever suitable conditions occur at drillable
depths. And finally, in order to support sustainable development in
society, IDDP is inevitable.
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