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1 Introduction
The Iceland Deep Drilling Project (IDDP), a project of Deep Vision, a consortium of
leading Icelandic energy companies together with the Government of Iceland, has the
economic aim of exploring for supercritical hydrothermal fluids as a possible energy
source. This will require drilling to depths of 4 to 5 km in order to reach temperatures
of 400–600°C (Fridleifsson and Elders, 2005).

Figure 1. Pressure enthalpy diagram for pure H2O with selected isotherms. The conditions
under which steam and water coexist is shown by the shaded area, bounded by the boi‐
ling point curve to the left and the dew point curve to the right. The arrows show
various different possible cooling paths (Fournier, 1999). The IDDP target fluid is
represented by point F (> 450°C and >230 bar pressure).
The concept behind the IDDP is to produce superheated steam derived from
depressurizing supercritical fluid along a path similar to F‐G in Figure 1. Modeling
studies indicate that IDDP well tapping supercritical fluids with temperatures of 430–
550°C and pressures of 230–260 bars is expected to yield 50 MWe of electric power, a
ten fold improvement in power output relative to that of a typical conventional geo‐
thermal well.
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In late 2003 a member of the consortium offered one of its planned exploratory wells
located on the Reykjanes peninsula for deepening by the IDDP. It was completed at 3.1
km depth in February 2005. However, this well of opportunity became blocked during
a flow test in November 2005. After subsequent attempts at reconditioning failed, this
hole was abandoned in February 2006. This decision required a change in the IDDP
work plan.

Figure 2. A geological map of Iceland showing the location of the three high‐temperature
hydrothermal systems being considered as sites for deep boreholes by the IDDP.
In April 2006, after careful consideration of all of the options available, Deep Vision
decided to move operations to Krafla, one of the high‐temperature areas shown on the
geological map of Iceland above, as the site for the first deep IDDP borehole. This
location is within a volcanic caldera with higher temperature gradients and more
recent volcanic activity than Reykjanes. The IDDP plan is to rotary drill and spot core
this hole to 3.5 km depth, then to deepen it to ~4.5 km, using continuous wireline
coring for scientific purposes, and then attempt a flow test from the deepest portion of
the well.
In addition to exploring for new sources of energy, the IDDP project will provide the
first opportunity worldwide for scientists to investigate the deep, high temperature
reaction zone of a mid‐ocean ridge hydrothermal system that reaches supercritical
conditions, with amphibolite facies grade of metamorphism (>400°C). This drill site is
ideally situated for a broad array of scientific studies involving water/rock reactions at
extremely high temperatures in active setting. Active processes in such deep high‐
temperature reaction zones that control fluid compositions on mid‐ocean ridges have
never before been available for comprehensive direct study and sampling. Thus far the
‐8‐

deepest drillhole at Krafla well fields discussed here is just about 2200 m, while a new
well in Krafla west field, drill in 2006, is almost 2900 m deep. An international team of
scientists, organized with the aid of funding from the International Continental
Scientific Drilling Program (ICDP), has already studied samples from the drilling at
Reykjanes and has begun work on samples from well KG‐26 at Krafla. Funds to obtain
drillcores for scientific study from the planned deep borehole have been awarded by
the ICDP and the US National Science Foundation (NSF).

Figure 3. A view to the Krafla Central Volcano. A 60 MW powerplant is seen in the fore‐
ground. The red circle denotes the potential IDDP drillsite.

2 Krafla
2.1 Geological overview
The Krafla high temperature geothermal system is located within the Krafla caldera in
North‐eastern Iceland (Figures 2 and 4). A 60 MWe power plant is currently operated
in Krafla. 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 at 250–1000 year intervals, each episode apparently lasting 10–20
years, judging from the last volcanic episode. The last eruptive episode, known as the
“Krafla Fires”, lasted from 1975–1984, and resulted in 21 tectonic events, and 9 volcanic
eruptions (Björnsson 1985, Einarsson 1991). A magma chamber (Figure 5), evidently
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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 4. A map showing the location of 5 central volcanoes in the NE‐Iceland volcanic rift‐
zone. Fissure swarms, several tens of km long, arranged en echelon, are linked to all the
volcanic centers.
Figure 5 shows a schematic model of a magma chamber, detected seismically in 1978.
The hypothesis of a solidifying magma chamber under the Krafla well field is a
sufficiently reliable hypothesis for the purpose of siting a well for IDDP, and is in line
with accumulated well field data on gas emissions and temperature distributions.
Figure 5 also shows some of the key elements of the Krafla high temperature field.
Most important with respect to siting the IDDP well is the Hveragil explosive fissure
that erupted in the early Holocene about 9.000 years ago (Saemundsson 1991). It serves
as one of the main hydrothermal up‐flow zones, and therefore could be an attractive
target for an IDDP well. However, a vertical borehole at the proposed IDDP drillsite,
located some 600–650 m west of the Hveragil trend, would not be likely to intersect the
Hveragil fissure at 3.5–5 km depths, unless the fissure is inclined 7.5–10°W. Even
though the proposed IDDP drillhole is unlikely to intersect the Hveragil fissure, other
permeable structures can be expected. The proposed location lies along the 1100 year
old volcanic Daleldar fissure (Saemundsson 1991) which surfaces at the drillsite, and
the drillhole should penetrate the margin of the inferred magma chamber, and possibly
cut a major NW‐SE striking major fault subparallel to the cooling magma chamber (see
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later discussion). Thus there are ample reasons for expecting reasonably permeable
structures at the proposed drillsite.
The oldest exposed rocks in the Krafla central volcano are hyaloclastites from the 2nd to
last glacial (younger than 200.000 years). At the end of the last interglacial, about
100.000 years ago a large (some km3), explosive rhyolitic eruption resulted in the
formation of the Krafla caldera, which is 8 by 10 km in diameter (see Figure 5). During
the last glacial the caldera was more or less filled with volcanics, and subsided about
100 m. At the same time the fissure swarm crossing the center widened by some tenths
of meters every 10 thousand years, resulting in the elliptical shape of the caldera
(Saemundsson 1991).
During the Holocene, extensive volcanic activity has taken place within the caldera,
especially within the presently active fissure swarm (see Fig. 6), characterized by
fissure eruptions and lava flows outside the hydrothermal fields, and magma‐phreatic
explosive activity within the hydrothermal fields. For instance, Hveragil, an explosive
crater row and the main hydrothermal up‐flow 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
a volcanic episode known as “the Mývatn fires”, and is the youngest eruptive forma‐
tion within the Krafla drillfield. The second youngest eruptive product within the drill
field is the Daleldar crater row and lavas, about 1100 years old. The Krafla power plant
is built on top of this crater row and its lava. The third youngest eruptive products
close to, or within the drill field, are the eruptions and volcanic fissures of 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.
This 2200 m deep well has been considered as a potential “well of opportunity” for
IDDP, but because of its diameter deepening it would only allow for a 4 km deep slim
hole at the most.
Surface hydrothermal manifestations extend over an area of about 15 km2 (Figure 6). At
least four sub‐fields, Leirhnjúkur, Leirbotnar, Suðurhlíðar and Hvíthólar have been
identified, based on surface activity and the properties of well fluids. Of these four sub‐
fields only Leirhnjúkur has never been drilled. Leirhnjúkur and Leirbotnar were
affected by magmatic gases during the volcanic activity 1975–1984. Drilling was moved
from Leirbotnar field to Suðurhlíðar during the Krafla fires, and later to Hvíthólar
because no signs of magmatic gases were found in fumarole fluids from these two sub‐
fields. In subsequent years, the concentration of magmatic gases in the Leirbotnar field
diminished to a tolerable level, while it is still higher than before the Krafla fires (see
discussion in section 4.0).

‐ 11 ‐

Figure 5 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 up‐flow 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 6. 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 mid‐Holocene ~5.000 years ago
(outlined in green). 1‐ The caldera fracture (solid black dash, 2‐ chief faults and
fractures (lighter dashes), 3‐ center of Mývatn and Krafla fires (double marked dash), 4‐
outlines of the magma chamber (inclined hatch), 5‐ active fumaroles (red symbols), 6‐
hydrothermal surface manifestations (yellow symbols).
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Figure 7. An aerial photo showing the new Krafla lava from the 1975–1984 volcanic episode.
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Figure 8. Locations and trajectories of Krafla drillholes. Wells KG‐26, closest to the IDDP
drillsite, is emphasized, as well as KJ‐6, east of the IDDP drillsite and the only well
south of an inferred major fault (heavy red dashed fault line), and to the most recent
well in Krafla KJ‐34, drilled in 1999. The black line, north of and parallel to the heavy
red dashed line, shows the location of the temperature profile in Figure 9, and also the
direction of the geological section in Figure 11.
The temperature profile in Figure 9 (from Gudmundsson 1991) clearly shows the dif‐
ferent characters of the two fields, the Leirbotnar field on the west side, with an upper
and a lower system, and the Sudurhlidar field on the east side with a single system
following the BPD‐curve. These characteristics are shown simplified in Figure 10.
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Figure 9. NW‐SE cross section showing the temperature distribution within the two main
production well fields in Krafla, the Leirbotnar field and the Sudurhlidar field. The
proposed IDDP drillhole is located south of well 26 in the Leirbotar field on the west
side in the diagram. Temperature at 2400 m depth in the IDDP well is expected to be
~350°C.

Figure 10. Characteristic temperature distributions within the two well fields in Krafla,
Suðurhlíðar and Leirbotnar.
The simplified lithology profile (Figure 11) shows two main basalt lava units (B1 and
B2) and two main hyaloclastite units (M‐1 and M‐2) characterize the stratigraphic suc‐
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cession of the uppermost 1 km. On the other hand, the section below 1 km depth is
characterized by a dense intrusive rock complex, mostly composed of basaltic intru‐
sions (dykes and sheets), with coarse grained dolerites and gabbros at the deepest
levels, and significant amount of felsic intrusions (rhyolitic dykes/sheets and grano‐
phyric sheets/sills). A similar stratigraphic succession is expected in the new IDDP
drillhole down to below 2 km depth.
The overall hydrothermal alteration pattern is relatively simple also, showing the
chlorite‐epidote and the epidote‐actinolite zones (greenschist facies) occurring below
700–800 m depth in the Leirbotnar field, rising upwards to shallower depths within the
Sudurhlidar field. This pattern roughly reflects the present‐day temperature distri‐
bution pattern shown in Figs. 9 and 10 above, while it is also clear that the tempera‐
tures distribution in the upper system of the Leirbotnar field in the west are consider‐
ably lower than the former temperature distribution suggested by the zones of hydro‐
thermal alteration. The temperature and pressure distributions in the proposed IDDP
well should resemble those in well KG‐26, shown in Figures 14 and 15.

a) Lithology

b) Hydrothermal alteration

Figure 11. A simplified west to east lithology cross section (a) and hydrothermal alteration
section (b) along the Krafla well field from well KJ‐11 to well KJ‐18. The cross section is
roughly parallel to that shown in Figure 9, while the horizontal scale differs. (From
Armannsson et al. 1987).
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2.2 Structure
Although the Krafla Caldera lies within active NE‐SW striking rift zone of NE Iceland,
no major faults are evident in west‐east cross sections within the Leirbotnar and the
Sudurhlidar fields, as shown in Figure 11 a. The Hveragil volcanic fissure, for instance,
and the main up‐flow channel feeding the two well fields, does not appear to offset the
stratigraphic succession inferred from drilling. However, previous work suggests that
the two welll fields rest upon a major NW‐SE striking horst above the magma chamber,
as is shown in Figure 12. The south to north profiles shown in this simplified early
model of the Krafla field, were based on somewhat meager data, as most of the drill
holes on which it is based are located within the horst. On the south side, only well KJ‐
6 defines the existence of the inferred horst, while our proposed IDDP well will be
pretty close to the main horst‐fault on the south side. As the exact location of the fault,
however, is not known, the proposed IDDP well should be sited as far south as
possible at the drillsite in concern, in order to intersect this potentially permeable
feature at suitable depths.

Figure 12. An old and simplified geological model assumes the Leibotnar and the Sudurhlidar
well fields are located on a major horst structure above the magma chamber. The new
IDDP well, located just north of the power plant, could intersect the main NW‐SE
horst‐fault on the south side, while the exact location of this fault is unknown. (Model
figure drawn by GOF (author) and published as shown in Orkustofnun Annual Report
1982, and shown in a similar fashion in Armannsson et al.1987).
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Figure 13 shows an enlarged aerial view of the proposed IDDP drillsite, indicated by the
red star between well KG‐26 and the Krafla power plant. Also shown of the photo is the
inferred horst‐fault and locations of several wells and their trajectories with increasing
depths. The following discussion focusses on the data from KG-26 as it is the nearest to and

likely to bear the closest resemblance to the IDDP well.

Figure 13. The red star shows the proposed location of the IDDP well in Krafla. The red
stippled line shows the inferred NW‐SE fault between well KJ‐6 and the Krafla well
fields north of the power plant. The location of the inferred fault with respect to the
proposed IDDP drill site is not known in detail.
Geophysical surveys are not discussed to any extent in this report as a new report
(Knutur Arnason et al. in prep.) is expected later this year or early next year, where
description of the results from a new MT‐survey and a new micro seismic survey will
be dealt with and interpreted in view of existing geophysical patterns from different
surveys (seismic, gravimetric, magnetic, resistivity etc.). A reference is also made to the
IDDP Feasibility Report on the geophysical descriptions of the Krafla caldera
(Fridleifsson, G.O. et al. 2003 a, b). However, at present, two resistivity maps from the
feasibility report are brought forward in Figures 14 and 15. Figure 14 shows the resis‐
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tivity structure at about 300 m depth below the proposed IDDP drill site (200 masl) and
Figure 15 shows the resistivity at about 600 m depth (100 mbsl). The resistivity pattern
roughly reflects the hydrothermal alteration pattern, e.g. the depth to the chlorite‐
epidote zone (chl‐ep zone) is reflected by a high resistivity core below a low resistivity
cap at shallower depth. The depth to the chl‐ep zone is known to subside sharply, by
few hundred metres to the south of the NW‐SE horst, as seen by comparing the alter‐
ation pattern in well KJ‐6 to the wells north of the fault (e.g. in Armannson et al. 1987).
This is reflected in the resistivity pattern, which in turn can be used to infer the
trend/location of the main NW‐SE fault at shallow depths. In view of the resistivity
pattern, the fault might be located a bit further south of the drill site proposed for the
IDDP well. However, the option of moving the proposed IDDP drill site much further
south is not available due to the closeness to the power plant. Moving it south east‐
wards would also involve similar restrictions. Therefore the drill site should be kept as
proposed, for a while at least, while we await for the report on the new data from the
MT‐ and the microseismicity surveys, which may affect the final site of the IDDP drill
hole.

Figure 14. Krafla area. Resistivity 200 m above sea level.
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Figure 15. Krafla area. Resistivity 100 m below sea level.

3 Drillhole KG‐26
The overview report below on well KG‐26 is based on several progress reports on the
drilling operations from Gudmundsson et al. 1991 a, b, 1992, and on flow test progress
reports from Björnsson and Steingrimsson, 1991, and Armansson et al. 1993.

3.1 The drilling of well KG‐26
The wellhead is at 495 m above sea level (masl), platform at 494 masl, and the well is
about 170 m west of wells KJ‐11 and KG‐24. Grid location: X 602273.82, Y 580877.14,
Degrees Latitude 65.709249 (N), Longtitude 16.772353 (W).
(The proposed new IDDP drill site: X 602267 m, Y 580608 m, elevation 466 masl.
Degrees Latitude 65.706838644(N) Longtitude 16.772707867(W).)
Pre‐drilling to 62 m depth took place in the summer of 1990. From June 10th 1991 the
well was then drilled by a large rig to 1210 m depth in 31 days. A slotted liner was
inserted and the well flow tested in September the same year, after which it became
clear the well would be a poor producer. Therefore, in November 1991, the liner was
retrieved, a 9 ⅝” casing inserted and cemented, and the well then rotary drilled with
8 ½” bit to 2127 m depth, and finished with a 7” slotted liner. Hitherto, all deep wells
in Krafla have followed this design.
The rotary drilling of the 17 ½” (444 mm) hole to 425 m depth, the inserting and
cementing of the a 13 ⅜” (340 mm) casing took 16 days. Mean drill‐rate was ~3 m/h,
drilling mud was used as circulation fluid, it heated during drilling up to ~50–60°C,
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with dT down‐up ~1.5–7°C, circulation loss from 0–6 l/s, wood shavings used to plug
the feed point. Inclination was 1°at 150 m and 1.5°at 300 m. Formation logs available
from surface down to 425 m depth where measured after cementing the casing along
with 2nd stage logging, while temperature logs, XY‐caliber logs and CBL logs were
done at the completion of each stage. Lithological logs are available from below the 425
m casing to the bottom of the well (see Section 3.4 below).
The rotary drilling of the 12 ¼” (311 mm) hole and inserting of a 9 ⅝“ slotted liner took
15 days. Mean drill‐rate was ~4 m/h, water was used for circulation. Loss of circulation
of 1–8 l/s occurred during drilling. After stimulation the loss increased to 23 l/s, and
once the drill string was out of the hole the loss measured 41 l/s. Inclination ranged
from 0.2–2.6°, maximum displacement off vertical 26.8 m.
In the autumn of 1991 a two month flow test showed the well to be a poor producer.
Therefore, a decision was made to deepen the well. However, valuable information
was collected during the flow test on the geochemistry, temperature and pressure
distribution and feed points. According to the T‐logs, the main feed points/zones were
at 575–600 m, 675–700 m, 950–1050 and at 1175–1200 m, and the estimated contribution
from each feed point, 7.4 (kg/s), 3.2 (kg/s), 1.9 (kg/s), 1.5 (kg/s) and 4.6 (kg/s) respect‐
tively. Of the total yield 18.6 kg/s, the top‐feed yielded 40 % and the bottom‐feed 25 %.
This flow test showed that in Leirbotnar an upper hydrothermal system reaches down
to 1050 m depth, underlain by a different hydrothermal system occuring at greater
depths (see Figure 10). The Boiling Point to Depth curve (BPD) applies from 50–200 m,
but below that depth there is an adiabatic temperature profile down to 1050 m. Pres‐
sure at 600 m is about 47 bar, estimated T at 1000 m depth close to 200°C, temperature
at bottom 285°C, pressure at bottom feed point higher than >84 bar but lower than < 98
bar.
The second stage of drilling to reach deeper production began in November 1991 and
took altogether some 40 days. About half of that time can be ascribed to poor weather
conditions, but some of it to the additional time need to retrieve the slotted 9 ⅝” liner
and to replace it by a solid casing and the necessary cementing job, before the 8 ½” (211
mm) rotary drilling to 2127 m. Inclination was measured during drilling, ranging from
3–13°, maximum deviation from vertical was calculated 113.8 m (later gyro survey
showed it due N, (away from the IDDP site which is due S)). Mean drill rate was ~3.3
m/h, water use for circulation, and total circulation loss at the end of drilling only being
29 l/s. Upon stimulation circulation loss increased to 36 l/s. In this context it is worth
mentioning a rather unusual observation, after recovery, the flow test showed the main
aquifer (feed point) governing the pressure pattern of the well appeared to be at 2400
m depth at 173 bar (see later discussion), but this is about 300 m deeper than the depth
drilled in KG‐26. Incidentally the target depth for the 2nd intermediate 13 ⅜” casing in
the IDDP well happens to be 2400 m.
Feed points were recorded at the following depth: 1320–1340 m, 1400 m, 1440–1450 m,
1480–1490 m, 1670–1690 m, 1775 and at 2110 m. Pressure at 1400 m was later confirmed
106.3 bar, based on the P‐T logs after drilling (see Section 3.2)
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3.2 Temperature and pressure conditions of well KG‐26
Figure 16 shows the temperature logs during and after thermal recovery after drilling,
and Figure 17 shows the corresponding pressure logs. Also shown are the BPD-curve
and the Formation-Temperature curve and the corresponding static pressure curve
(called initial pressure). Based on these P-T logs the equilibrated temperature and pressure at each depth within the rock formation was estimated and is tabulated below in
Table 1.
Table 1. The estimated equilibrated temperature and pressures in KG‐26 at each depth within
the rock formation, based on the P‐T logs before and after thermal recovery from drill‐
ing. (Dýpi = depth, Hiti = temperature and þrýst. = pressure).
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Figure 16. Temperature profiles during and after flow tests in well KG‐26 in 1991 and 1992.
From 2002 well KG‐26 has been used as a re‐injection well. Based on the calculations of
the formation temperature, the predrilling temperature at 2400 m would have been
354°C.
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Figure 17. Pressure curves corresponding to the temperature logs in well KG‐26. The initial
pressure curve corresponds to the initial pressure within the formation.

‐ 25 ‐

3.3 Implications for predicting P‐T conditions in the IDDP well
We can use the P‐T data from well KG‐26 as a guide to infer that in the IDDP well
conditions should follow the BPD‐curve until the critical point would be reached at
about 3.5 km depth. In the IDDP well it is planned to cement the third and last inter‐
mediate casing to ~3.5 km depth. Thus supercritical rock temperatures and pressures
should be reached soon after drilling below the casing. However the possibility of
conditions exceeding the BPD‐curve at shallower depth also needs to be considered.
For instance, the temperatures below 2200 m in well NJ‐11 at Nesjavellir in 1985,
certainly surpassed the conditions determined by the BPD‐curve, and involved at least
superheated steam hotter than >380°C, if not supercritical as suggested by Steingríms‐
son, et al., 1990. Therefore during drilling of the IDDP well at Krafla, one should be
prepared for P‐T conditions surpassing the BPD‐curve.
At the first IDDP‐ICDP workshop in 2002, and in the IDDP Feasibility Report
(Fridleifsson et al. 2003 a,b), different P‐T scenarios when drilling towards a cooling
magma chamber within the Krafla geothermal field were discussed, as shown in Figure
18. This discussion recommended testing the margins of the cooling magma chamber
for supercritical conditions, where the P‐T condition should follow a path similar to
that outlined in Figure 18 (a). If, on the other hand, deep drilling was directed immedi‐
ately into the magma chamber, the hole would probably end in dry and ductile rocks, a
scenario envisaged in Figure 18 (b).

(a)

(b)

Figure 18. Two possible temperature scenarios for drillholes around a cooling intrusion at
Krafla: (a) along the margin and (b), into the top of the magma body at ~4 km depth.
Another scenario is illustrated in Figure 19 where the temperature‐depth profile shown
is of a borehole intersecting a permeable structure close to a heat source, for example,
penetrating the contact aureole of a subvertical gabbro intrusion. It involves upflow of
superheated steam – a scenario probably like that at NJ‐11 at Nesjavellir in 1985.
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The design of the IDDP drillhole should be capable of handling such conditions of
superheated steam, with the first casing cemented to 2.4 km deep. The design of the
well must handle superheated steam at pressures lower than the critical pressure at the
wellhead to obtain samples for research, in the pilot study, and during eventual
exploitation. Therefore, the science and engineering team at drillsite needs to be pre‐
pared for conditions like that outlined in Figure 19, and prepare a work plan to deal
with it.

Figure 19. A temperature scenario for a drillhole penetrating a contact aureole along the
vertical margin of a cooling intrusion, involving upward flow of superheated steam
derived from supercritical fluid.
In addition to reaching supercritical conditions, another perequisite for the IDDP well
to be considered a success is to encounter sufficient permeability such as major frac‐
tures that channel fluids from deeper heating zones. For example, if the drillhole were
to intercept a major permeable fracture between 2.4–3.5 km depth, that produced
superheated steam, every effort should be made to study it thoroughly before casing it
off. Even although such additional activities would delay the completion of the drill‐
hole and increase its costs, ignoring such an opportunity could risk the success of the
project as there would be no guarantee that another major permeable zone would be
found at greater depth.

3.4 Lithology and hydrothermal alteration in well KG‐26
Examination of drill‐cuttings revealed that the geology of the well can be divided into
two major stratigraphic units. The first unit extends from the surface to a depth of
almost 800 m and consists of successions of sub‐glacial and sub‐aerial volcanic
deposits, which can be divided into two sequences of hyaloclastites separated by an
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approximately 230 m thick sequence of basaltic lava flows. Interspersed in the unit are
few basaltic and doleritic dikes, for instance at 270–280 m and 581–595 m.
The upper 50 m of the well consist of unaltered, fresh tuff, which coincides with the
estimated water table, but below 50 m depth low temperature zeolites such as stilbite,
heulandite and scolecite appear, designating the smectite‐zeolite alteration zone (sm‐
zeo) in Figure 20. The alteration intensity increases relative quickly in the upper part of
the well and by 190 m depth the smectite‐zeolite alteration zone transitions into the
quartz and wairakite zone (qtz‐wai in Figure 20), indicative of a formation temperature
of ~200°C. This is consistent with the temperature measured in the well (Figures 20 and
16). At 400 m depth, calcite overprinting quartz and wairakite was observed, that
suggests cooling has occurred in the upper part of the formation. This is consistent
with the other parts of the upper Leirbotnar system, where the present formation
temperatures are lower than the hydrothermal alteration mineral temperatures. From
400 m depth downward calcite is the chief hydrothermal alteration mineral, while
pyrite is abundant below 490 m, indicating zones of good permeability. The high
temperature hydrothermal minerals, such as epidote and prehnite appear at about 520–
550 m, marking the transition to the chlorite‐epidote (chl‐ep) alteration zone, of the
greenschist facies.
The second stratigraphic unit extends from about 800 m to the bottom of the well and
consists of an intrusive complex, composed of a sheeted dike complex, until at almost 2
km depth, below which coarse grained dolerites and granophyric intrusion pre‐
dominate. More than 90% of the upper part of the intrusive complex consists of dikes,
primarily dolerites. High neutron‐neutron counts confirm the presence of a dense unit
of dikes, and differentiate well between coarse‐grained dolerites and fine‐grained
basaltic dikes. The gamma ray log easily discerns intrusions of more felsic compo‐
sitions, for instance at 960–980 m and 1660–1680 m depth (Figure 21).
Intense hydrothermal alteration of the intrusive complex is mainly associated with
veins located at dike margins, or within thin hyaloclastite lenses. Below 900 m depth,
sparse pyrite‐rich horizons appear to follow dike margins, and correspond with feed
points (at 985 m, 1009 m, 1018 m, 1027 m and 1075 m). Wollastonite, a higher tempera‐
ture alteration mineral implying a formation temperature of >260°C, appears at
approximately 800 m depth, while actinolite (>280°C) appears at 950 m depth, marking
the onset of the epidote‐actinolite (ep‐act) alteration zone. No traces of calcite were
found below 1200 m depth in the well, not only signifying that formation temperature
is above 300°C, but also that the well penetrated into the lower Leirbotnar system,
where temperatures follows the BPD‐curve.
In the lowermost part of the well KG‐26 from 1960 m to the bottom of the well grano‐
phyre and dolerite intrusions predominate. The granophyre is easily discernible by the
wire‐line logs as they result in high gamma ray counts (Figure 21). Good feed points in
the Krafla wells at depth are commonly associated with granophyric intrusions, well
KG‐26 being no exception.
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Figure 20. Simplified lithology and distribution of hydrothermal alteration minerals in well
KG‐26.

‐ 29 ‐

Figure 21. Lithology and wire‐line log data of well KG‐26. The temperature logs done during
and shortly after drilling reflect the cooling efficiency from the circulation fluid, as well
as the location of deep feed points receiving cold water during drilling (e.g. between
1600–1700 m).
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4 The fluid Chemistry of Well KG‐26
4.1 Volcanic gas in Krafla fumaroles
During the Krafla fires 1975 to 1984 volcanic gas entered the geothermal system and
caused deposition in boreholes to such an extent that the Krafla power plant project
was close to being abandoned. This gas was also detected in Krafla fumaroles, most of
which issue steam at close to 100°C. A survey of these fumaroles suggested that parts
of the system, i.e. Suðurhlíðar and Hvíthólar were not affected by the volcanic gas
whereas the Leirbotnar, Víti, Hveragil and Leirhnúkur areas were. Therefore drilling
was moved from the Leirbotnar to the Suðurhlíðar and later Hvíthólar areas where
deposition resulting from volcanic gas inflow was not encountered (Ármannsson et al.
1982, 1989)
The volcanic gas waned, first in the Leirhnúkur area, then in Hveragil but has been
most persistent in the Víti area. There has been a gradual increase of gas concentration
in wells and fumaroles in the Suðurhlíðar area but this has been ascribed to changes
due to production as it has not been accompanied by a change in gas ratios which was
characteristic of the magmatic gas inflow (CO2/H2S > 30 → magmatic gas). The follow‐
ing table shows the development in these areas along with results for fumarole G‐6, the
only fumarole in the Leirbotnar area, which was located close to well KG‐26 and the
proposed deep well and is in the Leirbotnar area. It became very weak after 1985 and
disappeared after 1990.
Table 2. CO2, H2S (mg/kg) and CO2/H2S in some samples from Krafla fumaroles 1950–1999.
Suðurhlíðar G‐5
Year

CO2

H2 S

CO2/
H2 S

1950

Víti G‐12

Leirhnúkur G‐19

CO2

H2 S

CO2/
H2 S

7725

1321

Leirbotnar G‐6

CO2

H2 S

CO2/
H2 S

5.8

6744

1683

4.0

50300

702

81132

1590

1978

6742

1121

6.0

125100

1920

65.2

1979

9315

695

13.4

217900

3840

56.7

CO2

119800

H2 S

Hveragil G‐3

1000

CO2/
H2 S

119.8

CO2

H2 S

CO2/
H2 S

71.6

1820

54.1

33.6

51.0

9360

51

183.5

18978

52.3

362.9

1982
1984

11578

655

17.7

1985

11761

560

21.0

106722

1937

55.1

1997
1999

17272

18866
37220

2133

17.4

52956

1365

38.8
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753

473

22.9

39.9

25145

604

41.6

18364

99

185.5

24429

861

28.4

14576

143

110.2

27617

1107

24.9

4.2 Chemical composition of fluid from well KG‐26
4.2.1 History
As described in section 3.0 this well was originally drilled in June‐July 1991 as a
shallow (1210 m) low enthalpy well to provide extra steam needed for the low pressure
power production stage of the Krafla Power Station. After discharge tests in Septem‐
ber‐October 1991 the well was deemed a relatively poor producer and it was decided
to case the well to the bottom and deepen it to 2000 m depth to obtain high enthalpy
steam. Discharge tests were carried out from June 29 to July 5 1992. The well soon
discharged high enthalpy steam with a small liquid fraction. Total flow fell from about
28 kg/s to about 7 kg/s and liquid flow from 1.3 kg/s to 0.6 kg/s at the same time.
Towards the end of the test, the liquid fraction was colored black and analysis of solid
filtered from the liquid showed iron, silica and sulphur and a relatively large particle
was nearly all iron and sulphide. Such deposits had been observed earlier in some
Krafla wells and proved destructive. Water from a pool used for drilling water was
injected into the well at a rate of 20–30 l/s. Analyses of this water showed that it was
somewhat oversaturated with respect to calcite and a deposit of calcite formed at the
wellhead during injection. Injection of this fluid was stopped in October after about 3½
months but resumed a little later for another 3½ months. Cold groundwater was
subsequently injected at 5–7 l/s for four months and finally separator water from well
KG‐24 for about 16 months. In early 1996 the well started discharging but turned out to
be damaged and blocked by deposits. It was drilled out but turned out to be a very
poor producer and so it was decided to use it as an injection well. The injection of
effluent from the low pressure separators of the power plant started January 2002 and
initially the well would receive 4 l/s. The injectivity of the well soon increased to 50–60
l/s and this is still the amount being injected, controlled by the maximum capacity of
the pump. There are all indications that it could receive more. This increase has not
been explained satisfactorily but it is possible that the present injection fluid has dis‐
solved the deposits that were formed. A tracer test employing KI has been in operation
since December 2005 but no tracer has been recovered in nearby wells. There has
however been a noticeable decrease in enthalpy with an increase in water flow in
nearby well KJ‐32 since the reinjection started.

4.2.2 Fluid composition
Table 3 shows raw analyses of samples from well KG‐26 before and after deepening
and of the reinjected water in October 2003. The fluids from the upper and lower parts
of the borehole are seen to be very different, especially as regards dissolved solids,
chloride being 26.5 mg/kg in the shallower well but 608 mg/kg in the deepened well.
This difference is quite clear for the calculated compositions at depth for the two
drillhole samples presented in Table 3. The CO2/H2S ratios in all Krafla borehole gas
have returned to values similar to those obtained before the Krafla fires and the values
found for the upper and lower parts of KG‐26 are no exception.
Fluids in the Krafla system are dilute (TDS 1000–2000 mg/kg), similar to that at Nesja‐
vellir (TDS: 1000‐2000 mg/kg) whereas in Reykjanes there is a saline system (TDS:
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30000–35000 mg/kg). The present Krafla fluid is in all respects good for prouction and
is not likely to cause problems.
Table 3. Results of chemical analysis of samples from well KG‐26 before and after deepening,
and of a sample of reinjection fluid from October 2003.

Conditions

Water phase

Non-condensed gas (%
volume)

Condensate

Steam (condensate +
absorbed gas)

Location

KG-26 before

KG-26 after

Reinjected water

Date

30/10/1991

04/07/1992

29/10/2003

Ps bar g

2.3

12.2

Enthalpy kJ/kg

1022

2595

pH/°C

9.8/21

5.9/19

CO2 mg/kg

72.8

235

60.2

H2S mg/kg

42

39.8

38.5

B mg/kg

0.54

5.17

1.36

Conductivity µS/cm/°C

1074/25

2000/25

SiO2 mg/kg

490

790

548

TDS mg/kg

1202

2021

1140

Na mg/kg

220.9

356

217

K mg/kg

27.6

81.1

29

Mg mg/kg

0.004

0.077

0.005

Ca mg/kg

2.26

28.8

2.18

F mg/kg

0.946

3.76

1.23

Cl mg/kg

26.5

608

65.8

Br mg/kg

1.22

I mg/kg

0.032

SO4 mg/kg

209.2

Al mg/kg
Fe mg/kg

9.42/21.9

61.7

250

0.94

0.011

1.38

0.012

0.75

0.004

δ18O ‰

-84.4

-81.2

-83.5

δD ‰

-10.55

-8.26

-9.75

Liters gas/kg condensate/°C

0.92/17.6

H2 %

6.38

4.02

CO2 %

80.81

87.63

H2S %

5.92

6.77

O2 %

0.2

0.06

N2 %

5.9

1.47

CH4 %

0.79

0.05

pH/°C

3.8/21

4.1/18

CO2 mg/kg

1048

1430

H2S mg/kg

212

250

CO2 mg/kg

1761

13506

H2S mg/kg

309

1098

CO2/H2S

5.7

12.3
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Table 4. Calculated compositions of deep fluid from KG‐26.

Location

KG-26 upper part

KG-26 lower part

Date

10/09/1991

04/07/1992

Ref. Temp°C

215

310

Steam fraction

0.0540

Deep water
pH

7.96

7.13

SiO2 ppm

410.7

793.6

Na ppm

193.5

357.6

K ppm

27.60

81.46

Ca ppm

1.89

28.93

Mg ppm

0.003

0.077

SO4 ppm

175.3

61.97

Cl ppm

22.21

610.7

F ppm

0.793

3.78

TDS ppm

1007.6

2030

CO2 ppm

130.74

367

H2S ppm

67.05

99.46

H2 ppm

0.01

0.20

O2 ppm

0.01

0.05

CH4 ppm

0.01

0.01

N2 ppm

0.11

0.83

CO2 ppm

5538

13486

H2S ppm

627

1091

H2 ppm

20.6

25.3

O2 ppm

10.2

6.0

CH4 ppm

20.2

2.5

N2 ppm

265

128

Deep steam
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5 Summary recommendations
The volcanic features of paramount importance in relation to the drilling of the IDDP
well are (1) the presence, size and specific location of a magma chamber previously
interpreted to exist beneath the Krafla drill fields, (2) the pressure temperature
conditions within the Leirbotnar drill field, and (3) the nature of permeability likely at
depth close to the drill site.
The magma chamber was inferred from S‐wave attenuation during the Krafla volcanic
episode, and interpreted to be at 4–8 km depth below the Leirbotnar drill field. The
thermal conditions within this body are at present not known. The proposed location
of the IDDP drillhole is at the southern margin of this inferred magma chamber. This
site was selected in order not to intersect the hot magma body directly but rather to
contact the fluid heat exchange system at its margin. The results of recently completed
MT‐surveys and studies of micro seismicity are expected to be made available late in
2006. These should improve our ideas on the nature and condition of the proposed
magma chamber, and could possibly affect the final site selection for the new IDDP
well.
Three known structural features could be intersected at the new drillsite, and might
affect the permeability in the new IDDP well. These are the 1100 year old Daleldar
volcanic fissure at the drill site, two major fractures/faults of the Hveragil volcanic
fissure, and a NW‐SE trending major fault which defines a horst above the inferred
magma chamber, trending the same direction. The Hveragil fissure is believed to be the
main conduit for the hydrothermal fluid system feeding both the Leirbotnar field and
the Sudurhlidar fields. If the Hveragil fracture is inclined westwards by some 7–10°, it
would be intersected between 3.5–5 km depth at the proposed IDDP drill site.
However, indication that the fracture only dips about 3° westwards is available while it
is not know if the faults bend inwards in a listric fashion. The location and inclination
of the NW‐SE tending major fault is not known in detail, but in order to improve the
possibility of intersecting this fault at depth, the drillsite should be located as far south
as possible within the drillsite location.
Assuming that the hydrothermal condition south of the NW‐SE major fault is similar to
that penetrated by well KG‐26, which lies north of that fault, the expected conditions in
the first 2500 m of IDDP drillhole should have an upper system characterized by
isothermal fluid system about 200°C hot, between 200–300 m depth and 1000–1100 m
depth, and a lower system following the BPD‐curve from 1100 m depth down to at least
2500 m depth. In designing the casing program consideration should be given to sepa‐
rating the two systems, and to make use of potential feed points between 1000–1100 m
depth.
The lithology of the IDDP well is expected to be similar to well KG‐26, but the depths
of the two major hyaloclastite units would be greater, if the IDDP well is on the south
side of the NW‐SE major fault, otherwise similar as in KG‐26. Below 1 km depth a
dense intrusive rock complex is expected. Felsic intrusive rocks can be expected near 2
km depth and these should have reasonable sized feed points. If P‐T conditions are
similar to those in the well KG‐26, and feed points occur at about 2.4 km depth,
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temperatures of >350°C and static pressure of about 180 bar can be expected at 2.5 km
depth.
Predicting the situation likely below 2.5 km depth is more difficult: two scenarios are
envisaged (i) that the BPD‐curve is followed to about 3.5 km depth, and (ii) that
superheated steam flows readily between 2.5–3.5 km depth. If the latter case occurs the
drilling program should be ready to deal with superheated conditions and, if possible,
be able to flow test the well before setting the production casing to 3.5 km depth. The
science program similarly needs be organized in such a manner to respond to encoun‐
tering superheated conditions if a major feed zone is found between 2.5 and 3.5 km.
The fluids in the Krafla system are dilute (TDS 1000‐2000 mg/kg), similar to those at
Nesjavellir (TDS: 1000‐2000 mg/kg) whereas in Reykjanes there is a saline system (TDS:
30000–35000 mg/kg). The present Krafla fluid is in all respects good for production and
is not likely to cause problems. The CO2/H2S ratios in all Krafla borehole has returned
to values similar to those obtained before the Krafla fires and the values found for the
upper and lower parts of KG‐26 are no exception.
However, during flow tests of KG‐26 carried out from June 29 to July 5 1992, the well
discharged high enthalpy steam with a small liquid fraction, but total flow fell from
about 28 kg/s to about 7 kg/s, apparently due to scaling by silica containing iron
sulphides. Such deposits had been observed earlier in some Krafla wells and proved
destructive. By early 1996, the well became blocked by these deposits and proved to be
a poor producer even after cleaning so that it was turned into an injection well. The
injection began January 2002 at about 4 l/s but its injectivity soon improved to 50–60 l/s,
a rate limited by the maximum capacity of the injection pump. This increase may be
due to the injection fluid dissolving the earlier formed deposits. Possibly, well KG‐26
can be used as an injection well to receive effluents from the proposed IDDP well
during future flow tests.
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