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Abstract. Well IDDP-2 was drilled through deepening of
RN-15 which is one of the geothermal wells producing from
the Reykjanes field (Iceland). It was drilled in 2016 and 2017
as part of the Iceland Deep Drilling Project (IDDP), which
aim has been to assess the economic viability of supercriti-
cal fluids utilization. Well testing, temperature and pressure
logging of RN-15/IDDP-2 together with sampling of the dis-
charge fluid was carried out in 2022 to investigate the well
production properties and its feeding aquifers. The chemical
composition of the discharge samples obtained during the
recent RN-15/IDDP-2 flow test in 2022 suggests a slightly
higher reservoir temperature of 294 °C compared to 290 °C
in 2016. Most of the major non-volatiles are in a low range
of the concentrations calculated for the Reykjanes deep reser-
voir. The RN-15/IDDP-2 feeding aquifer is, however, en-
riched in gases such as CO,, H;S, N», and H, compared to
their content before drilling. In general, the temperature, gas
content and the discharge composition suggest that part of
the fluid entering the well originates at greater depths com-
pared to the depths of the main feed zones in other Reykjanes
wells. Additional research is required to evaluate if the dis-
charge of the well has a signature of a fluid that originates at
depths corresponding to supercritical conditions of seawater
(T >403°C, P > 285 bar).

1 Introduction

The Reykjanes geothermal system is located on the SW-tip
of the Reykjanes Peninsula in SW-Iceland (Fig. 1a). Well
IDDP-2 at Reykjanes was drilled by Iceland Drilling Ltd. for
HS Orka Ltd. in 2016 and 2017 through deepening of one of

the production wells, RN-15, from its initial depth of 2507 m
to the final slant depth of 4659 m and therefore becoming the
deepest well drilled into a high temperature geothermal sys-
tem (summarized in Fridleifsson et al., 2020). The well was
drilled as part of the Iceland Deep Drilling Project (IDDP),
which explores the potential of extracting fluids under super-
critical conditions from high temperature geothermal fields,
thus producing up to ten times more energy than a conven-
tional geothermal well (Fridleifsson and Albertsson, 2000;
Fridleifsson et al., 2020). Supercritical conditions are found
at the roots of volcanic-hosted geothermal systems and have
been encountered during the drilling in the USA, Japan, Italy,
Iceland, Mexico, and Kenya (e.g., Reinsch et al., 2017). Al-
though these fluids contain much more heat, they can be dif-
ficult to handle. As shown during testing of the well IDDP-1
in Krafla (N-Iceland), the discharge fluid of 440 °C, pres-
sure of 140 bar, caused corrosion and silica dust erosion
and deposition (Armannsson et al., 2014; Elders et al., 2014;
Hauksson et al., 2014). Despite similar downhole temper-
ature of 430°C and pressure of 340 bar estimated at the
bottom of RN-15/IDDP-2 supercritical fluid was never dis-
charged due to substantial contribution of shallow feed zones
to the overall flow into this well. The logging data collected
during drilling, thermal recovery and during well testing sug-
gested three feed zones, at approximate measured depths of
2395, 3400 and 4500 m, however, as estimated originally by
Sather (2020) 90 %95 % of the discharge fluid would orig-
inate from the middle feed zone and the rest from the deep-
est feed zone. Unfortunately, during the well stimulation, a
damaged casing just below 2300 m depth was observed. This
depth is close to the depth of the main feed zone of RN-15
before drilling IDDP-2 which had been cased off during the
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deepening of the well. To this day, this damage hinders any
logging below that depth and most likely changes the contri-
bution of various feed zones to the total well discharge. Well
simulations showed a relatively large amount of fluid flow-
ing from the deepest zone if the total well discharge is low
(Sather, 2020). Up to date no chemical sample of the fluid
from the deepest feed zone has been collected.

In this short contribution, we would like to re-
port the chemical data collected during the most recent
RN-15/IDDP-2 step-rate flow test that was carried out on
5 May 2022 after the well continuous discharging for about
half a year. Reporting on the current status of the well perfor-
mance is important for several reasons. First, since this well
has been unsuccessful in terms of productivity compared to
the other wells in Reykjanes, it has rarely been sampled and
flow tested after the drilling was concluded. This highlights
the value of the collected data. Second, the blockage due to
casing damage made it impossible to log the well at greater
depths, therefore the chemical composition of the discharge
can help to estimate the contribution of various feeding zones
in this well and whether it is financially beneficial to stimu-
late the well for energy production. Third, the data collected
during this study contributes to the general understanding
of the Reykjanes geothermal system, especially in the midst
of the Reykjanes volcanic unrest (e.g., Sigmundsson et al.,
2024). Furthermore, there is a great interest to continue deep
drilling into high-temperature geothermal systems in Iceland,
therefore the data on the current performance of such deep
wells will contribute to the design and planning of risk miti-
gation for the future IDDP wells.

2 Geological setting

Reykjanes Peninsula is covered by basalt lavas erupted in
post-glacial times (less than 12500 years ago) along with
low-rise hyaloclastite ridges that were formed during the last
glacial period (Semundsson et al., 2020). The lithology is
dominated by pillow basalts, tuffaceous volcanics and sedi-
ments, lavas, and basalt intrusions (dikes and sills) that may
reach up to 60 % of the successions at deeper levels (Weisen-
berger et al., 2019). A simple lithological model of the Reyk-
janes geothermal system is shown in Fig. 1b. Hydrothermal
alteration increases from zeolite grade to amphibolite grade
with depth (Zierenberg et al., 2021). The secondary miner-
als that are observed in the subsurface based on drill cuttings
from RN-15/IDDP-2 and other wells in the area are epidote,
quartz and pyrite/chalcopyrite, garnet. actinolite, and sulfides
(pyrite and chalcopyrite; Weisenberger et al., 2019).

At ~4500m depth, the metabasalt and metagabbro
show hydrothermal alteration to amphibole-plagioclase-
clinopyroxene-orthopyroxene at temperatures from 700 to
> 900 °C, with median temperatures of ~800 °C (Fridleifs-
son et al., 2020; Zierenberg et al., 2021).
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Figure 1. The location of the RN-15/IDDP-2 well (red star) and the
other geothermal wells drilled in the Reykjanes field (yellow dots)
is shown in (a). The trajectories of the wells are given in (a) as red
and blue lines. A simplified geological model of the subsurface is
shown in (b); modified from Fridleifsson et al. (2017).

The geothermal production reservoir of 270-310 °C is at
about 800-2300 m depth. The fluid is hydrothermally modi-
fied seawater with some addition of magmatic gases. Based
on the enthalpy measurements, most of the aquifer is lig-
uid dominated but a few wells have enthalpy higher than
that of pure water (Arnérsson, 1978; Freedman et al., 2009;
Hardardottir et al., 2009; Cypaité et al., 2018; Galeczka and
Oskarsson, 2019; Khodayar et al., 2018). Furthermore, the
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high-temperature conditions of amphibolite facies were con-
firmed by the temperature and pressure logs which indicate
the presence of a supercritical fluid (Fridleifsson et al., 2020).

3 Methods
3.1 Discharge sampling during the flow test

During the flow test the RN-15/IDDP-2 well discharged into
a transportable steam separator, which is commonly used
for flow testing of geothermal wells (Zarrouk and McLean,
2019). The parameters recorded during the flow test were
wellhead pressure (WHP), pressures (P) at various locations
in the pipeline towards the separator, lip-pipe P, steam flow
rate in the chimney of the separator, liquid flow rate, tem-
perature (7) in the outlet of the separator, and downhole P
and 7. Further details of the flow testing can be found in
Jonsson and Galeczka (2022). The downhole P and T was
measured using a Kuster K10 probe that was lowered down
through a lubricator attached to the top of the well head. This
probe is a memory tool and measures P and T at predeter-
mined time steps. The flow from the well was regulated by
a control valve and its opening is given either in cm or as
the percentage of full opening. Before the test, the well had
been discharging for about half a year at a relatively stable
WHP of about 7.8 bar-g and at the valve opening of 22 cm
corresponding to 100 % opening. The first discharge sample
(liquid, vapor and condensate) during this study was taken at
these conditions. Another two samples for analyses of non-
condensable gases in vapor were collected at the end of the
two latter steps, at 4cm (18 %) and 1.2 cm (5 %) opening, re-
spectively. The duration of each step was determined by the
stabilization of the temperature and pressure when the open-
ing of the valve was changed, and the samples were collected
at the end of each step.

The sampling pressure (Ps) during sample collection was
measured at a portable Webre separator, whereas the sam-
pling temperature (75) was calculated based on the steam ta-
bles (E.T., 2003; Table 1). The simultaneous downhole P and
T measurements during the sampling were taken at 2300 m
depth, just above the casing damage. The vapor phase was
sampled for (1) non-condensable gas content (NCG; Table 1)
using evacuated Giggenbach bottles with 40 % NaOH and
(2) chosen dissolved components after cooling and condens-
ing the steam at 7' < 20 °C. These components are used as
quality check of the phase separation during the sampling.
Similar cooling temperature was applied to condense the liq-
uid phase sampled for pH, dissolved solids and isotopic com-
position. Details on sampling and preservation methods can
be found in Arnérsson (2000) and Olafsson and Armanns-
son (2006). Gases in the steam, solutes in condensate and
dissolved constituents in the water phase were analysed at
the Iceland Geosurvey (ISOR) laboratory. The isotope ratios
were measured at the Isotech laboratory in USA.
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Table 1. The conditions and the gas content in vapor samples col-
lected during the flow test. Concentrations are given in mg kg_]
of steam. Ps and T represents sampling pressure and temperature,
respectively.

Sample ID 20220090 20220093 20220094
Sampling time 15:15 17:15 18:10
Step number 1 2 3
Opening (cm/%) 22/100 4.0/18 1.2/5
Water mass flow (kgs™1) 15.3 13.4 7.6
WHP (bar-g) 7.8 13.5 29.4
Steam fraction (Xs) 0.31 0.30 0.08
Ts (°C) 167 188 220
Ps (bar-g) 6.3 11.1 22.0
Enthalpy (kJ kg~1) 1127 1104 609
CO, 8645 9325 17750
H,S 226 247 465
Ar 1.72 2.03 3.08
N, 73.1 75.1 114
CHy 1.76 1.86 3.80
H, 4.16 4.49 8.49
CO,/H,S 38.3 37.8 38.2
NCG (wt %) 0.90 0.97 1.83
H,0 (wt %) 99.1 99.0 98.2

3.2 Deep fluid calculations

The deep fluid composition was calculated based on the
chemical composition of the liquid and steam sampled at the
surface in step 1 using WATCH computer code version 2.4
(Arnérsson et al., 1982; Bjarnason, 2010). The fluid compo-
sition at depth was calculated assuming (1) conservation of
enthalpy upon boiling, (2) the fluid was a single-phase lig-
uid in the deep reservoir, and (3) that the measured enthalpy
of well discharge represents the total enthalpy of the system
according to Eq. (1):

htotal — hmeasured _ hliquid (1)

— " reservoir
where 1@ is the total enthalpy of the system, hl}?ifvoir is the
enthalpy of single liquid phase at the reservoir temperature,
and h™eaured i the measured well discharge enthalpy. Such
wells are referred to as having liquid enthalpy or liquid dom-
inated well discharge. The quartz geothermometer (Fournier
and Potter, 1982) was used as a reservoir estimated tempera-
ture. This temperature has usually been in a good agreement
with the logged down-hole temperatures in Reykjanes wells
(e.g., Oskarsson et al., 2015; Galeczka and Oskarsson, 2019).

4 Results
4.1 Temperature logs

Selected temperature profiles, from during and after drilling
of well RN-15/IDDP-2 together with the profiles collected
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during the flow test performed in this study are depicted in
Fig. 2a. The temperature logs collected in 2016-2017 dur-
ing drilling showed a rapid increase in temperature below
approximately 3400 m, when cold water was injected on the
wellhead. The temperature logs collected in January 2017 in-
dicate an inflow of hotter fluid through the casing damage
at around 2300 m depth as showed by the slight increase of
the measured temperature. The inflow, however, at that time
was probably limited. During the current test the tempera-
ture profile was retrieved only down to about 2300 m depth,
as it was not possible to go through the damaged casing. The
highest logged temperature in the well was just below 294 °C
at 2300 m.

4.2 Fluid composition

The sampling conditions and the gas concentrations in all
vapour samples collected during the 2022 flow test are given
in Table 1. The results of the chemical analyses for the two-
phase sample (20220090) and the calculated deep fluid com-
position based on this sample are given in Fig. 2b. The deep
fluid temperature was calculated to be 293.5 and 244.6 °C
using quartz and Na/K geothermometers, respectively. The
salinity corrected quartz temperature of the deep fluid was
calculated to be 291 °C and the estimated steam fraction
was 0.31.

The bubble point of the deep fluid was calculated to be
82 bar-a compared to 71-73 bar-a before the IDDP-2 drilling.
The deep fluid pH was calculated to be 4.63. The calculated
liquid enthalpy using the discharge chemical composition at
quartz temperature was calculated to be about 1310kJkg~!.
For comparison the measured enthalpy during the flow test
was 1127, 1104, and 609kJkg~!, respectively for step 1,
2, and 3. The highest gas content in vapor was measured in
sample 20220094 at the lowest opening of 1.2 cm and it was
equal to 1.83 wt % (Table 1).

5 Discussion
5.1 RN-15 before drilling RN-15/IDDP-2

Well RN-15 was drilled in 2004. It was vertical, 2507 m deep,
cased to 804 m. This well had an estimated reservoir tem-
perature of 285 °C based on the temperature logs and deep
chemical composition of the feeding aquifer (e.g., Galeczka
and Oskarsson, 2019) located at 2395m depth. The dis-
charge enthalpy measured using tracer flow testing in 2016
was 1275kI kg~! (Cypaiteé et al., 2018) similar to the calcu-
lated liquid enthalpy of 1263kJkg~! at an estimated reser-
voir temperature. In contrast to some other wells (e.g., RN-
10, -11) a progressive reservoir boiling until 2009 caused
by depressurization due to intensive geothermal production
was not clearly seen based on the non-volatiles’ concentra-
tions and gas ratios evolution (Fig. 3; Galeczka and Oskars-
son, 2019). The shifting of §D and 8180 towards the heavier
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Figure 2. Chosen T logs obtained during RN-15/IDDP-2 drilling
and well testing, including the recent 2022 flow test (a). The raw
analytical results given in (b) show pH, the isotopic composition
and dissolved solids in mg kg_l in the liquid phase and the isotopic
composition and the gas contend in the vapor phase in mg kg_1
of steam. The calculated deep fluid composition (mg kgfl) at the
quartz geothermometer is also shown in (b).
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isotopes until 2010, however, indicated aquifer boiling. Simi-
lar to RN-12 which is one of the deepest wells in the field, the
concentrations of CO,, H,S, and H» increased with time. At
the same time the N; concentration decreased. After 2009—
2010, those concentrations and ratios stabilized or decreased
indicating reservoir steady state in response to the geother-
mal production.

The decrease in Mg concentration with time until 2014
correlated with the increasing temperature calculated using
quartz geothermometer. The B concentration in samples
from this well was among the lowest measured in the Reyk-
janes production wells. The relatively low B, Na, K and Cl
concentrations and a relative depletion in §D and §'30 com-
pared to the other wells were explained by a recharge of less
saline than seawater fluid into the aquifer feeding RN-15.
Furthermore, a decrease in the non-volatile concentrations
around 2009 suggested an increased inflow/recharge of less
saline waters at that time. The decrease of some non-volatiles
(Cl, Na, Ca, B) concentrations and shifting of the isotopic
composition towards lighter isotopes after 2012 might have
also been a result of re-injection into the well RN-33 in 2015.
The tracer injected together with the re-injection mixture of
freshwater, brine and condensate into RN-33 was measured
in substantial amounts in RN-15.

5.2 Current chemical composition of RN-15/IDDP-2

The differences in the calculated deep composition of
RN-15/IDDP-2 compared to the deep aquifer in 2004-2016
suggest that the fluid feeding this well changed somehow af-
ter its drilling, and testing. As can be seen in Figure 3, the
concentration of SiO; in the deep fluid based on the 2022
sample is 1.5 % higher compared to the average historical
deep SiO, concentration, suggesting slightly higher reservoir
temperature compared to 2016. For comparison, the aver-
age quartz temperature calculated for the reservoir based on
the samples collected in 20042016 was 291.3 °C with mini-
mum of 275.2 °C in 2006 and maximum of 325.5 °C in 2010
(()skarsson etal., 2015; Galeczka and Oskarsson, 2019). The
former one most likely stems from insufficient discharge af-
ter drilling and the latter due to errors in sampling. In con-
trast, the other dissolved solutes concentrations are lower by
7 % for Na and Ca, 11 % for K, 8 % for Cl, 20 % for B, and
40% for SO4 compared to the average deep 2004—2016 con-
centrations and are in the low range of the Reykjanes deep
fluid (Fig. 3). Note, that these concentrations in deep aquifer
in RN-15/IDDP-2 have always been slightly lower compared
to the other wells in Reykjanes.

The Mg concentration is, however, higher compared to
2016 and it is in the upper range of Mg concentrations cal-
culated for the Reykjanes reservoir. This concentration in-
crease might be also due to higher stability of Mg-Cl species
at higher temperature. The deep fluid pH of 4.63 is similar
to the average pH of 4.71 calculated based on the samples
collected from 2004 till 2016 (Fig. 3; Galeczka and Oskars-
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son, 2019). Note that the last production phase sample from
RN-15 before drilling of the IDDP-2 was collected in 2016.
The isotopic signature is heavier compared to the last sample
collected from RN-15/IDDP-2, however, within the range of
the deep Reykjanes fluid. For comparison, the groundwater
in vicinity of the Reykjanes geothermal area has an isotopic
composition of 8D from —53 to —49 and §'0 from —7 to
—8 %o (e.g., Galeczka and Oskarsson, 2019).

There is a substantial increase in volatiles content (CO»,
H»>S, Hy, N») in the deep fluid compared to 2004-2016
(Fig. 3). The concentrations of the dissolved gases are higher
by 36 % for CO,, 56 % for H,S, 63 % for N», factor of 3.5 for
CHy4 and a factor of 8 for Hy compared to the concentrations
of these volatiles in the past. The CO, and Hj concentrations
in the deep fluid have never been as high as during the cur-
rent flow test. The NH3 concentration is, however, lower by
62 %. The deep fluid is undersaturated with respect to cal-
cite and at equilibrium with respect to anhydrite, similar to
what was previously calculated for RN-15. The Fe concen-
tration in the deep fluid based on the 2022 sample was rela-
tively high, however, concentrations of > 2 ppm in the hottest
production well, RN-10, have previously been observed and
they were not associated with corrosion (e.g., Oskarsson et
al., 2015). Contribution of Fe and H, due to corrosion can-
not, however, be excluded since the casing was damaged
during the RN-15/IDDP-2 testing and therefore making it
more fragile and therefore reactive (e.g., Oppong Boakye et
al., 2022). The N, concentration was higher than currently
measured only a few times in the Reykjanes production his-
tory: in RN-22 in 2009, and during the drilling/testing of
RN-15/IDDP-2 in 2017/2018 in RN-11, 12, 22, 28. Part of
the N> in the RN-15/IDDP-2 aquifer could originate from
the air-saturated water that was injected into the well during
drilling and testing in corroboration with lower concentration
of major non-volatiles. The dilution of the Reykjanes aquifer
in its NW-W part has previously been observed as a result
of re-injection into RN-33 and RN-20b indicating its con-
nection to the main production aquifer. The isotope signature
does not, however, confirm an inflow of the groundwater that
was partly used for testing and re-injection.

The slightly increased temperature and relatively high
gas content comparing to 2016 in the fluid produced from
RN-15/IDDP-2 suggest a presence of a deeper fluid (or its
boiling products) that is sourced below the aquifer at 2300 m
depth. The logs obtained during drilling and testing in 2016—
2017 show a rapid increase in temperature below approxi-
mately 3400m, indicating that most of the injected water
entered the formation at that depth. In addition, these logs
suggest a connection to the reservoir at about 4400 m depth,
where supercritical conditions are expected. Based on the
fluid chemistry and enthalpy of the fluid measured at sur-
face, it was assumed that during the 2022 flow test, most
of the fluid discharging from the well, was likely entering
the wellbore at the depth of the casing damage at just be-
low 2300 m, with a very limited inflow from the other feed
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Figure 3. The temporal evolution of the chemical composition of the deep fluid in RN-15/IDDP-2. The horizontal axis represents years. The
last data-point on each plot depicts the composition calculated based on the sample collected during this study.

zones. Connection to the reservoir at about 4400 m depth, at
supercritical conditions was observed during logging in pre-
vious years (Fig. 2). The supercritical fluids can be charac-
terized by elevated CO,, SO,, HCl, and HF concentrations
if they originate from magmatic degassing. If they form due
to conductive heat transfer from a magmatic intrusion to a
subcritical fluid, they will have a similar volatile content as
a subcritical reservoir fluid and low concentration of non-
volatiles (Hefmansk4 et al., 2019). For example, the super-
heated vapour discharged from IDDP-1 in Krafla, had low
concentrations of alkali and earth alkaline metals and other
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non-volatile elements but elevated concentrations of SiO»,
HCI, HF and other constituents that are soluble in vapour
at high temperature and pressure (Armannsson et al., 2014;
Hefmanska et al., 2019). Existence of a vapor rich super-
critical phase dominated by water with CO,, H;S and H»
and a Fe-, K-, Cl-rich supercritical brine were confirmed in
RN-15/IDDP-2 by analysis of fluid inclusions from a drill
core collected from > 4500 m depth in the well (Bali et al.,
2020). Modelling of a hypothetical fluid formed by mixing
of 5%-10% of a vapour-rich supercritical phase such as
that reported by Bali et al. (2020) with conventional geother-
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mal fluid from Reykjanes after heating to 350 °C (Oskarsson,
2020), suggestes some of the characteristics observed in the
sample from RN-15/IDDP-2, including lower concentrations
of many major elements (Na, K, Ca, CI) but higher concen-
trations of reactive gases (CO;, H»S, H») and some minor
elements (Fe, Mg, Mn, Zn). Therefore, a limited inflow of
supercritical fluid cannot be excluded based on the current
RN-15/IDDP-2 sample.

6 Conclusions

The fluid currently discharging from the RN-15/IDDP-2 well
most likely originates mainly from a feed zone at just below
2300 m depth where the well casing is damaged. This feed
zone was considered as the main production aquifer in the
RN-15 well before IDDP-2 was drilled. Although the current
calculated deep chemical composition is similar to the com-
position of the aquifer feeding RN-15 before 2016, higher
concentrations of some of the constituents (e.g., volatiles and
some metals) and gas content suggest inflow from feed zones
located at greater depths and therefore at higher tempera-
tures. Further investigation of the chemical composition of
the well discharge is needed to quantify the contribution of
various feed zones in the total discharge and to confirm if the
signature of a supercritical fluid from 4400 m depth is present
in this well.
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