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Abstract

Carbon dioxide emissions and heat flow through soil, steam vents and fractures, and steam heated mud pools were
determined in the Reykjanes geothermal area, SW Iceland. Soil diffuse degassing of CO2 was quantified by soil flux mea-
surements on a 600 m by 375 m rectangular grid using a portable closed chamber soil flux meter and the resulting data were
analyzed by both a graphical statistical method and sequential Gaussian simulations. The soil temperature was measured
in each node of the grid and used to evaluate the heat flow. The heat flow data were also analyzed by sequential Gaussian
simulations. Heat flow from steam vents and fractures was determined by quantifying the amount of steam emitted from
the vents by direct measurements of steam flow rate. The heat loss from the steam heated mud pools was determined by
quantifying the rate of heat loss from the pools by evaporation, convection, and radiation. The steam flow rate into the
pools was calculated from the observed heat loss from the pools, assuming that steam flow was the only mechanism of heat
transport into the pool. The CO2 emissions from the steam vents and mud pools were determined by multiplying the steam
flow rate from the respective sources by the representative CO2 concentration of steam in the Reykjanes area. The observed
rates of CO2 emissions through soil, steam vents, and steam heated mud pools amounted to 13.5 ± 1.7, 0.23 ± 0.05, and
0.13 ± 0.03 tons per day, respectively. The heat flow through soil, steam vents, and mud pools was 16.9 ± 1.4, 2.2 ± 0.4,
and 1.2 ± 0.1 MW, respectively. Heat loss from the geothermal reservoir, inferred from the CO2 emissions through the soil
amounts to 130 ± 16 MW of thermal energy. The discrepancy between the observed heat loss and the heat loss inferred
from the CO2 emissions is attributed to steam condensation in the subsurface due to interactions with cold ground water.
These results demonstrate that soil diffuse degassing can be a more reliable proxy for heat loss from geothermal systems
than soil temperatures. The soil diffuse degassing at Reykjanes appears to be strongly controlled by the local tectonics. The
observed diffuse degassing defines 3–5 elongated N–S trending zones (000–020�). The orientation of the diffuse degassing
structures at Reykjanes is consistent with reported trends of right lateral strike slip faults in the area. The natural CO2

emissions from Reykjanes under the current low-production conditions are about 16% of the expected emissions from
a 100 MWe power plant, which has recently been commissioned at Reykjanes.
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1. Introduction

Numerous studies in the last 15 a have shown
that globally significant amounts of CO2 are
released to the atmosphere by quiescent degassing
of volcanoes and soil diffuse degassing from volca-
nic geothermal systems (see review papers by Ker-
rick, 2001; Mörner and Etiope, 2002). It has been
demonstrated that soil diffuse degassing on flanks
of volcanoes is sensitive to changes in magmatic
activity, thus providing a potential, relatively safe
method for volcano monitoring. Soil diffuse CO2

degassing has also been shown to be a good indica-
tor of the energetic state of geothermal systems
(Brombach et al., 2001; Chiodini et al., 2001, sub-
mitted for publication). This is because CO2 gas
reaches the surface more easily than steam that
can condense in the subsurface where groundwater
flow can transport the resulting thermal energy lat-
erally out of the systems (Chiodini et al., submitted
for publication). These studies have, furthermore,
improved our understanding of the natural CO2

budget of the atmosphere.
Many recent studies of CO2 emissions from geo-

thermal and volcanic systems have been conducted
in areas located on convergent boundaries, such as
in South and Central Italy (e.g., Baubron et al.,
1991; Allard et al., 1991; Chiodini et al., 1996,
1998, 2001, submitted for publication; Favara
et al., 2001; Aiuppa et al., 2004), the Aegean islands
(Brombach et al., 2001), Japan (Hernández et al.,
2001a,b; Notsu et al., 2005), White Island, New
Zealand (Werner et al., 2004) and Central America
(Salazar et al., 2001; Lewicki et al., 2003). Several
studies have been conducted in hot-spot tectonic
settings such as in Yellowstone Park (Werner
et al., 2000; Werner and Brantley, 2003), Hawaii
(Gerlach et al., 2002), and the Canary Islands
(Hernández et al., 1998) and estimates of CO2

release from the submarine volcanic geothermal sys-
tems of the Mid Ocean Ridges have also been
reported (Marty and Tolstikhin, 1998). This study
complements the growing number of studies on
CO2 emissions from volcanic and geothermal sys-
tems world-wide by adding data from Iceland,
where the tectonic setting is characterized by coinci-
dence of Mid Ocean Ridge-like extensional tectonics
(e.g., Pálmason and Saemundsson, 1974) and a
mantle plume hot spot (Wolfe et al., 1997).

Two previous studies have been aimed at
determining the CO2 discharge from Icelandic vol-
canic/geothermal systems. Ágústsdóttir and Brant-
ley (1994) determined the long term fluxes of
volatiles, including CO2, and heat loss from the
Grı́msvötn subglacial geothermal system in Vat-
najökull SE-Iceland, and Gı́slason (2000) reported
values for CO2 release from the glacially capped
Eyjafjallajökull caldera. The Grı́msvötn volcanic
system is the most active volcanic system in Iceland
and the associated geothermal system is conse-
quently very powerful. Ágústsdóttir and Brantley
(1994) found that in the period between 1954 and
1991 the natural heat release from the system
amounted to 4250 MW on average and the CO2

release to 190,000 tons a�1. The reported rate of
CO2 release from Eyjafjallajökull is much smaller,
being in the range from 2600 to 26,000 tons a�1

(Gı́slason, 2000). The glacial caps on Grı́msvötn
and Eyjafjallajökull facilitate quantification of the
CO2 release from these systems because all of the
CO2 released from these systems is dissolved in gla-
cial melt water and the CO2 flux from the system
can be determined by measuring the flow rate and
composition of the melt water. However, the glacial
caps obviously complicate further investigations of
the nature of the underlying volcanic/geothermal
systems; it is, for instance, not clear whether a
hydrothermal system exists under Eyjafjallajökull.

In this communication results are presented of
the first survey of soil diffuse degassing from an Ice-
landic geothermal system as well as measurements
of focused degassing via steam vents and steam
heated pools. The results provide insights into the
tectonic control of ascending geothermal fluids in
the system as well as the natural heat flow from
the system. Comparison of diffuse CO2 degassing
and heat flow estimates based on soil temperature
measurements places constraints on the steam con-
densation in shallow groundwater currents. The
results of this study can also be used to evaluate
the relative environmental impact of a planned
100 MWe geothermal power plant in the area by
providing pre-development natural CO2 emissions
for comparison to anthropogenic emissions by the
power plant and a reference value for future studies
of the effect of power production on natural CO2

emission.

2. Geological settings

The Reykjanes geothermal area is located at the
center of the Reykjanes volcanic system (Jakobsson
et al., 1978) at the south western tip of the Reyk-
janes peninsula (see Fig. 1a). This volcanic system



Fig. 1. (a) Map of the Reykjanes peninsula showing the location of the Reykjanes volcanic system (based on Saemundsson and
Jóhannesson, 2004) and (b) map of the Reykjanes geothermal area showing surface geothermal manifestations, including steam vents,
steam fractures and steam heated pools. Soil temperature at 15 cm depth is shown by filled contour lines in the present study area.
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is the westernmost system in Iceland’s western neo-
volcanic zone, which is the subaerial continuation of
the Reykjanes Ridge. The Reykjanes volcanic sys-
tem is characterized by oblique extensional tectonics
(Clifton and Schlische, 2003) and episodic fissure
eruption volcanism (Jónsson, 1983; Sigurgeirsson,
2004). The two most recent volcanic episodes
occurred in the late 12th and the early 13th century
and between 1.9 and 2.1 ka ago (Sigurgeirsson,
1995, 2004) and new, unpublished radiocarbon
dates indicate that volcanic eruptions occurred at
Reykjanes about 3.1 ka ago (K. Saemundsson, per-
sonal communication). The landscape is dominated
by recent lava flows and volcanic crater rows but a
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few Pleistocene hyaloclastite ridges protrude
through the younger Holocene lavas.

Twenty-four exploration and production wells
have been drilled at Reykjanes to date and drill chip
studies have provided important information on the
stratigraphy of the geothermal system (Björnsson
et al., 1971; Franzson et al., 2002; Franzson,
2004). Holocene lavas extend down to a maximum
of 150 m, hyaloclastite formations dominate the
stratigraphy to 1000 m and pillow basalt formations
below 1200 m depth. Dike intrusions increase with
increasing depth (Franzson, 2004). The highly per-
meable Holocene lavas and the uppermost part of
the hyaloclastites (down to about 500 m) host a cold
groundwater system and the overlying outflow of
geothermal fluids (Franzson, 2004) except in the
Gunnuhver area where hot fluids ascend toward
the surface. The sediments below 400–500 m form
a cap-rock for the geothermal system preventing
the inflow of relatively cold saline ground water into
the deeper part of the system. Most production
wells receive fluid from aquifers of about 290 �C
with the exception of RN-10 that produces from
aquifers of about 315 �C (Björnsson et al., 2004).
Resistivity anomalies coincide with the orientations
and locations of the maximum intensity of the near
surface alteration (Björnsson et al., 1971; Saem-
undsson et al., 2004), i.e., NE–SW consistent with
the orientation of the nearby Stampar fissure
swarm, and N–S consistent with the orientation of
the less common right-lateral oblique-slip faults
(Clifton and Schlische, 2003).

The areal extent of geothermal manifestations at
Reykjanes is approximately 2 km2 (Pálmason et al.,
1985), but most of the current surface activity is
concentrated in an area of approximately 0.2 km2

(Fig. 1b). Surface geothermal manifestations at
Reykjanes include steam vents, fractures emanating
steam, steam heated mud pools, and warm ground
(Fig. 1b). No boiling springs are currently present
at Reykjanes, but a seawater geyser was active
between 1906 and 1930 (Sapper, 1908; Bárdarson,
1931). Substantial silica sinter deposits further dem-
onstrate past boiling spring activity at Reykjanes.
The mode and intensity of surface geothermal activ-
ity at Reykjanes is known to change abruptly subse-
quent to seismic events in the region, such as in
1968, when a number of new steam vents appeared
and previously calm mud pools started erupting
(Jónsson, 1968). Similarly, in 1919 a new boiling
spring appeared after a seismic event (Thorkelsson,
1928).
The steam vents and steam heated mud pools are
located in the two most active and intensely altered
parts of the geothermal area (Fig. 1b). The larger of
the two, the Gunnuhver area, is located in the
southeastern end of the area and is characterized
by intensive steam vent activity and mud pools
occur at the base of small hills. The smaller area is
on the flats towards the northwestern end, near
the shore of the spent brine pond. Mud pools are
much more prevalent in that area and steam vents
only occur on its margins. These two areas are for
the most part unvegetated and the soil consists of
wet, light colored clay, in places covered with hard
crust.

The warm ground is mostly situated between the
two areas of intense steam vent and mud pool activ-
ity (Fig. 1b). Large patches of warm ground also
occur to the north and the south of the Gunnuhver
steam vent area. The characteristic vegetation for
the warm ground is bright green moss (Hypnum jut-
landicum) and creeping thyme (Thymus praecox arc-

ticus) (Elmarsdóttir et al., 2003). The soil is
generally sandy clay and intermittently it is very
densely packed under the vegetation cover.

The most active steam emanating fracture cuts
across the eastern side of the steam vent area by
Gunnuhver. Several other fractures that give off
some steam are located in and around the area.
Two N–S trending fractures are inferred from linear
arrangement of steam emanations in the area
between the two steam vent – mud pool areas.
The steam from the fractures differs from that of
the steam vents because it does not have the charac-
teristic odor of H2S.

3. Methods

3.1. Diffuse CO2 flux through soil

Carbon dioxide flux through soil ðuCO2
Þ was

measured in a rectangular sampling grid that was
laid out over the part of the area that showed signif-
icant surface activity (Fig. 1b). The length and
width of the sampling grid were 600 and 375 m,
respectively, and the grid spacing was 25 by 25 m.
A total of 352 measurements were made in the grid
as 48 points were located in the spent brine pond
and were thus not accessible.

The CO2 flux was measured directly using a
closed-chamber CO2 flux meter from West Systems
equipped with a LICOR LI-820 single-path, dual
wavelength, non-dispersive infrared gas analyzer.
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All flux measurements were made using a chamber
with 3.06 · 10�3 m3 total internal volume and
3.14 · 10�2 m2 basal area. The flux measurement is
based on the rate of CO2 increase in the chamber.
Because uCO2

through the soil at Reykjanes was
fairly moderate, the CO2 concentration increase
was generally linear for several minutes, allowing
for relatively precise flux determinations.

The vegetation cover and the uppermost few cen-
timeters of the soil were removed at least 1 h prior
to flux measurements. The observed flux was gener-
ally high immediately after soil removal but
decreased with time and reached a steady level
within 30 min. The chamber was pressed firmly
against the ground and loose soil was packed
around the chamber on the outside. The CO2 flux
measurements were only conducted when dry
weather conditions had prevailed for at least 2 days
in order to avoid potential effects of water satura-
tion of the soil pores (Granieri et al., 2003).

3.2. Heat flux through soil

The heat flux through the soil in the study area
was estimated from soil temperature measurements
using the method of Dawson (1964). This method,
which was calibrated by direct measurements at
the Wairakai thermal field, New Zealand, is based
on correlation between soil temperature at 15 cm
depth (t15) and surface heat flux measured by a por-
table calorimeter. Where t15 was below 97 �C the
heat flux through the soil (qS in W/m2) was esti-
mated by:

qS ¼ 5:2� 10�6t4
15; ð1Þ

where t15 is in �C. If t15 was 97 �C or higher, the
depth to the point where the soil temperature
reaches that temperature (d97; in cm) allows estima-
tion of the heat flow through soil by:

qS ¼ 10ððlog d97�3:548Þ=�0:84Þ: ð2Þ
Eq. (2) is a best line fit through data from Daw-

son (1964) as reported by Gudmundsdóttir (1988).
Gudmundsdóttir (1988) conducted measurements
similar to those of Dawson (1964) at the Nesjavellir
geothermal area Iceland. She used a portable calo-
rimeter and soil temperature measurements and
found that the empirical formulas of Dawson
(1964) applied reasonably well to the relationship
between heat flux and soil temperature in the geo-
thermal soil at Nesjavellir. The temperature at
15 cm depth was measured at all points of the sam-
pling grid, either in the footprint of the flux meter
chamber or within 10 cm of it. The depth to 97 �C
(d97) was measured at eight points where t15 was
97 �C or higher. Individual point measurements of
heat flux were used to determine the total heat flow
through soil from the study area (HS; in W). Assum-
ing that heat flow through the soil is a manifestation
of transport of steam from the geothermal reservoir
to the surface, the mass flow of steam through the
soil, F S;H2O in kg s�1, can be computed as:

F S;H2O ¼
HS

ðhs;100�C � hw;trÞ
; ð3Þ

where hs,100 �C is the enthalpy of steam at 100 �C
and hw;tr is the enthalpy of water at 5 �C, the average
annual temperature at Reykjanes (2676 and
21 kJ kg�1, respectively; Schmidt and Grigull,
1979).

3.3. Steam flow and CO2 emissions from steam vents

The steam and heat flow from steam vents and
fractures was determined by measuring or estimat-
ing the mass flow rate of steam (F V;H2O; kg s�1) from
individual vents and fractures shown in Fig. 1b.
Steam flow rate from individual vents was measured
by funneling the steam into a pipe of known radius
where a Kurz model 2445 hot wire anemometer
probe was located. The diameter of the measuring
pipe was either 11 or 15 cm depending on the steam
flow rate. The measuring pipe was placed directly on
top of the smaller vents, but for the larger vents and
fractures it was necessary to use a cone shaped rub-
ber–cloth tent to direct the steam into the pipe. The
area that could be covered with the largest tent was
about 2 by 4 m. Fig. 2 shows a steam velocity mea-
surement being conducted using a small tent
attached to an 11 cm diameter measuring pipe.

The mass flow rate of steam, F V;H2O, from indi-
vidual steam vents and fractures was calculated by:

F V;H2O ¼
Pvr2p

RT
MWH2O; ð4Þ

where P is the pressure of the steam, assumed to be
equal to 1.013 bar, v the steam velocity in the pipe in
m s�1, r the radius of the pipe in m, R the universal
gas constant (8.314 · 10�5 m3 bar mol�1 K�1), T

the temperature in K, and MWH2O is the mole
weight of H2O (0.018 kg mol�1). The temperature
was in all cases between 99 �C and 101 �C so
T was taken to be equal to 373.15 K when F V;H2O

was calculated for individual vents. The steam



Fig. 2. Measurement of steam mass flow using hot-wire anemometer.
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velocity was measured at 1 cm intervals from the
wall of the pipe to the center. The maximum differ-
ence between the steam velocity in the center and
that by the walls was generally <20%; it was <10%
for the larger vents where steam velocity was high.
Consequently, in the calculations the average of
all steam velocity readings for individual vents was
used. Steam flow from the smaller vents and frac-
tures was estimated by visually comparing the size
of the smaller steam plumes to plumes from larger
vents where the flow rate had been measured. The
validity of this method was checked by estimating
the steam flow rate from selected steam vents before
they were measured. The estimates generally agreed
reasonably well with measurements, although the
difference was up to 30–50% in some cases. Because
the estimated steam flow was only about 18% of the
total flow (i.e., measured + estimated) it was as-
sumed that the uncertainty that is introduced by
using this method is considerably less than about
10% of the total steam flow. The heat flow from
steam vents and steam emanating fractures (HV;
W) was calculated by

HV ¼ F V;H2Ohs;100�C: ð5Þ
The CO2 discharge from steam vents and steam
emanating fractures (F V;CO2

; g s�1) is the product
of the mass flow of steam from these sources and
the CO2 concentration in the steam:

F V;CO2
¼ F V;H2OCCO2

; ð6Þ
where CCO2
is the concentration of CO2 in the steam

in g kg�1. Representative CO2 concentration for the
geothermal steam at Reykjanes was defined by the-
oretical considerations that were checked against
chemical analyses of steam from selected steam
vents and fractures (see Section 3.5 below).

3.4. Heat flow and CO2 emissions from steam heated

pools

Methods described by Dawson (1964) and Sorey
and Colvard (1994) were used to calculate the total
heat loss from steam heated pools, HP, as the sum of
heat loss by evaporation (He), conduction and
molecular diffusion (Hc), and radiation (Hr):

H P ¼ H e þ H c þ H r: ð7Þ
The heat loss from a pool by evaporation is calcu-
lated by:

H e ¼ Aðhs;tP
� hw;tPÞð0:0065þ 0:0029wÞ

� P H2O; tP � P H2O;atm

P total

; ð8Þ

where A is the surface area of the pool in m2, hs;tP

and hw;tP refer, respectively, to the enthalpy of steam
and of water at the temperature of the pool (tP) both
in J kg�1, w is wind speed in m s�1, P H2O;tP and
P H2O;atm are the vapor pressures of water at the tem-
perature of the pool and the atmospheric vapor
pressure, respectively, both in bar, and Ptotal is the
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total pressure in bar. The heat loss by conduction
and molecular diffusion, Hc, is related to He by
the Bowen ratio, RB (Sutton, 1953):

RB ¼ H c

H e

¼ 6:1� 10�4P total

ðtP � tatmÞ
ðP H2O;tP

� P H2O;atmÞ
;

ð9Þ
where tatm is the atmospheric temperature in �C.
Radiative heat loss, Hr, is calculated by:

H r ¼ AerðT 4
P � T 4

atmÞ; ð10Þ
where e is emissivity, equal to 0.955 for water, r is
the Stefan–Boltzman constant equal to 5.68 ·
10�8 W m�2 K�4, and TP and Tatm refer to the tem-
perature of the pool and the ambient temperature,
respectively, both in K.

The water temperature in the nine largest pools
at Reykjanes (see Fig. 1) was measured on four
occasions under different weather conditions.
Water temperature was measured in the uppermost
few cm in the pools with a calibrated digital
thermometer. Wind speed and atmospheric temper-
ature were measured by a Kurz 2445 hot wire ane-
mometer. The atmospheric temperature was also
measured with the digital thermometer and the
readings of the two thermometers were consistent
within 1 �C. The atmospheric vapor pressure was
calculated both from relative air humidity mea-
surements at Keflavı́k airport, which is located
20 km NNW of Reykjanes, and from the measured
atmospheric temperature.

If the pool temperature is constant, the heat loss,
HP, must be equal to the total heat input and it is
assumed that steam condensation is the only mech-
anism of heat transfer into the pools, i.e., they are
not fed by hot water. Accordingly, the mass flow
of steam into the pool, F P;H2O, in kg s�1 can be com-
puted by:

F P;H2O ¼
HP

ðhs;100�C � hw;tPÞ
; ð11Þ

where hs,100 �C is the enthalpy of steam at 100 �C, in
J kg�1. Gas bubbles are visible in all pools, indicat-
ing that pool water is saturated with respect to dis-
solved CO2. Consequently, it can be assumed that
the CO2 entering the pool, together with the steam
will be released to the atmosphere. Assuming that
the CO2 concentration in the steam entering the
pools is equal to the representative CO2 concentra-
tion of the area, CCO2

, as discussed in Section 3.5 be-
low, the CO2 discharge from the steam heated
pools, F P;CO2

, can be computed by
F P;CO2
¼ F P;H2OCCO2

: ð12Þ
3.5. Theoretical estimation of the representative CO2

concentration in steam at Reykjanes

A systematic correlation between aquifer temper-
ature and CO2 concentration in geothermal fluids is
commonly observed in high-temperature geother-
mal systems (Nehring and D’Amore, 1984;
D’Amore and Truesdell, 1985; Arnórsson and Gun-
nlaugsson, 1985; Zhao and Ármannsson, 1996;
Stefánsson and Arnórsson, 2002). This indicates
that the activity of dissolved CO2 in the deep fluid
is controlled by local equilibrium between the geo-
thermal solution and secondary minerals, at least
during times of moderate CO2 input. These appar-
ent equilibrium conditions can be temporarily dis-
turbed by excessive CO2 input as a result of
magmatic intrusions into the roots of geothermal
systems, as was observed in the Krafla geothermal
system during the Krafla volcanic events between
1975 and 1984 (Ármannsson et al., 1989).

Arnórsson et al. (1998) and Stefánsson and
Arnórsson (2002) proposed that the activity of dis-
solved CO2 in geothermal solutions above 230 �C
in Icelandic geothermal systems is controlled by
equilibrium between epidote solid solution, calcite,
quartz, and prehnite described by the reaction

2Ca2Al3Si3O12ðOHÞ
epidote

þ 2CaCO3
calcite

þ 3SiO2
quartz

þ2H2O

¼ 3Ca2Al2Si3O10ðOHÞ2
prehnite

þ2CO2;aq:

ð13Þ

Assuming that the activity of calcite, quartz, and
water is equal to unity, the logarithm of the activity
of dissolved CO2, aCO2;aq

, can be expressed as

log aCO2;aq
¼ 1=2 log K þ log aczo � 3=2 log apre;

ð14Þ
where aczo and apre refer to the activity of the Fe-free
epidote endmember (clinozoisite) and prehnite,
respectively. Because CO2 is an uncharged species,
its activity can be taken to be equal to its molar con-
centration, as a first-order approximation.

The composition of epidote from the Reykjanes
geothermal system, reported by Sveinbjörnsdóttir
(1991) and Lonker et al. (1993), ranges between
Xczo = 0.34 to �0.34 (Xczo is defined as X czo ¼

Al�2
Fe3þþAlþCr3þ�2

; see Franz and Libscher, 2004). The

median Xczo value of 38 analyses reported by
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Sveinbjörnsdóttir (1991) and Lonker et al. (1993) is
close to 0.17. Assuming ideal solid solution between
clinozoisite and the epidote endmember in the epi-
dote solid solution, the activity of clinozoisite is
taken to be equal to the median Xczo, or 0.17. The
only available data on prehnite composition from
the Reykjanes system are three analyses reported
by Lonker et al. (1993). The average of these analy-
ses yields the mineral formula Ca2Fe0.2Al1.8-
SiO10(OH)2. Assuming that Al–Fe substitution
only takes place on the six-coordinated site and
ideal solid solution between Ca2FeAlSi3O10(OH)2

and Ca2Al2Si3O10(OH)2, the activity of the Fe-free
endmember can be taken to be equal to the mole
fraction of Al on the six-coordinated site or 0.8.

Fig. 3 depicts aqueous CO2 concentrations in
equilibrium with the mineral assemblage defined
by reaction (13). The dashed curve shows the con-
centration of dissolved CO2 in equilibrium with
pure clinozoisite and prehnite (unit activity of both
phases) and the solid curve represents equilibrium
with aczo equal to 0.17 and apre equal to 0.8. The
value of the equilibrium constant for reaction (13),
as a function of temperature along the liquid–vapor
saturation curve for pure water, was calculated with
the aid of the SUPCRT92 code (Johnson et al.,
1992) using the accompanying dprons92 database.
Symbols indicate CO2 concentrations in deep fluids
from 4 wells at Reykjanes, RN-8, RN-9, RN-10,
Fig. 3. Concentration of dissolved CO2 in Reykjanes geothermal fluid
equilibrium between the fluid, quartz, calcite, clinozoisite, and prehnite
solid curve is computed for clinozoisite and prehnite activities equa
compositions observed in geothermal wells at Reykjanes and open sym
and RN-11 and three selected wells from the Svarts-
engi geothermal area, SV-8, SV-9, and SV-11. The
deep fluid composition and aqueous speciation
was computed by the program WATCH (Arnórsson
et al., 1982) version wdens23 (J.Ö. Bjarnason, per-
sonal communication). The reservoir temperatures,
computed for each sample from the observed con-
centration of aqueous silica assuming equilibrium
between the geothermal fluid and quartz, were con-
sistent with measured temperatures in the wells.
Inspection of Fig. 3 shows that observed CO2 con-
centrations of the geothermal fluid at Reykjanes
are in excellent agreement with predicted concentra-
tions based on equilibrium for reaction (13) and the
mineral compositions discussed above.

The concentration of CO2 in the deep fluid at
290 �C, buffered by reaction (13) and assuming the
mineral compositions described above, computed
by Eq. (14) is equal to 1250 ppm. The steam fraction
produced by adiabatic boiling from 290 �C to
100 �C is equal to 0.386 and assuming that the dis-
solved CO2 will partition more or less quantitatively
into the steam phase the composition of geothermal
steam at the surface at Reykjanes, CCO2

, will be
equal to 3242 ppm CO2 or about 3.2 g of CO2 per
kg of steam. In order to test this theoretical result,
the CO2 concentration in steam was measured from
selected steam vents collected for this study and one
of the steam emanating fractures. The steam sam-
s. The curves represent computed CO2 concentrations assuming
. The dashed curve represents unit activity for all phases but the
l to 0.17 and 0.80, respectively. Filled symbols represent fluid
bols in wells in the Svartsengi geothermal area.
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ples were collected into evacuated Giggenbach bot-
tles containing approximately 50 g of concentrated
(50 wt%) NaOH solution. The concentrations of
the NaOH soluble gases, CO2 and H2S, were ana-
lyzed by titration, whereas the other significant
gases, N2, Ar, O2, H2, and CH4, were analyzed by
gas chromatography. The observed CO2 concentra-
tions ranged between 3.2 and 20 g kg�1. Eight gas
analyses from Arnórsson and Gunnlaugsson
(1985) showed an even wider range of CO2 concen-
trations, that is from 3.7 to 32 g kg�1. The lowest
CO2 concentrations observed in this study are from
the largest steam vent and the largest fracture,
together comprising more than 50% of the total
steam flow from the area. Similarly, the lowest
CO2 concentrations reported by Arnórsson and
Gunnlaugsson (1985) are from vents in the area of
most intense steam discharge and the CO2 concen-
trations were found to increase with increasing
distance from the most active area. This indicates
that the CO2 concentration in uncondensed or
primary steam from the geothermal reservoir is
equal or very close to 3.2 g kg�1, as predicted from
Eq. (14), and that the higher gas concentrations,
that were observed around the margins of the major
Fig. 4. Logarithmic probability plot of CO2 flux through soil at Rey
present in the data set. Population A represents CO2 flux of geothermal
the soil in the area.
steam up-flow zone, result from partial steam
condensation.

4. Results

4.1. Soil diffuse degassing

The GSA method (Chiodini et al., 1998) permits
the partition of complex distributions into different
normal (or log-normal) populations and the estima-
tion of the proportion (fi), the mean (Mi), and the
standard deviation (ri) of population i following
the graphical procedure of Sinclair (1974), which
is based on a detailed analysis of the distributions
in probability plots. This method has been success-
fully applied to the results of CO2 flux campaigns
in order to both separate background populations
from anomalous CO2 flux populations (i.e., where
the fluxes originate in deep volcanic-hydrothermal
CO2) and to compute the total CO2 output, and rel-
ative uncertainties, from the different sources active
in surveyed areas. The probability graph of log uCO2

in the Reykjanes thermal area (Fig. 4) shows that
the entire data set fits a curve with two inflection
points, compatible with the combination of three
kjanes. Three statistically distinct populations, A, B, and C, are
origin whereas B and C represent the background CO2 flux from



Table 1
Estimated parameters of the partitioned populations and diffuse CO2 output (GSA method)

Population fi (%) Mi ± ri MNi (g m�2 d�1) No. of points Si (m2) Source F CO2
(t d�1)

A 48.5 1.62 ± 0.61 112 (159–85) 171 106,875 Hydrothermal 12.0 (17.0–9.1)
B 49.2 0.53 ± 0.26 4.1 (4.4–3.7) 173 108,125 Background 0.44 (0.48–0.40)
C 2.4 �0.45 ± 0.20 0.4 (0.7–0.3) 8 5000 Background 0.0020 (0.0035–0.0015)
Total 100 352 220,000 12.4 (17.5–9.5)

Ninety-five percent confidence interval of the estimations is given in parenthesis.
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theoretical populations with log normal distribu-
tions, A, B, and C in the proportions of 48.5%,
49.2%, and 2.3%, respectively.

The estimated fi, Mi, and ri values for popula-
tions A, B, and C are reported in Table 1. Even if
complete partitioning of the data is not possible
because of partial overlapping of the populations,
it is evident from Fig. 4 that loguCO2

values higher
than 1 (i.e., uCO2

higher than 10 g m�2 d�1) are
mainly derived from population A, because less
than 5% of the computed population B (and C)
should have such high values (Fig. 4). Below the
selected threshold, most of the uCO2

values are from
populations B and C and only a small number are
from population A. The frequency distribution of
soil temperatures at 15 cm depth was used in order
to better assess the sources of CO2 (Fig. 5). The tem-
perature of the soil in sites with low uCO2

(<10 g
m�2 d�1) values show an evident peak at values
between 10 �C and 24 �C, which correspond to the
background for the area. Conversely, for high
uCO2

values (>10 g m�2 d�1) soil temperatures range
from background temperature to 100 �C. This find-
ing clearly indicates that population A represents
the hydrothermal source, while populations B and
C are from background sources.

At Reykjanes, as well as in every studied area in
the world, CO2 flux values show a frequency distri-
bution caused by partial overlapping of background
and anomalous log-normal populations. Because
the computed statistical parameters (i.e., Mi and
ri) refer to the logarithm of values, the mean value
of CO2 flux (MNi) and the central 90% confidence
interval of the mean, listed in Table 1, are estimated
by means of the Sichel’s t-estimator (David, 1977).

The estimated mean flux values have been used to
compute the total CO2 output associated with each
population (Table 1). An evaluation of the area cov-
ered by each population (Si) is obtained by multi-
plying the study area (S = 220,000 m2) by the
corresponding proportion of the population (i.e.,
Si = fiS). The total CO2 output associated with each
population is then estimated by multiplying Si by
MNi. The total CO2 release from the entire study
area can be obtained by summing the contribution
of each population. Similarly, the central 90% con-
fidence interval of the mean is used to calculate
the uncertainty of the total CO2 output estimation
of each population. It can be seen from Table 1 that
the total daily CO2 output from the area surveyed
(F S;CO2

) is equal to 12.4 t d�1 (with 9.5 and
17.5 t d�1 as the maximum and minimum values,
respectively, estimated from the ri-s of the three
populations), of which 97% come from population
A, i.e., of geothermal origin.

In a recent study Cardellini et al. (2003) used
sequential Gaussian simulations (sGs) to analyze
uCO2

data from several field campaigns. In this
method, the sample set is used to generate a great
number of equiprobable representations, or realiza-
tions of the spatial distribution of uCO2

. The
advantage of using sGs is that this method results
in more realistic values for uncertainties in the
total flux than the GSA method, which tends to
overestimate the uncertainty of MNi for individual
populations (Cardellini et al., 2003). 300 sequential
Gaussian simulations were performed using the
sGs algorithm of the sgsim code by Deutsch and
Journel (1998). The simulation domain was divided
into 57,216 (198 by 298) square cells, each having a
surface of 4 m2. After the normal score transform-
ing of the original data, an exponential variogram
model of the normal scores (with nugget = 0.26,
sill 1 and range 130 m) that fits the experimental
values for distances shorter than the range was
used (Fig. 6).

The results of the 300 simulations are depicted in
Fig. 7a that shows the mean uCO2

of individual cells
in the model. Fig. 7b shows the results of the 300
simulations in terms of the total mass flow of CO2

through the soil resulting from each simulation.
The mean F S;CO2

of the 300 simulations (13.5 t
d�1) is very similar to that obtained by the GSA
method, but the standard deviation is smaller



Fig. 5. A histogram showing soil temperatures at 15 cm depth for low u CO2 populations (<10 g m�2 d�1) and for high uCO2 populations
(>10 g m�2 d�1).

Fig. 6. Experimental semivariogram for uCO2 measurements at Reykjanes.
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(1.7 t d�1). Assuming that CO2 is transported
toward the surface by steam with CO2 concentra-
tion equal to the representative CO2 concentration
at Reykjanes (3.2 g kg�1) we find that the amount
of steam associated with the computed CO2 flux
must be equal to 4200 ± 530 t d�1, which corre-
sponds to 130 ± 16 MW of thermal energy (Eq.
(5)). The F S;CO2

values determined by the GSA
and the sGs methods are in good agreement and
for the purpose of the discussions below the F S;CO2

value determined by the sGs method will be used.

4.2. Heat flow through soil

The heat flux through soil at Reykjanes com-
puted using Eqs. (1) and (2) ranged from 0.04 to
3000 W m�2 and the average value of all 352
measurements was equal to 77.6 W m�2. Sequential



Fig. 7. Results of sequential Gaussian simulations of diffuse CO2 flux through the soil at Reykjanes. (a) Map showing the mean u CO2

individual model cells. Labels A through E indicate possible diffuse degassing structures (marked with question marks and dashed
boundaries when uncertain). (b) Model results for total mass flow of CO2 through the soil at Reykjanes for the 300 individual simulations.
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Gaussian simulations were used to evaluate the total
heat flow from the surveyed area, following more or
less the same procedure as for the CO2 flux data.
Three hundred sGs’s were performed and the
simulated cells were 4 m2. The heat flux data were
normal scored and a spherical variogram model
(with nugget = 0.21, sill 1 and range 190 m) was used
to fit the experimental variogram. The results of the
300 simulations are depicted in Fig. 8 showing
the mean heat flow of individual cells in the model.
The average heat flow value of 300 realizations
was 16.9 MW from the study area and the standard
deviation was equal to 1.4 MW. This value is in
good agreement with the results of Björnsson et al.
(1971) who reported heat flow through surface as
17.4 MW from the whole geothermal area at Reyk-
janes. Assuming that condensation of ascending
steam is the dominating heat transport mechanism,
the corresponding mass flow of steam through the
Fig. 8. Results of sequential Gaussian simulations of heat flow through
individual model cells.
soil at Reykjanes computed using Eq. (3) is equal
to 550 t d�1. Note that the heat flow value obtained
by soil temperature measurements is much smaller
than the heat flow inferred from the observed F S;CO2

and the estimated primary steam composition (see
Section 4.1).

4.3. Steam and CO2 discharge from steam vents and

fumaroles

A total of 52 steam vents and 33 steam emanat-
ing fractures were identified in the study area, most
of which were located within the area defined by the
sampling grid of the soil diffuse degassing measure-
ments. The steam flow was measured directly from
25 of the steam vents and two of the fractures and
estimated from the remaining 58 vents and frac-
tures. As noted above, the steam discharged from
the measured vents and fractures amounted to
the soil at Reykjanes. The map shows the mean heat flow through



Table 3
Summary of results of F CO2

, F H2O, and H through soil, steam
vents and fractures, and steam heated pools at Reykjanes

F CO2
(t d�1) F H2O (t d�1) H (MW)

Soil 13.5 ± 1.7 4200 ± 530a/
550 ± 46b

130 ± 16a/
16.9 ± 1.4b

Vents/fractures 0.23 ± 0.05 71 ± 14 2.2 ± 0.4
Pools 0.125 ± 0.03 34.5 ± 7 1.2 ± 0.1

a Steam flow and heat flow inferred from observed CO2 flux
and CO2 concentration in steam.

b Steam flow and heat flow based on measured soil
temperatures.
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82% of the total steam discharge (measured and
estimated).

The total mass flow of steam from steam vents
and steam emanating fractures at Reykjanes,
F V;H2O, was found to be equal to 0.82 ± 0.16 kg s�1,
or 71 ± 14 t d�1. Of this about 80% were emitted
through steam vents and the remaining 20%
through the fractures. The estimated total uncer-
tainty of this value, accounting for the uncertainty
of the visual estimations and the uncertainty of
the gas flow measurements is taken to be approxi-
mately ±20%. Accordingly, HV is equal to
2.2 ± 0.4 MW. The corresponding value for total
CO2 discharge from steam vents and steam emanat-
ing fractures computed using Eq. (6) and taking
CCO2

to be equal to 3.2 g kg�1 is equal to
0.23 ± 0.05 t d�1.

4.4. Heat flow and CO2 discharge from steam heated

pools

Water temperature was measured four times in
the nine biggest steam heated pools at Reykjanes
under different environmental conditions (i.e.,
atmospheric temperature, atmospheric vapor pres-
sure, and wind speed). The total surface area of
the pools is 84 m2 ± 10% and measured water tem-
peratures ranged from 26.6 �C to 92.6 �C. Measured
surface temperatures of individual pools varied by
as much as 28 �C between measurements as a result
of variable weather conditions, particularly wind
speed. The resulting heat flow from the steam
heated pools, computed by Eqs. (8)–(10), ranged
between 1.1 and 1.3 MW, with an average of
1.2 ± 0.1 MW. The total heat loss from the pools
as well as the weather conditions during the pool
measurements are reported in Table 2. The corre-
sponding mass flow of steam computed by Eq.
(11) is 0.45 ± 0.08 kg s�1 or 39 ± 7 t d�1. The corre-
sponding value for the mass flow of CO2 from the
pools is 1.45 ± 0.4 g s�1 or 0.125 ± 0.03 t d�1. The
Table 2
Total heat loss from steam heated pools (HP) and environmental
conditions during measurement

Date Atmospheric
temperature
(�C)

Atmospheric
vapor pressure
(mbar)

Wind
speed
(m s�1)

Hp
total

(MW)

11 04 2004 4.8 6 6 1.3
12 13 2004 2.9 7 14 1.3
12 14 2004 �1.3 5 3.5 1.1
12 23 2004 �11.8 2 3.2 1.1
resulting values for F CO2
, F H2O, and H through soil,

steam vents and fractures, and steam heated pools
at Reykjanes are summarized in Table 3.

5. Discussion

5.1. Total discharge of CO2 to the atmosphere at

Reykjanes

Natural atmospheric emissions of CO2 at Reyk-
janes take place via three general pathways; soil dif-
fuse degassing, steam vent discharge; and gas
bubbling through steam heated pools. The com-
bined CO2 emission via these three pathways at
Reykjanes is equal to 13.9 t d�1 or 5060 metric
tons a�1. Most of this CO2, by far (97.4%), is emit-
ted through soil diffuse degassing, while only 1.7%
and 0.9% are emitted through steam vents and frac-
tures and steam heated pools, respectively. It must
be noted that the CO2 flux by soil diffuse degassing
was determined directly, whereas the CO2 emissions
from steam vents and steam heated pools were
determined by indirect methods. The most likely
source of error in the estimations of CO2 emis-
sions from steam vents and steam heated pools is that
the representative CO2 concentration in steam in
the area may be underestimated. However, even
if the representative CO2 concentration in steam is
grossly underestimated by a factor of 4 the soil dif-
fuse degassing, nevertheless, accounts for more than
85% of the total natural CO2 emissions from the
Reykjanes geothermal area. As noted above, the
Reykjanes volcanic system has been dormant during
the last 800 a or so, whereas geologic evidence indi-
cates that episodes of volcanic activity occur with
about 1000 a intervals (Sigurgeirsson, 2004). The rel-
atively long repose period since the last volcanic epi-
sode at Reykjanes suggests that the present rate of
CO2 degassing may be at a minimum and it may have
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been significantly higher immediately after volcanic
episodes with associated dike intrusions.

Despite a large number of recent studies of natu-
ral CO2 emissions from geothermal systems, the rel-
ative proportions of diffuse to focused emissions
have generally not been determined. The two nota-
ble exceptions, Favara et al. (2001) and Werner
et al. (2000), indicate that soil diffuse degassing is
generally a major, if not the dominating pathway
of CO2 release from geothermal systems, as appears
to be the case at Reykjanes. Favara et al. (2001)
found that soil degassing (both diffuse and focused)
accounted for 96% of the CO2 emissions from soil,
steam vents, and bubbling through surface waters
at Pantelleria Island volcano, Italy. Werner et al.
(2000) reported that focused degassing amounted
to 32–63% of the total CO2 emissions at Mud Vol-
cano in Yellowstone, USA. Later, Werner and
Brantley (2003) suggested that the proportion of
vent emissions at Mud Volcano was likely higher
than in other parts of the Yellowstone system.

Ármannsson et al. (2005) estimated that the max-
imum CO2 emissions from all Icelandic geothermal
systems were 1.3 · 106 t a�1 based on geological
observations. Earlier estimates of total CO2 dis-
charge from Icelandic geothermal systems range
between 0.15 · 106 t a�1 (Ármannsson, 1991) and
1–2 · 106 t a�1 (Arnórsson, 1991; Arnórsson and
Gı́slason, 1994; Óskarsson, 1996). The lower value
refers to steam vent discharge only, whereas the
higher values represent the estimated total release
of CO2 from Icelandic geothermal systems, includ-
ing atmospheric emissions (via soil diffuse degas-
sing, steam vents, and steam heated pools), as well
as CO2 discharge into groundwater. Ármannsson
et al. (2005) suggested that the discrepancy between
the estimates might be due to their different nature,
i.e., that the vent emissions constitute only a small
fraction of the total emissions. The results of the
present study, therefore, support this interpretation.
The total CO2 emissions from Reykjanes are also in
qualitative agreement with the estimates of total
CO2 emissions from Iceland, when normalized to
aerial extent of high-temperature geothermal activ-
ity. The areal extent of geothermal activity at Reyk-
janes is about 2 km2 or only 0.3% of all geothermal
systems in Iceland (total areal extent is 600 km2;
Pálmason et al., 1985). If it is assumed that all of
the CO2 emission at Reykjanes occurs in the study
area and the observed emissions normalized to the
2 km2 of surface manifestations at Reykjanes, the
CO2 emissions per unit surface area at Reykjanes
are found to be 2500 t a�1 km�2. If this value is rep-
resentative for all other geothermal areas in Iceland
the total emissions from the country would be equal
to 1.5 · 106 t a�1. This good agreement with previ-
ous estimates, although probably partly fortuitous,
indicates that the above estimates for total natural
CO2 emissions from Iceland are, at least, of the right
order of magnitude.

5.2. Geologic controls of CO2 emissions at Reykjanes

The spatial distribution of soil diffuse degassing
(Fig. 7a), soil temperature (Fig. 1b) and heat flow
(Fig. 8) indicates a strong tectonic control of both
diffuse CO2 emissions and heat loss. Figs. 1b, 7a,
and 8, illustrate two well-defined linear diffuse deg-
assing and heat loss structures, labeled A and B in
Fig. 7a (referred to hereafter only as diffuse degas-
sing structures; DDS), that are semiparallel to each
other; DDS A is located approximately in the center
of the study area and DDS B about 100 m to the SE
of DDS A. In addition to these bigger DDSs, two or
possibly three smaller linear features can be seen
(labeled C, D, and E in Fig. 7a). The orientation
of the DDSs is in all cases between N–S and
NNE–SSW (between 000� and 020�). It can also
be seen from the figures that the most active parts
of the DDSs define a NW–SE trend.

Clifton and Schlische (2003) made an extensive
study of fracture- and fault-orientation at Reyk-
janes and in other volcanic systems on the Reyk-
janes peninsula. They found that fracture
orientation was a function of location with respect
to the center of the zone of active volcanism. They
reported that, in general, fractures tend to be more
northerly trending near the center of the rift zone
than at its margins (i.e., the mean strike of fractures
was 037� around Grindarvı́k compared to 051� in
the Vogar region). They also reported that the vast
majority of the fractures in the Reykjanes area were
normal faults or extensional fractures, but they also
described a few N–S trending right lateral strike-slip
faults confined to the center of the rift zone, such as
at Reykjanes. The orientation of the DDSs in the
Reykjanes geothermal area is consistent with the
orientation of the right lateral strike-slip faults
reported by Clifton and Schlische (2003).

Comparison between the spatial distribution of
diffuse degassing (Fig. 7a) and heat flow (Fig. 8),
illustrates that elevated heat flow through soil gener-
ally coincides with DDSs. However, from a closer
inspection, it is apparent that the most prominent
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DDS (A) has only relatively moderate heat flow
through soil compared to the second biggest one
(B). These two DDSs are also characterized by dif-
ferent soil types; DDS A occurs in moss covered,
brownish and relatively unaltered sandy/clay rich
soil, whereas DDS B is characterized by unvege-
tated, light-colored, wet geothermal clay, indicative
of extensive geothermal alteration. The authors sug-
gest that the different CO2-emission/soil-tempera-
ture ratio of these two DDSs is a result of
extensive steam condensation under DDS A,
whereas very little condensation seems to occur
under DDS B.

This interpretation is supported by the large dis-
crepancy between the observed heat flow through
the surface at Reykjanes, 16.9 MW, and the thermal
energy released by condensing the 4200 t d�1 of
steam that must be associated with the observed
CO2 flux to the atmosphere, which is equal to
130 MW. The difference between these values is
most probably a result of condensation of a large
fraction of the steam (at least 87%) in the subsur-
face. The thermal energy from steam condensation
at depth is likely transported laterally out of the sys-
tem by groundwater flow. A portion of the ascend-
ing CO2 must also be dissolved in the groundwater.
However, uncertainties about the groundwater flow
velocity, the thickness of the groundwater body and
the areal extent of the zone where steam and
groundwater interact, prevent quantification of the
amount of CO2 that is dissolved in groundwater
and transported away from the geothermal area in
the subsurface. The observed CO2 emissions from
the Reykjanes geothermal area must thus be taken
to represent a minimum value for the release of
CO2 from the geothermal reservoir. The heat loss
inferred from the observed CO2 release, 130 MW,
similarly represents a minimum value for the natu-
ral heat loss of the Reykjanes geothermal reservoir.

The substantial interactions between groundwa-
ter and ascending geothermal steam, indicated by
the results of this study, are consistent with
observed hydrothermal alteration, temperature pro-
files in drill holes, and recent TEM-resistivity mea-
surements. Elevated hydrothermal alteration is
observed at shallow levels above the cold groundwa-
ter layer (Franzson et al., 2002; Franzson, 2004).
Temperature profiles from drill holes indicate the
presence of a shallow groundwater current, in per-
meable Holocene lavas, flowing toward the SW
through the present study area (A. Hjartarson, per-
sonal communication). Furthermore, recent TEM
resistivity measurements indicate the presence of a
thin low-resistivity horizon near the surface at
Reykjanes that has been interpreted as a cold and
saline groundwater aquifer (Karlsdóttir, 2005). Very
high permeability of the bedrock in this area is evi-
denced by tidal wave variations in the water level in
drill hole RN-05 that are about 33% of the oceanic
tidal wave (Björnsson et al., 1971). The extent and
modes of surface geothermal manifestations at
Reykjanes are probably sensitive to relatively small
changes in the hydrological conditions in the
groundwater aquifer. Although such changes are
not likely to affect the rate of CO2 release from
the deep geothermal reservoir, they can change the
relative proportions between discharge of CO2 into
the atmosphere and that into groundwater. Interac-
tions between surface geothermal activity and
groundwater will, therefore, tend to amplify tempo-
ral variability of surface geothermal activity and
thus atmospheric CO2 discharge from the Reyk-
janes geothermal system.

5.3. Environmental impact of a 100 MWe power plant

at Reykjanes

One of the objectives of this study was to quan-
tify the natural CO2 emissions from the Reykjanes
geothermal system prior to the installation of a
100 MWe power plant, commissioned in May
2006. Until that time the production was limited
to one drillhole and several new wells that have been
discharged temporarily for flow tests. Emission
measurements under the current low-production
conditions allow for the evaluation of possible
changes in natural CO2 emissions as a result of
extensive production in the near future and the eval-
uation of the environmental impact of geothermal
power production by providing a reference value
of natural emissions to compare with the CO2 emis-
sions from the proposed power plant.

Three major geothermal power plants are cur-
rently operated in Iceland, at Nesjavellir and Svarts-
engi in the SW and at Krafla in the NE. Natural
CO2 emissions from Reykjanes determined in this
study are significant compared to the release from
the Nesjavellir power plant (62 MWe), where
13,200 tons of CO2 were released in 2000. However,
the natural emissions from Reykjanes are very small
compared to the release from the Svartsengi
(45 MWe) and Krafla (60 MWe) geothermal power
plants (each released about 75,000 metric tons of
CO2 in 2000). The relatively high CO2 emissions
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from Svartsengi are a result of a shallow steam cap
that formed in the northeastern part of the geother-
mal system after a few years of production (see
Ármannsson et al., 2005). The concentration of
CO2 is much higher in the steam cap than in steam
from the liquid dominated parts of the system, and
production from the steam cap has caused a dra-
matic increase in the CO2 emissions from the power
plant. On the other hand, the high CO2 emissions
from Krafla have been attributed to a pulse of mag-
matic CO2 into the geothermal reservoir during the
volcanic activity in the period from 1975 to 1984,
generally referred to as the Krafla fires (see
Ármannsson et al., 2005).

Production of 100 MWe at Reykjanes requires
approximately 168 kg s�1 of steam (S. Thórhallsson,
personal communication). The steam will be sepa-
rated at a pressure of 19 bar-a; taking 290 �C as
the reservoir temperature, the corresponding steam
fraction under these conditions will be 0.207. If
the concentration of CO2 in the deep fluid is taken
to be equal to 1250 ppm (see Section 3.5) and the
CO2 is assumed to partition quantitatively into the
steam, the concentration of CO2 in the steam will
be approximately 6000 ppm or 0.6% of the steam
mass flow. The resulting emissions of CO2 from
the planned power plant will be approximately
1 kg s�1 or 31,600 t a�1. This value is a minimum
estimate, because if a significant portion of the pro-
duction at Reykjanes will be from wells that pro-
duce from the hottest parts of the geothermal
reservoir, e.g., well RN-10, the CO2 concentration
of the produced steam could be significantly higher
than 0.6%. Note that these calculations assume nei-
ther that production will result in the formation of a
steam cap in the geothermal system nor that mag-
matic activity may increase the concentration of
CO2 in the deep fluid as happened in Krafla.

The above calculations demonstrate that the
planned power plant at Reykjanes will significantly
increase the CO2 emissions from the geothermal sys-
tem. If the present natural emissions do not change
with time in response to production the increase will
be about sixfold.
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Saemundsson, K., Thórhallsson, S., Björnsson, G., Karlsdóttir,
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