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Abstract We report the first detailed study of spatial varia-
tions on the diffuse emission of carbon dioxide (CO,) and
hydrogen sulfide (H,S) from Hengill volcanic system,
Iceland. Soil CO, and H,S efflux measurements were per-
formed at 752 sampling sites and ranged from nondetectable
to 17,666 and 722 gm >day ', respectively. The soil tem-
perature was measured at each sampling site and used to
evaluate the heat flow. The chemical composition of soil
gases sampled at selected sampling sites during this study
shows they result from a mixing process between deep
volcanic/hydrothermal component and air. Most of the dif-
fuse CO, degassing is observed close to areas where active
thermal manifestations occur, northeast flank of the Hengill
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central volcano close to the Nesjavellir power plant, sug-
gesting a diffuse degassing structure with a SSW-NNE
trend, overlapping main fissure zone and indicating a struc-
tural control of the degassing process. On the other hand,
H,S efflux values are in general very low or negligible along
the study area, except those observed at the northeast flank
of the Hengill central volcano, where anomalously high CO,
efflux and soil temperatures were also measured. The total
diffuse CO, emission estimated for this volcanic system was
about 1,526+160 tday ' of which 453 tday ' (29.7 %) are
of volcanic/hydrothermal origin. To calculate the steam
discharge associated with the volcanic/hydrothermal CO,
output, we used the average H,O/CO, mass ratio from 12
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fumarole samples equal to 88.6 (range, 9.4-240.2) as a
representative value of the H,O/CO, mass ratios for
Hengill fumarole steam. The resulting estimate of the steam
flow associated with the gas flux is equal to 40,154 tday .
The condensation of this steam results in thermal energy
release for Helgill volcanic system of 1.07x10'*Jday™" or
to a total heat flow of 1,237 MW.,.

Keywords Diffuse CO, emission - Diffuse H,S emission -
Heat flux - Hengill volcano

Introduction

During repose periods, volcanoes can release large amounts
of gases through visible (fumaroles, solfataras, and plumes)
and nonvisible (diffuse degassing) emanations. Degassing
from magma and hydrothermal aquifers creates gas anoma-
lies at the surface environment as a result of advective and
diffusive gas transport mechanisms. The surface manifesta-
tions of degassing and volatile emanations are usually con-
trolled by the volcano-tectonics and hydrology of the
volcanic system in which permeable structures direct the
gases to the surface. Among investigations of diffuse
degassing phenomena, CO, efflux studies of volcanoes
(Hernandez et al. 2001a, b, 2003, 2006; Rogie et al. 2001;
Brombach et al. 2001; Granieri et al. 2006; Lewicki et al.
2007; Carapezza et al. 2011) have played an important role
because of the special characteristics of CO;: it is the major
gas species after water vapor in both volcanic fluids and
magmas and it is an effective tracer of subsurface magma
degassing because of its low solubility in silicate melts at
low to moderate pressures, favoring its early exsolution
(Gerlach and Graeber 1985). Most of the diffuse CO,
degassing studies carried out at volcanoes have involved
mapping the volcanic structures to better understand the
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processes occurring at depth and to monitor the spatial
distribution, magnitude, and temporal evolution of the sur-
face anomalies (Baubron et al. 1990; Allard et al. 1991;
Chiodini et al. 1996, 1998, 2001; Frondini et al. 2004,
Gerlach et al. 2001; Hernandez et al. 1998, 2001a, 2003,
2006; Notsu et al. 2005; Padrén et al. 2007, 2008; Pérez et
al. 2004, 2006; Salazar et al. 2001, 2004). Because the rate
of diffuse CO, emission can increase by as much as two or
three orders of magnitude before a volcanic eruption
(Hernandez et al. 2001a; Carapezza et al. 2004), it is very
important to estimate the total CO, output in order to inves-
tigate the magma volume within a volcano’s magma reser-
voir and its hydrothermal system and to infer any changes
occurring in a volcano’s magma reservoir (Gerlach et al.
2001; Toutain et al. 1992; Salazar et al. 2001).

In contrast to CO, investigations, there are very few
studies on diffuse H,S at volcanic areas because the gas is
much harder to detect. An important characteristic of H,S is
that it is the dominant sulfur species at hydrothermal con-
ditions and in low-temperature fumaroles and solfataras,
where discharges arise from deep hydrothermal systems
(Giggenbach 1980), in contrast to SO,, which is the domi-
nant sulfur species in high-temperature volcanic gas emis-
sions. As a result, studies on diffuse H,S emissions from the
soil in natural degassing areas are rare and relatively recent
(Salazar et al. 2005; Pérez et al. 2007; Voltaggio and
Spadoni 2009). At Teide volcano (Tenerife, Spain), Salazar
et al. (2005) measured CO, and H,S effluxes on the flank of
the summit cone, showing close spatial and temporal varia-
tions that provided useful information regarding the state of
the volcanic system. Voltaggio and Spadoni (2009) studied
the diffuse H,S emissions at the Zolforata di Pomezia
degassing area (Alban Hills, Central Italy), estimating a total
atmospheric H,S flux of about 1,208 kgday .

Another issue that has received increasing attention
in recent years is the relationship between heat flow and
the degassing process (Chiodini et al. 2001, 2007). This
type of geochemical surveillance aims to detect changes
in the energy balance of the volcanic system under
observation, particularly an increase in heat flow from
the magma body. This is based on the relatively high
thermal energy outputs estimated for many volcanic—
geothermal systems (Chiodini et al. 2001, 2007,
Fridriksson et al. 2006; Frondini et al. 2009) and their
potentially high variability in energy output as a result
of magmatic and tectonic processes.

The main objectives of this work are to study the diffuse
CO; and H,S emissions from the Hengill volcano and to
estimate the total CO, and H,S output to the atmosphere by
this volcanic system. We also estimate the associated ther-
mal energy flux of the diffuse degassing phenomena and
compare this thermal energy with heat flow estimates based
on soil temperature measurements.
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Geological setting

The Hengill volcanic system lies on the plate boundary
between the North American and the European crustal
plates. These plates are diverging at a relative motion of
2 cm/year. Three volcanic eruptions are known to have
occurred in the Hengill volcanic system over the last
11,000 years, the most recent eruption having taken place
2,000 years ago (Ingolfsson et al. 2008). The last eruption in
the vicinity occurred in the year 1000 on a fissure west of
Hengill, forming the Svinafellsbruni lava field.

The Hengill volcanic system (Fig. 1) is located in the
eastern part of the Reykjanes peninsula at an unstable ridge—
ridge—transform triple junction where the Reykjanes
Volcanic Zone, the West Volcanic Zone, and the South

Iceland Seismic Zone converge (Foulger 1988; Tryggvason
et al. 2002). This rift zone is also highly permeable and
numerous fumaroles and hot springs are found on surface.
Regarding the tectonic situation, it is a zone of high seismic
activity (Vogfjord et al. 2005). The last rifting event was in
1789, with intrusive volcanism, i.e., dyke injection (Foulger
1995; Seemundsson 2006). The 60- to 80-km long, NNE (25°)
striking fissure system is associated with a graben structure
continuing to Lake Thingvallavatn in the North as Thingvellir
Graben (Tryggvason et al. 2002; Friese et al. 2005). The
volcanic system consists of the Hengill central volcano
(803 m asl) and other small shield volcanoes, crater rows,
eruptive fissure vents, and dissecting normal faults. It is one of
Iceland’s largest high-temperature geothermal areas with two
active geothermal power plants: Nesjavellir and Hellisheidi.

Fig. 1 Map of Iceland showing
the location of the Hengill
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Observed tectonic and volcanological features indicate shal-
low, fractionating magma chambers. Beneath the northeastern
flank of the Hengill central volcano, an isolated low-velocity
body with an estimated partial melt of 7 % was detected in a
depth of 2 to 4 km (Foulger and Toomey 1989; Foulger and
Arnott 1993).

The Hengill volcanic system is currently active while its
predecessor, the Hveragerdi system, is now extinct in terms
of volcanic activity but still very active seismically and
hosts a high-temperature geothermal reservoir. The area
around Hengill volcano was characterized between 1994
and 2000 by a tectonic event consisting of approximately
100,000 microearthquakes, most of them located at 5+3 km
depth and grouping on lines striking either E-W or N-S, but
surprisingly not to the NNE as seen in surface geology
(Arnason and Magnusson 2001; Bjornsson et al. 2003).
Jousset et al. (2011) integrated velocity models with a
resistivity model obtained from transient electromagnetic
soundings (TES) and magnetotelluric inversion (Arnason
et al. 2010) and identified a low resistivity/high Vp/Vs ratio
area at 2.5-4 km depth similar to the earthquake hypocen-
ters and possibly extending deeper. They interpreted this
body as the heat source of the Hengill volcanic complex.
Above this body, where most seismicity is observed, hot,
superheated (possibly supercritical) fluids would upflow in
structural features like fault intersections related to the
Hengill triple junction.

The vast geothermal systems of the Hengill volcano in
SW Iceland are important resources for electrical and heat-
ing needs for the city of Reykjavik and surrounding areas
(Bjornsson et al. 2003; Franzson et al. 2005). For these
reasons, extensive geological, geophysical, and geochemi-
cal surveys have been carried out in the Hengill area in
conjunction with the Nesjavellir and Hellisheidi drilling
activities (Bjornsson et al. 1986, 2003; Franzson et al.
2005).

Origin of the gas emitted at Hengill volcano

Hengill volcano is characterized by the existence of many
fumarole fields, mud pools, and steaming ground. The tem-
peratures of the fumarole steam at Hengill correspond to the
boiling point of water at the Hengill elevation (~100 °C) and
show a typical hydrothermal composition (Table 1; this
study), with H,O as a major constituent (meteoric origin),
followed by CO,, H,S, H,, N,, CHy4, and He, while CO and
acid gases SO,, HCI, and HF are practically absent (this
study; Marty et al. 1991). These authors computed equilib-
rium temperatures by the geoindicators proposed by
Arnoérsson and Gunnlaugsson (1985) and observed that the
highest temperatures corresponded to wells and fumaroles
along the rift axis, in the range 250-300 °C. These temperature
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estimates are confirmed by the H,—Ar geoindicator (Chiodini
et al. 1998). The whole Hengill volcanic system is character-
ized by a source having a mean R/R of 14.4+1.6 (Marty et al.
1991). They observed that these values were higher than the
normal mid-ocean ridge He range of 8+1 and suggested hot-
spot helium for Hengill. A clear decrease with distance of the
highest chemical temperatures and helium contents from the
main axis of the rift was also observed. The mantle beneath the
Hengill volcanic system appears to be the direct source of
volatiles and gases at the surface environment.

Materials and methods

During August of 2006, a soil CO, and H,S efflux and soil
temperature survey was carried out at Hengill volcanic field,
Iceland. A total of 752 measurements covered an area of
about 168 km? and focused mainly on the surface geother-
mal areas of Nesjavellir geothermal area. Coordinates of the
sampling sites were always recorded with portable global
positioning systems. Figure 1 shows the sampling sites
distribution and the main geothermal surface manifestations
at the studied area.

Soil CO, and H,S efflux

Soil CO, and H,S efflux measurement sites were selected to
cover most of the Hengill volcanic zone after considering
accessibility and main volcano-structural features (Fig. 1).
Most of soil gas measurements were done along access
roads and hiking trails and around active surface geothermal
manifestations. The measurement density was higher around
the surface manifestations where the gas flux values were
typically higher than elsewhere. The reason for a higher
measurement density was to constrain the areal extent of
the anomalies.

Measurements of soil CO, and H,S efflux were per-
formed in situ by means of three gas flux meters based on
the accumulation chamber method (Parkinson 1981) of two
different types: (1) We used two classical West Systems
portable CO, flux meters equipped with a nondispersive
infrared CO, analyzer LICOR-800 system composed of a
double beam infrared carbon dioxide sensor compensated
for temperature and atmospheric pressure, with an accuracy
of concentration reading of 2 % and a repeatability of
+5 ppm, and an H,S electrochemical cell, with a full scale
range of 20 ppm, a precision of 3 % of reading, and a
repeatability of 1.5 % of span with a zero offset of 0.3 %
and (2) an improved version of the classical West Systems
portable flux meter, where the carbon dioxide detector is a
Vaisala GP343 (see Padron et al. 2008), allowing CO, flux
measurements in the range 1-30,000 gm “day . The latter
instrument was not equipped with an H,S sensor. The gas
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Table 1 Chemical composition

in volume percent of fumarolic Fumarole gas Sampling H, N> CHy OxtAr HS  CO; H,0/CO,
samples collected at the Hengill sample date (weight ratio)
volcanic system
Skidaskali 27/06/2007 414 3082 nm. 74 63.4 643.3 34.6
Sleggjubeinsdalur ~ 16/08/2007  44.7  53.5 3.69 4.7 93.1 1,129.9  19.6
bPrymheimar 12/07/2007 4.3 38.0 0.27 0.9 15.5 2735 82.6
Innstidalur 12/07/2007  97.1  42.6 9.17 1.7 54.5 2,303.3 94
Fremstidalur 12/06/2007 1.4 2.8 0.00 0.2 0.8 133.7 169.5
Hveragerdi 12/07/2007 3.7 2.3 0.09 0.1 4.7 94.5 240.2
Reykjadalur 09/07/2008 3.1 6.0 0.03 1.1 5.4 171.9 131.8
Olkelduhals 27/06/2007 7.3 7.3 0.00 0.6 20.9 406.9 55.4
Olkelduhals 23/05/2007 1.4 3.7 0.00 0.3 13.1 197.1 114.8
The gas concentrations are Sandklettar 25/06/2008 259  23.0 028 44 253 696.3 322
expressed as millimoles per Kéldulaugagil 18/06/2008 254 117 126 1.1 253 266.3 84.8
kilogram Nesjalaugagil 02/06/2008  48.0 18.1  0.03 3.4 476 2886 782

n.m. not measured

flux meters were interfaced to a handheld computer running
data acquisition software.

Fumarolic gas sampling

Fumarolic samples were collected between May 2007 and
July 2008 at different fumarolic fields of Nesjavellir and
Hellisheidi (Table 1), both belonging to the Hengill volcanic
system. The gas emissions consisted of fluids discharged at
about 90—100 °C, namely, the boiling point of water at the
altitude of the fumarolic field. The sampling technique of
fumarolic gas was performed following the method de-
scribed by Arndrsson et al. (2006). CO, and H,S were
determined titrimetrically in a solution of a strong alkali
(NaOH or KOH), CO, by an alkalinity titration with HCI,
and H,S by either iodometry or with mercuric acetate using
dithizone as an indicator. Gases that are not absorbed by the
strong alkali (N, H,, CHy4, O,, Ar, and He) were determined
by gas chromatography. The chemical compositions of fu-
marolic samples are reported in Table 1.

Heat flux involved in the diffuse degassing process

Heat flux through the soil in the study area was estimated
from soil temperature measurements using the method of
Dawson (1964) and described in Fridriksson et al. (2006).
The temperature at 15 cm depth was measured at all points
with a portable thermocouple. This method is based on
correlation between soil temperature at 15 cm depth (#;5)
and surface heat flux measured by a portable calorimeter.
Where t;5 was below 97 °C, the heat flux through the soil
(g5 in watts per square meter) was estimated by:

gs = 5.2+ 1074, (1)

where ¢5 is in degrees Celsius. If #;5 was 97 °C or higher,
the depth to the point where the soil temperature reaches that

temperature (dy7; in centimeter) allows the estimation of the
heat flow through soil by:

gs = 10((log dor—3.548)/—0.84) 2)

Regarding the heat flux involved in the diffuse degassing
process, we followed the method proposed by Chiodini et al.
(2001) and Frondini et al. (2004). This method uses CO, as
a tracer of hydrothermal fluids, assuming that the H,O/CO,
ratio of hydrothermal fluids, before steam condensation, is
recorded by fumarolic discharges. Chiodini et al. (2001)
computed the heat flux, adding the following contributions:
(a) The heat released by H,O gas moving from the hydro-
thermal reservoir to the steam condensation zone; (b) the
heat given off by CO, passing from the hydrothermal res-
ervoir to atmospheric conditions; (c) the enthalpy of steam
condensation at 100 °C, and (d) the heat lost by liquid water
on cooling from 100 °C to the average seasonal value. He
estimated that approximately 90 % of the total thermal
energy at Solfatara volcano, Campi Flegrei was transported
by H,O and most of it is dissipated through steam conden-
sation. Frondini et al. (2004) estimated the thermal energy
release associated with condensation at Vesuvius volcano
after adding the following two contributions: (a) the enthal-
py of steam condensation at 100 °C and (2) the heat lost by
liquid water on cooling from 100 °C to the average seasonal
value.

Statistical and geostatistical treatment of the data

Probability plot technique (Tennant and White 1959;
Sinclair 1974) was applied to the entire CO, efflux data sets
to check whether the data represent one or more log-normal
populations. The probability plot technique consists of plot-
ting the logarithm of the data versus the cumulative frequen-
cy percent on a probability scale, arranged such that a
normal (Gaussian) cumulative distribution plots as a straight
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line. A bimodal distribution consisting of two log-normal
populations plots as a curve. The inflection point of the
curve allows us to distinguish the threshold value between
both populations. Sequential Gaussian simulation (SGS),
provided by the sgsim program (Deutsch and Journel
1998; Cardellini et al. 2003), was used for mapping and
estimation of the diffuse CO, flux and heat flux. SGS was
not applied to the H,S data because of insufficient number
of measurements where H,S flux was detectable. To con-
struct the spatial distribution map of H,S efflux values and
estimate the diffuse emission of this gas species, kriging was
used as interpolation technique. SGS has been applied be-
fore in the study of soil diffuse degassing at volcanic and
nonvolcanic systems (Cardellini et al. 2003; Frondini et al.
2004; Fridriksson et al. 2006; Padron et al. 2007). The SGS
procedure allows us to both interpolate the soil CO, efflux at
nonsampled sites and assess the uncertainty of the total
diffuse emission of carbon dioxide estimated for the entire
studied area. The simulation is conditional and sequential,
i.e., the variable is simulated at each unsampled location by
random sampling of a Gaussian conditional cumulative
distribution function (Cardellini et al. 2003).

Results
Soil diffuse CO, and H,S degassing

Diffuse CO, and H,S efflux values ranged from nondetect-
able to 17,666 and 722.3 gm “day ', respectively. A prob-
ability plot of CO, efflux values, using the methodology of
Sinclair (1974), shows two distinct modes: normal I and
normal II. These two distinct populations are known as
background and peak, respectively. The graphical analysis
(Fig. 2) shows two different populations for Hengill volca-
no, with a mean of 4.3 gm >day ' for the background
population (normal I), which represented 79.6 % of the total
data, and a mean of 1,091 gm *day ' for the peak popula-
tion (normal II), which represented 9.6 % of the total data.
Although the sampling distribution did not homogenously
cover the studied area and the peak population is a dispro-
portionally large fraction of the total data, the mean value of
the peak population is unaffected. The background popula-
tion can be attributed to biological activity and soil respira-
tion by integrating most of the measured fluxes. Because the
mean CO, efflux value of the peak population is two
orders of magnitude higher than background values, we
can assume that the peak population represents CO,
diffuse degassing from the volcanic/hydrothermal system
of Hengill.

The experimental variogram for CO, efflux SGS at
Hengill was fitted with a spherical model with a nugget of
0.3, lag distance of 200 m, and range of 1,400 (Fig. 3a).
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Fig. 2 Probability plot of the CO, efflux data measured at Hengill
volcanic system. Numerals I, II, and III indicate the different log-
normal modes separated. Open circles indicate the original data

Following the variogram model, 100 simulations were per-
formed over a grid of 16,808 square cells (100%100 m),
giving an area of 168.1 km®. An average map (Fig. 3b) was
constructed for each studied area using the average of the
simulated values at each cell. To estimate the total diffuse
CO; output released from the studied area to an uncertainty
of 1 standard deviation, we considered the contribution of
each cell obtained after SGS and averaged over 100 simu-
lations. The average value for the total diffuse CO, released
from the Hengill volcanic system and the standard deviation
were 1,526 and 160 tday ', respectively. Because SGS was
not used for H,S efflux data, a rough estimate of the total
diffuse H,S output from the studied area was computed.
Considering the volume bounded by the three-dimensional
surface built up by the kriging in the contouring, it is
estimated that about 8 kgday ' of diffuse H,S is released
by this volcanic system.

To quantify both the anomalous and the background CO,
efflux from the studied area, we used the threshold value
computed from the probability plot, 44.4 gm *day '. We
assumed the contribution of the background population
equals the sum of the interpolated cells between the mini-
mum and the threshold CO, emission value. Likewise, the
peak population contribution is the sum of the emission of
the interpolated cells between the threshold and the maxi-
mum value. Following this assumption, background and
peak population emissions are 1,073+105 and 453+43 t
day !, respectively, where the uncertainty is equal to 1
standard deviation. As a result, endogenous volcanic/hydro-
thermal emission of CO, constitutes 29.7 % to the total
diffuse CO, emission from the study area. To validate the
estimated contribution of deep-seated CO, to the total CO,
efflux, we delimited the main anomalous diffuse emission
area at the NE flank of Hengill volcanic system (dotted line
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Fig. 3 a Omnidirectional

experimental variogram of CO,
efflux normal scores from the
survey performed at Hengill
volcanic system. Solid blue line
represent the isotropic
variogram model used in the
simulation procedure. The
parameters nugget and range L
refer to the variogram models. b 00

Variogram

nugget: 0.3
range: 1400

04 spherical variogram model

CO, efflux

Spatial distribution CO, efflux Lag distance
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map obtained from a pointwise
linear averaging of 100 SGS 4
values for the Hengill volcanic
system. Dotted line delimits the b
area selected at the NE side of
Hengill to estimate the CO,
emission from the most
important anomalous area
(pointwise linear averaging of
100 SGS values was also
performed)
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Latitude (UTM)
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in Fig. 3b) and estimated the diffuse CO, emission from this
area. The SGS was applied to the selected data and 100
simulations were performed over the NE diffuse degassing
structure (DDS) using a grid of 30,445 squared cells (25 x
25 m), resulting in an average diffuse CO, output of 602+
59 tday '. This value differs from the deep-seated CO,
estimate of 453 tday ' that assumed the interpolated cells
between the threshold and the maximum value from
Sinclair’s analysis can be explained by the contribution of
background values in the SGS estimation.

Inspection of the soil CO, efflux distribution map
(Fig. 3b) shows the existence of several areas of rela-
tively high CO, efflux values (>100 gm *day '), most
of them measured close to active thermal manifestations.
The maximum CO, degassing rates were measured at
the northeast flank of the Hengill central volcano close
to the Nesjavellir power plant, suggesting a DDS with a
SSW-NNE trend, coinciding with the main fissure zone,
and indicating a structural control of the degassing

100

50
25
0
482000 486000 490000 494000
Longitude (UTM)
Outline of eruption
— fissure zones

process. At the study area, CO, escapes primarily in
circular zones, suggesting a morphological control of
the diffuse degassing phenomena. Owing to the bad
accessibility at the upper part of the Hengill central
volcano, it was only possible to carry out a few meas-
urements in that area. Those measurements showed
background CO, efflux values, though higher values
might be present. At the south and southwest of
Hengill central volcano, other alteration zones with in-
creased emission rates were observed. However, at the
western flank of Hengill, CO, efflux measured values
were relatively low. Inspection of the H,S efflux distri-
bution map (Fig. 4) shows that generally H,S efflux is
very low or negligible in the study area due to the
dissolution in the aquifer or oxidation in the soil envi-
ronment. The maximum H,S emission rate (722.3 mgm >
day ') was also measured at the northeast flank of the
Hengill central volcano, where anomalously high CO, efflux
and soil temperatures were measured.

@ Springer



2442

Bull Volcanol (2012) 74:2435-2448

Fig. 4 Spatial distribution of
soil H,S efflux map constructed
using the kriging method for the

Hengill volcanic system 7114000 =
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Soil temperatures and thermal energy release

Soil temperature values measured at 15 cm depth ranged from 1.4
to 100.2 °C, whereas estimated heat flux through soil ranged
from zero to 2,464 W/m?. The experimental variogram for soil
temperature at Hengill was fitted with a spherical model with a
nugget of 0.4 and range of 1,800 (Fig. 5a). Following the vario-
gram model, 100 simulations were performed over a grid 16,808
squared cells (100x100 m). An average map (Fig. Sb) was
constructed for each studied area using the average of the differ-
ent values simulated at each cell. The measured maximum tem-
perature was 100.2 °C close to the border to the Hromundartindur
volcanic zone. In contrast, the determined minimum temperature
was 5.9 °C on the upper part of the Hengill central volcano.
SGS was also used to evaluate the total heat flow from the
surveyed area, following the same procedure as for the CO,
efflux and temperature data. The experimental variogram for
heat flux SGS at Hengill was also fitted with a spherical model
with a nugget of 0.45 and a range of 2,000 (Fig. 6a).
Following the variogram model, 100 simulations were per-
formed over a grid 16,808 squared cells (100% 100 m). A log-
map of average heat flow was constructed for each studied
area using the average of the different values simulated at each
cell. The soil heat flow map shows a high-heat flow zone in
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the eastern region. Further to the southwest, in the area of the
new Hellisheidi power plant, another high-heat flow zone is
located. Compared to the eastern zone, temperatures and heat
flow in the southwest zone reach lower values and the surface
dimension is significantly smaller. The results of the 100
simulations are depicted in Fig. 6b, showing the mean heat
flow of individual cells in the model. The average heat flow
value of the 100 simulations over the study area was 11.5 MW.

To estimate the heat flow involved in the diffuse degassing
process, CO, is used as a tracer of hydrothermal fluids
(Chiodini et al. 2001; Fridriksson et al. 2006; Frondini et al.
2009), assuming that the H,O/CO, ratio of hydrothermal fluids
before steam condensation is recorded by fumarolic gases. All
sampled fumarolic gases collected at the fumarolic fields
(Skioaskali, Sleggjubeinsdalur, Prymheimar, Innstidalur,
Fremstidalur, Hveragerdi, Reykjadalur, Olkelduhals,
Sandklettar, Koldulaugagil, and Nesjalaugagil) showed a sim-
ilar temperature of 98—100 °C, the boiling temperature of water
at Hengill altitude. Marty et al. (1991) addressed a unique
source of hydrothermal fluids for the Hengill volcanic system
and, even though the fumarolic gas composition shows differ-
ences in the most reactive gas species and in the H,O and CO,
contents, we have assumed as a representative H,O/CO, ratio
the average value of 88.6 by weight (Table 1). Because
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fumaroles at Hengill are low-temperature fumaroles, we can
also assume that secondary processes (e.g., condensation) do
not significantly affect the original ratios between H,O, CO,,
and the unreactive gases (Chiodini et al. 2001). On the basis of
this average ratio, we computed that 40,154 tday ' of steam
are associated with the volcanic/hydrothermal CO, out-
put of 453 tday '. However, if we take into account the
range of H,O/CO, ratios measured from the fumaroles
(9.42-240.2), the minimum and maximum amount of
steam would be 4,268 and 108,792 tday ', respectively.

By following the procedure described by Frondini et al.
(2009), the thermal energy release associated with condensa-
tion of 40,154 tday ' of steam was calculated as 1.07x10'J
day . This value was obtained by adding the following two
contributions: (1) the enthalpy of steam condensation at 100 ©
C (4.66x 10" Jday ") given by the product of the total amount
of steam condensed in 1 day (4.02x 10'°g) times the enthalpy
of evaporation at 100 °C (2,260 Jg ') (Keenan et al. 1969) and
(2) the heat lost by liquid water on cooling from 100 °C to the

482000 486000 490000 494000
Longitude (UTM)
—— Outline of eruption
/

fissure zones

average seasonal value of 10 °C (1.61x10'*Jday "), which is
given by the product of the enthalpy lost by 1 g of
water (AH=401.6 Jg ") times the mass of water (4.02x10"°
g). The computed thermal energy of 1.07x10'*Jday " corre-
sponds to a total heat flow of 1,237 MW, about 10 times
higher than the 130 MW reported for the Reykjanes geother-
mal field in Iceland (Fridriksson et al. 2006). Using the same
procedure, we also estimated the minimum and maximum
thermal energy release associated with condensation of
4,268 and 108,792 tday ' of steam as 1.14x10"* and 2.89
10" Jday !, respectively (131 and 3,351 MW).

Discussion and conclusions
Tectonic control of the diffuse degassing structure

The spatial distributions of diffuse CO, and H,S efflux
(Figs. 3b and 4b), soil temperature (Fig. 5b), and heat flow
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(Fig. 6b) in the studied area suggest a strong structural
control of both CO, and H,S diffuse emissions and heat
loss, indicating well-defined NS lineation diffuse degassing
and heat loss structures. Diffuse CO, efflux (Fig. 3b) and
heat flow (Fig. 6b) anomalies were identified along a NS
trend parallel to the NS lines inferred by the seismic activity
that occurred between 1994 and 2000 (Arnason and
Magnusson 2001; Bjornsson et al. 2003). Diffuse H,S efflux
was not measurable throughout the entire study area and
emission rates were very low, but the H,S distribution
(Fig. 4b) showed the same spatial pattern as diffuse CO,
efflux and heat flux. These findings coincide with the Vp/Vy
anomaly found by Jousset et al. (2011), which is elongated
along the main hydrothermal features of the Hengill volca-
nic system (Fig. 1). Jousset et al. (2011) interpreted these
earthquakes as resulting from stress changes within the
geothermal reservoir, where hot fluid rises in the crust above
the heat source. According to Arnason et al. (2010), much of
this trend is correlated with a low-rigidity, low-permeability,
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relatively shallow clay cap, with thermal manifestations
occurring at gaps in this cap connecting the thermal mani-
festations through the base of the clay cap to the immedi-
ately underlying reservoir. The surface geochemical and
thermal anomalies identified during this study might be the
surface evidence of the gaps from where deep fluids ascend
to the surface.

Comparing the spatial distribution of diffuse CO, degass-
ing and heat flow, we observe that at the north of the DDS,
elevated heat flow through soil coincides with DDS.
However, the south and the center parts of the DDS do not
coincide as clearly with the most prominent heat flow
anomaly. A complementary interpretation is that steam con-
densation beneath DDS is not homogeneous, being weaker
at the south, where the main surface thermal anomaly
occurs. Different CO, emission/soil temperature ratios have
also been observed at other active volcanic—geothermal
areas in Iceland (e.g., Reykjanes). Fridriksson et al. (2006)
observed a different CO, emission/soil temperature ratio
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along two well-defined linear diffuse degassing and heat
loss structures. The authors addressed the observed differ-
ences as a result of different steam condensation rates under
DDS.

The difference observed between heat flow through the
surface at Hengill (11.5 MW) and the average thermal
energy released by condensation of 40,154 tday ' of steam
to the atmosphere (1,237 MW), associated with the volca-
nic/hydrothermal CO, output of 453 tday ', also supports
the observed CO, emission/soil temperature ratios. The
difference between these values is most probably a result
of condensation of a large fraction of the steam in the
subsurface, as hypothesized for Reykjanes, southwest
Iceland (Fridriksson et al. 2006). Thermal energy from
steam condensation at depth might be transported laterally
out of the system by groundwater flow. This hypothesis is
supported by TES resistivity and seismic data, which strong-
ly support the existence of a seismically active fault zone
located between the Hveragerdi (east of Hengill) and
Hengill volcanic systems, acting as a fluid sink, probably
due to lateral discharge towards the south (Bjornsson et al.
2003).

Natural geothermal CO, emissions compared to emissions
from power plants

The results of this study allow a comparison of the natural
gas emissions from the Hengill central volcano to the emis-
sions from the geothermal power plants Nesjavellir and
Hellisheidi, both located in the study area. In 2010, the
Nesjavellir power plant released 30,727 tyear ' of CO,
and 13,340 tyear ' of H,S into the atmosphere (Reykjavik
Energy 2011), whereas the Hellisheidi power plant released
42,688 tyear ' of CO, and 9,384 tyear ' of H,S. The installed
capacity at Nesjavellir is 120 MW, and 300 MW, (Reykjavik
Energy 2011), whereas at the Hellisheidi power plant, at the
time of this study (phase 1), the installed capacity was
90 MW,, although this was increased to a production capacity
0f303 MW, and 133 MW, by 2011 (http://www.or.is/English/
Projects/HellisheidiGeothermalPlant/).

The volcanic/hydrothermal CO, output of the Hengill
volcanic system of 453 tday ' amounts to an annual CO,
output of 165,345 tyear '. The total CO, emission from the
Reykjavik Energy power plants in the area amounts to
73,415 tyear ' or slightly less than half of the natural
emission in 2006. A similar ratio is observed at the Krafla
geothermal field in NE Iceland where the natural emission
of CO, of geothermal origin through diffuse degassing
amounts to 84,000 tyear ' (Armannsson et al. 2007). This
compares to annual CO, emission from the 60 MW, Krafla
power plant, which has emissions between 40,000 and
44,000 tyear ' in the last 5 years (Landsvirkjun 2012).
The ratio between anthropogenic and natural CO, emissions

from the Hengill system is more or less the same as that for
the Krafla system, i.e., natural emissions amount to slightly
more than twice the amount released from the power plants.

The ratio of anthropogenic to natural gas emissions from
the Reykjanes system is different from that from the Hengill
and Krafla areas. Fridriksson et al. (2006) reported observed
CO, emissions from the geothermal field of about 5,100 t
year ! and they estimated the emissions from the 100-MW,
power plant that was under construction at the time at
31,000 tyear '. After the commissioning of the power plant,
the geothermal surface activity increased significantly
(Fridriksson et al. 2010), and in 2010, the annual natural
emission of CO, via diffuse degassing at Reykjanes
amounted to 12,660 tyear ' (Oladottir and Snaebjornsdottir
2011), while the CO, emission from the Reykjanes power
plant amounted to 26,940 tyear ' (Oskarsson and
Fridriksson 2011). Thus, while the ratio of power plant
emissions to diffuse degassing in Hengill and Krafla are both
approximately 1:2, the ratio for Reykjanes is closer to 2:1.

The estimated CO, output of 453 tday ' is in the same
order of magnitude as estimations reported for other active
volcanic areas (Brombach et al. 2001; Chiodini et al. 1996,
2001, 2007; Frondini et al. 2004; Hernandez et al. 2001a,
2003; Notsu et al. 2005; Pérez et al. 2004; Salazar et al.
2001). However, it should be noted that this is an underes-
timation of the total CO, discharge from the Hengill volca-
nic system because CO, dissolved by groundwater and CO,
discharged through fumaroles and steam-heated mud pools
have not been considered in this study. The absence of
extensive surface manifestations in large parts of the pro-
ductive geothermal reservoirs in the Hengill system, e.g.,
around the Hellisheidi power plant, suggests that consider-
able amounts of CO, from the reservoir may be dissolved in
groundwater before it reaches the surface. On the other
hand, the experience from Reykjanes (Fridriksson et al.
2006, 2010) suggests that emissions through steam vents
and steam-heated mud pools are probably not as significant
as diffuse degassing. In 2004, diffuse degassing constituted
97.5 % of the total natural emission, while steam vents and
mud pits emitted the remaining 2.5 % (Fridriksson et al.
2006). In 2007, after the commissioning of the power
plant had invigorated the surface activity at Reykjanes,
diffuse degassing still constituted 90 % of the total
natural CO, emission from the field, whereas emission
from steam vents and pits amounted to 10 % of the
total (Fridriksson et al. 2010).

Diffuse degassing surveys at regular intervals over a
period of several years will be an important geochemical
tool to understand the system’s behavior, especially
concerning the consistency of emission rates and propaga-
tion or retreat of fumarolic areas. Such periodic studies are
important to evaluate the effect of geothermal production on
the surface activity, as has been done in Reykjanes
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(Fridriksson et al. 2010). Further, these studies also provide
important baseline information to interpret signs on future
magmatic events in the Hengill volcanic system. Future
investigations should consider gas dissolving in groundwa-
ter or streams, which can imperceptibly discharge gas from
the volcanic system.

Soil diffuse H,S emissions

As noted above, the H,S flux through the surface was below
the detection limit in the majority of the measurement
points. Nevertheless, the total H,S emission was estimated
to be 8 kgday '. This value is miniscule compared to the
geothermal CO, flux of 453 tdayfl. The CO,/H,S mass
ratio in the gas emitted from Hellisheidi and Nesjavellir
power plants is 4.5 and 2.3, respectively. This mass ratio
for the fumarole steam samples shown in Table 1 ranges
from 6.1 to 157, but most samples have a CO,/H,S mass
ratio between 10 and 30. The CO,/H,S mass ratio for the
geothermal gas emitted through the soil in the Hengill area
is 56,600, which is more than four orders of magnitude
higher than that for the gas emitted from the power plants
and more than three orders of magnitude higher than that for
the fumarole steam. This suggests that H,S is removed in
large quantity from the geothermal gas in the soil environ-
ment, which is consistent with the fact that this gas is
thermodynamically unstable in the presence of O,. If we
assume that the CO,/H,S mass ratio in the geothermal gas
ascending from the geothermal reservoirs in Hengill is be-
tween 10 and 30, then the mass of H,S that is removed
annually from the geothermal gas in the soil environment is
453 to 15.1 tyear .
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