
 

 
 

Gas emissions from the Krýsuvík high-temperature geothermal 
system, Iceland. 

 
 
 
 
 
 
 
 
 
 
 

Sylvía Rakel Guðjónsdóttir 

 
 
 
 

Faculty of Earth Science 
University of Iceland 

2014 





 
 
 
 

Gas emissions from the Krýsuvík high-temperature 
geothermal system, Iceland. 

 
 

Sylvía Rakel Guðjónsdóttir 
 
 
 
 
 

60 ECTS thesis submitted in partial fulfillment of a 
Magister Scientiarum degree in Geology 

 
 
 
 
 

Advisors 
Evgenia Ilyinskaya 
Sigrún Hreinsdóttir 
Þráinn Friðriksson 

 
 

Examiner 
Halldór Ármannsson 

 
 
 
 
 
 
 
 
 
 

Faculty of Earth Science  
School of Engineering and Natural Sciences 

University of Iceland 
Reykjavik, October 2014 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Gas emissions from the Krýsuvík high-temperature geothermal system, Iceland.  
Gas emissions from the Krýsuvík geothermal system. 
60 ECTS thesis submitted in partial fulfillment of a Magister Scientiarum degree in 
Geology 
 
Copyright © 2014 Sylvía Rakel Guðjónsdóttir 
All rights reserved 
 
 
Faculty of Earth Sciences 
School of Engineering and Natural Sciences 
University of Iceland 
Sturlugata 7 
101 Reykjavik 
Iceland 
 
Telephone: 525 4000 
 
Bibliographic information: 
Sylvía Rakel Guðjónsdóttir, 2014, Gas emissions from the Krýsuvík high-temperature 
geothermal system, Iceland, Master’s thesis, Faculty of Earth Sciences, University of 
Iceland, 72 pp. 
 
 
Printing: Háskólaprent 
Reykjavik, Iceland, October 2014 
 



 

 

 

 

I hereby declare that this thesis is written by me and is based on my own research. It has 

not before been submitted in part or in whole for the purpose of obtaining a higher degree. 

 

_______________________________________ 

Sylvía Rakel Guðjónsdóttir





 

Abstract 
A high temperature geothermal system is located within the Krýsuvík volcanic system on 
the Reykjanes Peninsula. Since 2009 episodes of uplift followed by subsidence have been 
observed in the area by continuous GPS measurements and InSAR. In April 2013, near-
real time monitoring of gas emissions was started in Krýsuvík using a MultiGAS sensor 
system which collects a semi-continuous time series of gas composition. This monitoring 
method is relatively new in Iceland, with the first station installed on the summit of Mt. 
Hekla volcano in 2012.  
In this thesis, gas emissions at Krýsuvík are examined and correlated with crustal 
deformation and seismicity. The dataset comprises the semi-continuous MultiGAS time 
series (April-November 2013); quantification of diffuse CO2 gas flux from three areas of 
high surface activity within the system (Seltún, Hveradalir and Austurengjar); direct 
samples from fumaroles of dry gas and condensates; seismic records (April-November 
2013); and GPS dataset (all of 2013).  
The results from the MultiGAS dataset as well as the fumarole samples indicate that the 
gas emissions from the Krýsuvík system are H2O dominated with CO2 as the most 
abundant dry gas species, followed by lesser amounts of H2S. These results are comparable 
with previous studies in Krýsuvík. In addition, the semi-continuous MultiGAS dataset 
reveals higher variations of gas composition than previously reported by spot sampling.  
The diffuse CO2 soil flux is variable ranging from 10.9-70.9 T/day from the three 
observation areas with the highest flux in Hveradalir, the location of the MultiGAS station. 
The total flux was calculated as 101.4 T/day. 
Correlation of the MultiGAS data with the geophysical data shows that peaks of H2O-rich 
emissions follow events of crustal movements. Coinciding with the H2O-rich peaks, SO2 is 
detected in minor amounts (~0.6 ppmv) but this is the first time it has been detected in the 
Krýsuvík area. The high variations in H2O/CO2 and H2O/H2S ratios measured by 
MultiGAS are considered to be related to the intensity of degassing activity in the 
fumarole. The activity of the fumarole is apparently lower during intervals of low or no 
recorded seismic events. H2O/CO2 and H2O/H2S ratios are lower due to condensation 
processes affecting the H2O concentration before the steam reaches the inlet tube. 
Improved sampling set-up may help the detection during periods of low fumarole activity.  
This study is the first to provide a critical evaluation on the suitability of the MultiGAS 
method in Iceland. It is concluded that a simple setup for the station does generally not suit 
Icelandic climate because of cold and variable weather conditions. For the station to 
operate efficiently and reliably during possible future measurements it is necessary to pay 
close attention to local topographical and climatic conditions and devise the most 
appropriate station set-up based on that. This is the first time a semi-continuous MultiGAS 
station has been operated in a highly active geothermal field at high latitude (64°N).  





 

Útdráttur 
Innan eldstöðvakerfisins í Krýsuvík er háhita jarðhitakerfi (40-60 km2). Yfirborðsvirknin 
lýsir sér í heitri og ummyndaðri jörð þar sem mikið er um gufuaugu (˂100°C) og leirpytti. 
Með samfelldum GPS mælingum á svæðinu hefur frá árinu 2009 orðið vart við tímabil 
landriss og landsigs. Landrisið hefur leitt til aukinnar skjálftavirkni.  
Í apríl 2013 var sett upp MultiGAS stöð í Krýsuvík og mælir hún gassamsetningu frá 
gufuauga á 6 tíma fresti í 30 mínútur í senn. Þess konar mælingar eru nýjar á nálinni á 
Íslandi, en fyrsta stöðin var sett upp á tindi Heklu árið 2012. Gagnasettin sem unnið var 
með í þessari rannsókn samanstanda af gasmælingum frá MultiGAS stöðinni sem fengin 
eru í nær rauntíma, jarðskjálftagögnum af svæðinu (apríl-nóvember 2013) og samfelldum 
GPS mælingum (2013). Einnig var gufusýnum úr gufuaugum innan kerfisins safnað og 
gasflæðimælingar framkvæmdar á þremur svæðum sem einkennast af mikilli 
yfirborðsvirkni.  
Niðurstöðurnar frá MutliGAS stöðinni sem og gufuaugnasýnunum sýndu að 
gassamsetningin í Krýsuvík er H2O ríkjandi með minna magn af CO2 og H2S. Áætlun 
heildarflæðis CO2 fyrir jarðhitakerfið var 101.4 T/dag. Gassamsetningin var borin saman 
við jarðskjálfta á Krýsuvíkursvæðinu sem og GPS færslur. Sá samanburður leiddi í ljós að 
hæstu gildi (toppar) H2O/CO2 og H2O/H2S virtust fylgja tímabilum aukinnar skjálftavirkni 
og á sama tíma varð vart við SO2 í litlu magni.  
Hér er því haldið fram að breytileiki innan H2O/CO2 og H2O/H2S hlutfalla sé tengt virkni 
gufuaugna á svæðinu, en ekki raunverulegum breytileika H2O styrks í gufunni. 
Gasútstreymi frá gufuaugum er minna á tíma lítillar eða engrar skjálftavirkni. Á þeim 
tímabilum eru H2O/CO2 og H2O/H2S hlutföllin lág vegna þéttingar sem á sér stað í gufunni 
áður en gufan nær að inntakinu fyrir stöðina (í 20 cm hæð). Á tímabilum mældrar 
skjálftavirkni mælast hins vegar hærri gildi (toppar) H2O/CO2 og H2O/H2S. Þá verður 
styrkur H2O í gufunni fyrir minni áhrifum frá þéttingu áður en gufan nær að inntakinu því 
að með aukinni virkni gufuaugans stígur gufan hraðar upp. Á þessum virkari tímum 
gufuaugans reynast H2O/CO2 og H2O/H2S hlutföllin frá MultiGAS stöðinni nær þekktum 
gildum frá  gufuaugum. 
Í þessari rannsókn er einnig metinn áreiðanleiki MultiGAS mælinga við íslenskar 
aðstæður. Niðurstöðurnar eru þær að venjuleg uppsetning stöðvarinnar þar sem 
tækjabúnaðurinn er notaður án aukabúnaðar hennti illa vegna síbreytilegs veðurfars á 
Íslandi. Til þess að stöðin virki sem best er nauðsynlegt að skoða staðarhætti þar sem 
mælingar eiga að fara fram m.t.t veðurfars og landslags og útbúa stöðina í samræmi við 
það. Þetta er í fyrsta skipti sem MultiGAS stöð er rekin í varanlegri uppsettingu á svo 
norðlægum slóðum. 
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1 Introduction 
Volcanism in Iceland is unusually diverse for an oceanic island (Thordarsson and Larsen, 
2007). This is due to the interaction of the divergent Mid-Atlantic Ocean Ridge (MAR) 
(Pálmason and Sæmundsson, 1974) and a mantle plume (Wolfe et al., 1997). Iceland is the 
largest sub-aerial part of the MAR and is therefore important for observations of divergent 
plate tectonics (Sigmundsson and Sæmundson, 2008). The volcanism in Iceland includes 
nearly all known volcano types and eruption styles with an average of 20-25 eruptions per 
century (Thordarsson and Larsen, 2007). Commonly, the volcanism in Iceland is 
accompanied by geothermal activity where degassing from fumaroles and soil can be 
significant. By monitoring and measuring volcanic and geothermal gases, along with 
seismicity and ground deformation, it is possible to forecast volcanic activity (Delmelle 
and Stix, 2000). Multiple studies have focused on quiescent degassing from active volcanic 
and geothermal systems world-wide with peaks of increased gas emissions detected prior 
to eruptions (e.g., Young et al., 1998, Auippa et al., 2010). Other studies have shown that 
under certain conditions, crustal movements (seismicity and ground deformation) may 
release gases into geothermal systems and increase fumarolic emission (e.g., Watson et al., 
2000, Toutain and Baubron., 1999 and references within, Italiano et al., 1998). Semi-
continuous, near-real time gas measurements are relatively new in Iceland with the first 
station installed on the summit of Mt. Hekla volcano in 2012 (Ilyinskaya et al., 2014). A 
study of semi-continuous, near-real time gas measurements in the Krýsuvík geothermal 
system on the Reykjanes Peninsula is presented here. A gas monitoring station similar to 
the one in Krýsuvík, collecting data from highly active geothermal system, is located in 
Santorini, Greece (Aiuppa, pers. comm., August 2014).  

1.1 Objectives  
In Iceland, so far little emphasis has been on how degassing from geothermal areas 
correlates with seismic energy release and ground deformation. Krýsuvík is a suitable site 
to approach these factors since it is characterized by abundant degassing through soil and 
fumaroles, has a high seismic activity characterized by swarms of microearthquakes with 
individual bigger events, as well as monitored ground deformation episodes of uplift and 
subsidence. 

The aims of this study are to: 

•   Evaluate the gas composition emitted at the Krýsuvík geothermal system and 
interpret its origin. This is done through analysis of a semi-continuous time series 
of gas composition (MultiGAS sensor system); direct sampling of fumaroles 
(condensate and dry gas); and measuring the total CO2 flux from the geothermally 
active area (accumulation chamber method). 
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•   Evaluate the influence of atmospheric conditions on the MultiGAS data. This in 
turn will lead to assessment of the suitability of MultiGAS-type monitoring 
technique for Icelandic volcanic and geothermal systems.  

•   Correlate the gas data from the MultiGAS station with geophysical observations in 
Krýsuvík (ground deformation and seismicity). This will be done through 
comparison of gas time series to time series from GPS and seismic networks.  

This will show whether the amount of any or all gas species emitted from the Krýsuvík 
system correspond with geophysical events of ground deformation. The overarching aim is 
to increase the knowledge of quiescent degassing from the Krýsuvík system and study the 
relationship between behaviour of degassing and geophysical events. Furthermore, the 
study is a critical evaluation of a novel monitoring technique and will provide 
recommendations on its suitability for Icelandic activity. 

1.2 Geological settings of the Reykjanes 
Peninsula 

1.2.1 Tectonic settings 

The Reykjanes Peninsula (RP) is the onland continuation of the slow spreading Mid-
Atlantic Ocean Ridge (MAR) (Searle et al., 1998). This highly oblique rift became active 
6-7 Ma (Sæmundsson, 1979). The RP is distinguished from the submarine Reykjanes 
Ridge (RR) at its western end by a change in strike direction, 30° from the direction of 
absolute plate motion (Clifton and Katterhorn, 2006). Its eastern end is the Hengill triple 
junction, where it connects with the Western Volcanic Zone (WVZ) to the north and the 
South Iceland Seismic Zone (SISZ) transform to the east (Figure 1) (Clifton and 
Katterhorn, 2006). The three plates meeting at the junction are the North American plate, 
the Eurasian plate and the Hreppar micro plate (Sigmundsson et al., 1997). The relative 
plate velocity on the RP is 18.8 mm/yr toward N101°E (DeMets et al., 2010).  
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Figure 1 General outlines of the Icelandic volcanic systems. 

The RP segment of rift is ~65 km long (Peate et al., 2009) and the trend of the plate 
boundary is ~N76°E (Einarsson, 1991, Hreinsdóttir and Einarsson, 2001). Rifting and 
seismic activity on the Peninsula is characterized by five volcanic systems (NE-SW 
trending) and their fissure swarms (Hreinsdóttir and Einarsson, 2001, Einarsson 2008). The 
five volcanic systems (Figure 2) lie en echelon along the peninsula, spaced approximately 
5 km apart (Clifton et al., 2006). They are demarcated by an unusually high thermal 
gradient and a geothermal system (Jakobsson et al., 1977, Peate et al., 2009). The volcanic 
systems, from west to east, are Reykjanes (partially submarine, 56 km2 a.s.l) followed by 
Svartsengi (115 km2), Krýsuvík (133 km2), Brennisteinsfjöll (142 km2) and Hengill (220 
km2) (Jakobsson et al., 1977, Peate et al., 2009, Sæmundsson and Sigurgeirsson, 2013). 
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Figure 2 Volcanic systems on the Reykjanes Peninsula (purple). Seismic zone across the Peninsula that 
marks the axis of the plate boundary (red). Geothermal areas within the volcanic systems (stiped). Modified 
from (Sæmundsson and Sigurgeirsson, 2013). 

1.2.2 Seismicity and present day crustal deformation 

The RP is the most active region of microearthquakes in Iceland (Ward and Björnsson, 
1971). This is due to the abundance of hot water within the systems which weakens the 
bedrock; tectonic stress is therefore released in swarms of microearthquake activity (Klein 
et al., 1997 and references therein). The seismicity is periodic with a cycle of 30-40 years.  
The most recent active periods were 1929-1935, 1967-1973 (Sturkell et al., 1994) and in 
2000 (Pagli et al., 2003, Jakobsdóttir, 2008). The seismicity follows a narrow zone along 
the RP (Einarsson, 2008, Keiding et al., 2009) and is more typical of a ridge crest than the 
earthquakes in the SISZ (Klein et al., 1997 and references therein). Most of the 
earthquakes occur at 2-5 km depth, located in the central part of the Peninsula. Deeper 
earthquakes occasionally occur, reaching down to 8 km (Klein et al., 1977, Keiding et al., 
2009).  
 
Crustal deformation along the plate boundary depends on the availability of magma in the 
crust. Studies of the RP during the last decades show little evidence of magmatic 
contribution with the exception of the Hengill volcano (Hreinsdóttir and Einarsson, 2001, 
Einarsson, 2008) and are instead caused by transcurrent motions between the two plates 
(Hreinsdóttir and Einarsson, 2001). From 1995 to 1998 minor magma injection into the 
roots of Hengill volcano triggered an intense seismic swarm (Sigmundsson et al., 1997). 
The first continuous GPS station (KRIV) was set up in Krýsuvík in February 2007 in order 
to monitor crustal movements within the volcanic system. Since early 2009 episodes of 
uplift and subsidence have been observed (Michalczewska et al. 2012). Seismic activity is 
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correlated with the deformation, with higher seismic activity during periods of uplift.  
During the uplift periods from May-October 2009, a network of 33 seismic stations in 
Krýsuvík recorded over 10,000 events (Kristjánsdóttir, 2013). In late February 2011 and 
early March 2012, during another period of uplift, a couple of earthquakes reached a 
magnitude of 4.2 (Michalczewska et al. 2012). During 2013 the Krýsuvík area subsided in 
total of 21 mm. Relatively few and small earthquakes (ranging from MW 0.31-2.22) were 
recorded April-November 2013, the period of this study. 

Recent studies of resistivity measurements in the Krýsuvík system have shown signals of a 
deep seated conductive body at approximately 2 to 5 km depth, (Didana, 2010). This body 
is located near the central part of the Krýsuvík geothermal area with an approximate size 
of 10 km2 and coincides well with an inflation source at 4-5 km depth as suggested by GPS 
recordings (Hersir et al., 2013). The lack of S-wave attenuation in the region has been used 
as an argument against a large body being composed of molten material (Didana, 2010). 

1.2.3 Eruption history  

Little knowledge is on the post-glacial volcanic history of the RP. The volcanic activity is 
known to be periodic with roughly 1000 years intervals between eruptive episodes and 
each eruptive episode (called Eldar in Icelandic) lasting for 400-500 years (Sæmundsson et 
al. 2006, Jónsson, 1978). Generally, the magma is initially erupted through a fissure and 
then concentrates into a single vent (Arnórsson et al, 1975). At least 12 eruptions are 
known to have taken place on the RP in the last 1000 years with a highly active period 
between 1000-1400 CE (Jónsson, 1983, Einarsson, 2008). During that period all of the 
volcanic systems of the RP, except Hengill, had an eruptive phase (Jónsson, 1983, 
Einarsson, 2008). The Brennisteinsfjöll system erupted in the 10th century followed by 
Krýsuvík in 12th century and the westernmost systems in the 13th century (Sæmundsson 
and Sigurgeirsson, 2013). Jónsson (1983) reports the last eruption on the RP to have taken 
place in the Brennisteinsfjöll system in 1340 or 1389.  

The Hengill volcanic system is the only system on the RP where silicic lava is found which 
suggests an evolved magma chamber (Trønnes, 2012). All other volcanic systems on the 
RP are thought to be in an early stage of evolution, dominated by rift volcanism with no 
major magma chamber (Arnórsson et al., 1975). Within these systems, all erupted magmas 
are tholeiitic basalts with plagioclase and olivine as the dominant phenocryst phases (Gee 
et al., 1998).  The heat source of the geothermal activity in the rift-dominated systems is 
considered to be dyke intrusions (Arnórsson et al., 1975, Arnórsson, 1987). 

The main eruptive hazards from the RP are related to fissure eruptions where lavas are 
known to have flowed 15 km from source (Sæmundsson and Sigurgeirsson, 2013). During 
the next eruptive period several fissure eruptions may be expected within any one or 
possibly all of the RP volcanic systems. The occurrence of lava shield eruptions is also 
considered very likely (Sæmundsson and Sigurgeirsson, 2013). Eruptions producing 
significant ash fall are most likely to be from the Reykjanes volcanic system where at least 
12 submarine eruptions are known to have taken place during Holocene (Sæmundsson and 
Sigurgeirsson, 2013). Future eruptions from the systems on the RP may pose risk to power 
plants, small fishing towns and parts of the Reykjavík metropolitan area and might 
therefore cause a threat to human lives. Fish farms and water supplies might as well be at 
risk (Sæmundsson and Sigurgeirsson, 2013). The RP is a popular tourist place with an 
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international airport. Based on the eruption history (Sæmundsson and Sigurgeirsson, 
2013), the next eruptive period might be expected in the next decades or few hundred 
years. Due to the scarcity of data on the eruption return period there is a lot of uncertainty 
associated with this prediction.   

1.2.4 Geothermal activity  

Geothermal systems typically consist of three main factors: (1) permeable reservoir rock, 
(2) water which circulates heat from the reservoir at depth to the surface and (3) a heat 
source (Goff and Janik, 2000). Geothermal systems are generally located along or near 
convergent plate boundaries, near transform plate boundaries, within rifts and spreading 
centers and hot spots (the last three apply to the Icelandic systems). Many different 
classifications have been used to distinguish between types of geothermal systems. 
Böðvarsson (1961) classified geothermal systems as high and low temperature based on 
borehole temperatures data and geological settings. This classification is still in use in 
Iceland today. The definition of a high temperature system is that the temperature exceeds 
200°C at one kilometre depth (Flóvenz and Sæmundsson, 1993). Generally, in the high 
temperature systems the bedrock is geologically young and permeable. Cooling and 
solidification of local intrusions in the crust below central volcanoes is typically the heat 
source and therefore these geothermal systems are classified as volcanic geothermal 
systems (Arnórsson et al., 2010). The Icelandic high-temperature geothermal systems 
generally lie within the active volcanic zones (Arnórsson et al., 2008; Figure 3). Another 
classification was made by White et al (1971) where geothermal systems were classified as 
liquid and vapour dominated hydrothermal systems. All geothermal systems in Iceland are 
considered to be liquid dominated where underground reservoirs carry the Earth’s heat to 
the surface mostly by water (Arnórsson et al., 2008).  
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Figure 3 Distribution of high-and low temperature geothermal systems in Iceland. The high-temperature 
systems lie within the active volcanic zones (Figure from National Energy Authority, 2014). 

The aqueous fluid within geothermal systems usually consists of ancient to modern 
precipitation, seawater, or a mixture of seawater and meteoric water (this applies to the 
Krýsuvík geothermal system) within the top few kilometres of the Earth´s crust. The steam 
within geothermal systems is formed by the boiling of the aqueous fluid at various depths 
depending on factors including the temperature gradient and gas content. The steam 
formed is discharged at the surface from fumaroles and across steaming ground (Arnórsson 
et al., 2010). Usually within high-temperature geothermal systems a density driven 
convection of ground water transports heat from deeper to shallower levels in the Earth’s 
crust (Arnórsson et al., 2008). 

The high-temperature systems on the RP are located where the seismic zone intersects the 
surface fissure swarms (Sæmundsson and Sigurgeirsson, 2013) resulting in a high-
permeability zone of upwelling for hot water (Figure 2). Due to tectonic drift, these 
systems, as well as all other high-temperature geothermal systems in Iceland, will all 
eventually be disconnected from their magmatic heat source. As a result they will start to 
cool down, becoming low temperature geothermal systems outside the volcanic zones 
(Arnórsson et al., 2010). 

The Krýsuvík geothermal system is often split into 6 sub-areas: Sandfell, Trölladyngja, 
Köldunámur, Seltún, Hveradalir and Austurengjar (Figure 4). This study is focused on the 
last three sub-areas which have the most continuous surface activity. The main surface 
manifestations within the Krýsuvík geothermal system are hot and altered ground with 
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mud pools, fumaroles and local solfataras. The geothermal activity is associated with two 
hyaloclastite ridges, Vesturháls and Sveifluháls, and a fault through a boiling dilute mud 
pool in Austurengjar (Austurengjahver) east of the Sveifluháls ridge reaching north to lake 
Kleifarvatn (Figure 4). The main surface activity is confined to the Sveifluháls area 
including Seltún and Hveradalir (Markússon and Stefánsson, 2011), where the MultiGAS 
station is located. In Krýsuvík exploration surveys and exploratory drillings were carried 
out from 1970-1972 to evaluate the characteristics of the geothermal reservoir. Four 
exploration wells were drilled during this period (800-100 m deep) (Arnórsson et al., 
1975). All wells deeper than 800 m showed a reverse temperature gradient. The data from 
the exploration surveys and drillings were not able to explain these temperature reversals, 
although a few models were proposed including (1) separated upflow zones under the 
hyaloclastite ridges with a lateral flow away from the ridges, forming a mushroom-shaped 
reservoir of hot water and (2) regressive heat source that would lead to lowering of water 
temperature in the system’s roots and increase the probability of cooling from above 
(Guðmundsson et al., 1975). The highest borehole temperature recorded within the system 
is in the holes KR-06 TR-01 and TR-02 located near edge of the geothermal system in the 
west (Trölladyngja sub field). Temperature in KR-06 (drilled in 1971) reached 262°C at 
500 m depth with 220°C as the bottom temperature (Arnórsson, 1987, Fridleifsson et al., 
2002). Recorded temperature in holes TR-01 (drilled in 2001) and TR-02 (drilled in 2006) 
was similar, around 320°C at 2300 m depth. Both these holes showed temperature 
reversals below 700-800 m.  

Resistivity measurements indicate that the geothermal sub-areas within Krýsuvík, are from 
one and the same system of an approximate size of 40-60 km2. Therefore, it can be 
assumed that an enormous amount of hot water exists within the system (Guðmundsson et 
al., 1975). The Krýsuvík system differs from other geothermal systems in Iceland in that 
the thermal water has high variations in dissolved solids within different subareas. These 
variations can be explained by the mixing of hot and saline water with fresh water at depth 
in different proportions (Guðmundsson et al., 1975). 
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Figure 4 Outlines of the Krýsuvík high-temperature system identified by resistivity surveys (orange line). 
Including the sub-areas and the two hyaloclastite ridges, Sveifluháls and Vesturháls, with which the 
geothermal activity in Krýsuvík is mostly associated. This study is focused on the Seltún, Hveradalir and 
Austurengjar sub-areas. 

Geothermal heat is utilized by four geothermal Power Plants on the RP-none of them 
located within the Krýsuvík system. The Power Plant on Hellisheiði (303MW) and the 
Nesjavellir Power Plant (120MW) are located within the Hengill volcanic systems. Then 
there are the Reykjanes Power Plant (100MW) and Svartsengi Power Plant (76.5 MW). 
Part of the separated water from the Svartsengi Power Plant is used to fill the Blue Lagoon, 
which is one of the most popular tourist attractions in Iceland.  
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2 Gas emissions from volcanic and 
geothermal systems 

Volcanic and geothermal areas are associated with emissions of various gases. Degassing 
can occur both during and in between eruptions. Gases emitted during eruptions (in 
particular Plinian-type events) may be carried tens of kilometres up into the atmosphere 
and influence the atmospheric composition on a global scale. Emissions are also common 
during quiescent (non-eruptive) periods e.g., from geothermal fumarole fields and 
diffusion through the soil, which are the types of emissions that this study is focused on. In 
terms of atmospheric source strengths, gas fluxes from quiescent emissions can be 
substantial as they tend to persist for prolonged periods of time, years and decades 
(Hansell and Oppenheimer, 2004).  

Magmatic degassing affects the evolution of magma in the crust and is an important 
control on occurrence of eruptions. At high pressure below the surface the volatiles are 
dissolved in molten rock; when the magma starts rising to the surface the pressure gets 
lower and the volatiles start to exsolve and form tiny bubbles. The formation of bubbles 
makes the magma less dense than the surrounding rock and closer to the surface the 
bubbles increase in size and number. Gas volume may exceed the melt volume in the 
magma which can in turn lead to an eruption (Delmelle and Stix, 2000). Slight changes in 
bubble formation can make the difference between explosive and effusive eruption 
(Sparks, 2003).  

The heat source of high-temperature geothermal systems is magma originated from deep 
crustal levels; or magma that has intruded into the system’s roots (Arnórsson et al., 2010). 
As a result, the magma adds various gases to the circulating fluid within geothermal 
systems (Nicholson, 1993). Typically, the most abundant gas species discharged from 
geothermal systems are H2O, CO2, H2S, H2, CH4, N2 and Ar although the proportions 
between them can vary significantly. Other gases in smaller amounts include SO2, CO, 
HCl, and HF. Not all of the gaseous components in the fluids within high-temperature 
geothermal systems are derived from the magma, they can be also derived from the rock 
with which the fluid interacts (Arnórsson et al., 2010) and the atmosphere from water 
percolating in the system. 

2.1 Classification of geothermal gases 
The geothermal gases discharged from fumaroles, excluding H2O, are often referred as the 
‘dry’ gases or ‘non-condensable gases’ (NCG) since they do not easily condense by 
cooling (Cisne Altamirano, 2006). Many geothermal reservoirs contain high amounts of 
NCG, especially CO2 which generally exceeds 90% by volume of the total NCG. For the 
most common geothermal gases the order of solubility in geothermal fluid is 
N2<H2<CH4<CO2<H2S (Nicholson, 1993). 
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Geothermal gases are often divided into two groups. The first group contains the reactive 
gases (H2O, CO2, H2S, NH3, H2, N2, CH4) which take part in chemical equilibria. They are 
commonly determined to obtain information on the sub-surface conditions like temperature 
and steam fraction beyond the depressurization zone (Nicholson, 1993). The subsurface 
temperature can be estimated by the application of various geochemical geothermometers. 
The latter group includes the inert or conservative gases (the noble gases and hydrocarbons 
with the exception of methane). These gases do not take part in chemical reactions but may 
be used to get information on the source of the gases (Nicholson, 1993). The sources of 
conservative components include the rock with which the fluid has interacted (determined 
by the residence time of the fluid in this rock and temperature) but also degassing magma 
and the recharge of water (Arnórsson and Guðmundsson, 2003). Geothermal fluids contain 
higher concentrations of conservative elements than non-thermal ground waters and 
surface waters (Arnórsson and Guðmundsson, 2003). 

2.2 Main volcanic and geothermal gases 
H2O is the main thermal carrier and component of volcanic and geothermal gases (often 
80-98% vol) (Italiano et al., 1998) and can exceed 99% vol in discharge from fumaroles in 
geothermal areas such as Krýsuvík. The second most dominant gas component in volcanic 
and geothermal systems is CO2 (Alessandro et al., 2009) often ranging from 80-96% vol of 
the total dry gas content. The influence of CO2 on chemistry and hydrogeology in 
geothermal systems can be significant. In some degree water chemistry, density and pH, 
boiling point-depth relationships, rock alteration and deposition of secondary minerals and 
scale are all controlled by the concentration of CO2 (Nicholson, 1993). Other carbon-
bearing species like CH4 are usually found in much smaller amounts in the fumarole 
discharge. The CH4 concentration in volcanic gases is generally around few tens of ppmv 
and therefore volcanoes are not a significant source of methane. The largest emissions are 
due to geothermal areas (CH4 is common in sedimentary formation fluids) where methane 
flux can reach hundreds of T/yr from numerous small vents (Etiope et al., 2002, 2007).  

Of the S-species, sulfur dioxide (SO2) is the main high-temperature volcanic gas (>400 °C) 
at atmospheric pressure. Hydrogen sulfide (H2S) is on the other hand the most important 
and dominant S-species as a low-temperature (<100°C) volcanic gas in the discharge from 
hydrothermal systems. Within hydrothermal systems, SO2 is removed on the way to the 
surface, reacting with liquid water producing sulfuric acid (H2SO4) and H2S (e.g., 
Ármannsson et al., 1981, 1989, Ármannsson and Hauksson, 1980, Gíslason et al., 1978, 
Óskarsson, 1978, 1984). Formation of elemental sulfur (S) deposits around fumaolic vents 
is commonly related to cooling of the hot rising gas where H2S is oxidized to SO2 which is 
easily dissolved in water (Lee et al., 2005). 

2H2S+SO2 ↔ 3S+H2O           (1) 

It is known that emission of the volcanic S-species, SO2 and H2S are a significant source of 
sulfur release to the atmosphere (Hammouya et al., 1998, Aiuppa et al., 2006 and 
references within). The SO2/H2S ratio have been used for volcanic monitoring, where 
volcanic activity at quiescent volcanoes can be expected to be preceded/accompanied by 
an increase of SO2 relative to hydrothermal H2S (Auippa et al., 2006). The remaining S-
species from volcanic emissions are e.g., carbon disulfide (CS2) and carbonyl sulfide 
(COS) (Delmelle and Stix, 2000).  
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2.3 Other volcanic and geothermal gases 
The noble gases (He, Ne, Ar, Kr and Xe) are mixed in the ambient atmosphere and are 
therefore present in surface waters before they descend into the ground (Mazor, 
1978/1979). 3He/4He ratio can be used to determine whether the helium content is from a 
non-magmatic or a magmatic source where high 3He/4He ratio concentration indicate an 
input of magmatic helium (Welhan et al., 1988). Gases such as ammonia (NH3), hydrogen 
(H2), and nitrogen (N2) may also be present in small and variable amounts in the discharge 
and so are trace quantities of hydrocarbons (Nicholson, 1993). 

Among other gases emitted by volcanoes are halogens, which have been receiving more 
and more attention in the last decades (Auippa et al., 2009). They are known to be able to 
exert a significant impact on the environment, forming acid rain, and pollution of the air, 
soil and surface waters (Auippa et al., 2006, Delmelle et al., 2002). Chloride is generally 
the dominant volcanic halogen, followed by fluorine, whereby HF is the most abundant 
fluorine gas from volcanic emissions (Delmelle and Stix, 2000, Aiuppa et al., 2009). Steam 
formed by boiling of acidic geothermal waters or derived from magmatic heat source may 
contain significant concentrations of HF and HCl which are usually dissolved by 
groundwater or steam condensates (Nicholson, 1993). 

2.4 Previous studies of natural degassing in 
volcanic systems in Iceland 

The first known analysis on geothermal gases in Iceland was carried out by Bunsen in 
1846 (Bunsen, 1847). Following exploration and development of utilization of geothermal 
resources, knowledge of gas composition from various geothermal systems in Iceland has 
increased significantly (Arnórsson, 1986).  After the Second World War, research and 
development have been carried out, which has led to the extensive use of geothermal 
resources for space heating in Iceland. The first geothermal power plant, Bjarnarflag was 
commissioned in 1969. Today, about 9/10 of Icelandic households are heated with 
geothermal energy (Orkustofnun, 2014). Here is presented a short review of previous work 
on gas emissions from Icelandic volcanic systems. 

2.4.1 Direct sampling of non-eruptive emissions 

The majority of research on gas chemistry from Icelandic volcanic systems has been done 
through direct (point) sampling using bottles, such as the Giggenbach bottle method, 
followed by laboratory analysis. This method still forms an important part of research on 
gas emissions in Iceland. Arnórsson (1986) reviewed the previous work on the gas 
chemistry in geothermal systems in Iceland, and of gas emissions associated with volcanic 
eruptions. In more recent years, use of other direct sampling methods has increased, 
including the accumulation chamber method for measuring gas flux through soil; and near-
continuous measurements with MultiGAS stations. The accumulation chamber method has 
been used at several volcanic and geothermal areas in Iceland in order to estimate the total 
gas flux and monitor changes within the volcanic and geothermal systems (e.g., Ilyinskaya 
et al., 2014, Fridriksson et al., 2006, Óladóttir, 2014, Kristinsson et al., 2013, Óladóttir, 
2010). The current gas emissions from the MultiGAS station on Mt. Hekla are CO2 
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dominated. According to the authors, a shift towards S- and H2O-richer gas composition 
should be viewed as a sign of imminent volcanic unrest at Hekla (Ilyinskaya et al., 2014).  

The gas geochemistry of geothermal fluids has been studied in the geothermal systems on 
the RP. For example Marty et al., (1991) carried out a systematic study of the chemical and 
isotopic composition of fumarole and geothermal well gases in the Hengill area. The 
highest geochemical (H2) temperatures and highest helium contents were found along the 
rift axis and decrease with increased distance from the axis. These gases are considered to 
be derived mostly from the mantle. A study of gas chemistry in Krýsuvík was carried out 
by Arnórsson (1987) in order to evaluate steam condensation in upflow zones. 58 samples 
of gas from fumaroles and hot pools were collected in Krýsuvík between 1981-1985 and 
were used to evaluate boiling processes and to estimate subsurface temperatures where 
CO2 gas geothermometers indicated temperature between 200-300°C (Arnórsson, 1987). 
Several research projects (e.g., Yohannes, 2004., Khubaeva, 2007) on geology and 
geochemistry in the Krýsuvík area have been carried out by the United Nations University 
geothermal training programme. 

2.4.2 Measurements of gas emissions in volcanic eruptions 

Gas emissions from several eruptions have been studied, including Hekla (multiple 
eruptions) , Surtsey 1963-1968, Heimaey in 1973, Krafla 1975-1985, Eyjafjallajökull 
2010, Grímsvötn (multiple) and Bárðabunga 2014. Syn-eruptive measurements exist for 
only a handful of eruptions: Surtsey (direct sampling) (Sigvaldason and Elísson, 1968, 
Gerlach, 1980, Árnason and Sigurgeirsson, 1968), Krafla (direct sampling; e.g., Óskarsson, 
1984, Ármannsson and Hauksson, 1980, Ármannsson et al., 1989), Hekla 2000 (sensors on 
board of aircraft; Pieri et al., 2002), Fimmvörðuháls (Burton et al., 2010) followed by 
Eyjafjallajökull 2010 (remote sensing and direct sampling; Ilyinskaya et al., 2012), 
Grímsvötn 2011 (remote sensing; Marzano et al., 2013) and at the time of writing there is 
an ongoing eruption in the Bárðabunga volcanic system where syn-eruptive measurements 
are carried out (Ilyinskaya, pers.comm., September 2014). 

In April 2010 spectroscopical remote sensing gas measurements were carried out in order 
to estimate gas composition on eruptive fissures at Fimmvörðuháls. The preliminary 
conclusions were ~3000 T/day of produced SO2 flux by the eruption and the flux was 
divided 30% and 70% between the two fissures opened 31st March and 21st March. The HF 
flux was estimated ~30 T/day. The gas composition was similar from the two fissures 
(H2O >80%, CO2 <15% and <SO2; Burton et al., 2010). Spectroscopical remote sensing 
was also successfully used during the Eyjafjallajökull eruption in 2010 by research groups 
from the University of Cambridge (Ilyinskaya et al., 2011), the INGV institute from Italy 
(Burton et al., 2010) and GSV institute from France (Allard et al., 2010). These are the 
most detailed studies to-date on gas output during an eruption in Iceland. The most 
important implications of these studies were the quantification of the gas phase which 
drove the eruption; and of the output of environmentally important species (including CO2, 
H2O, SO2, HF and HCl). 

In a study from the Krafla high-temperature geothermal system in North Iceland, which 
underwent an eruption 1975-1984 (Krafla Fires), Ármannsson et al., (1989) described a 
massive influx of magmatic gas (mainly CO2 with a small amount of H2S) observed in the 
system following the start of a magmatic period in 1975. The gas concentration was 
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monitored in borehole fluids as well as fumarole samples were collected. In the study it is 
suggested that magmatic gas has not entered the system since 1980 and the observed 
excess gas comes from a supply formed during the magmatic gas inflow, in the north-
eastern part of the field.  

Other eruptions have been studied using the petrological method by looking at fluid 
inclusions in erupted material (e.g., Métrich et al., 1991, Moune et al., 2009, 2007, 
Thordarson et al., 2003). Some of the most important findings are mentioned in this 
section. Thordarson et al., (2003) estimated the total sulphur mass release from basaltic 
flood lava eruptions in the Bárðarbunga (Veiðivötn eruption), Grímsvötn (Laki eruption) 
and Katla (Eldgjá eruption) volcanic systems. The results showed that the studied 
eruptions released a total of c. 700 Mt SO2 into the atmosphere in four 600 to 850 year 
long eruption periods. A flood basalt eruption is one of the most hazardous eruption types 
in Iceland (Gudmundsson et al, 2008), and is also considered in the national risk register of 
the United Kingdom due to the likely pollution impact (British Geological Survey, 2014) 

Data on volcanic degassing have also been obtained by measuring gas uptake by meteoric, 
ground and surface waters (Flaathen and Gíslason, 2007; Gíslason et al., 2002; Moune et 
al., 2007), as well as tephra surface (e.g., Stefánsson and Sigurjónsson, 1957, Óskarsson, 
1981).   

2.4.3 Measurements of non-eruptive gas fluxes 

Several volcanic and geothermal systems in Iceland have been monitored with respect to 
non-eruptive gas fluxes. These include: Hekla, Reykjanes, Hengill, Krafla, Námafjall, 
Theistareykir and Krýsuvík. 

Direct soil CO2 emissions and heat flow through soil have been measured annually since 
2004 in the Reykjanes geothermal field to monitor changes in surface activity due to 
utilization. The CO2 flux was measured using the accumulation chamber method. The 
results have shown a significant increase in ground heat flow from 2004-2011 (17±1.4 
MW to 36.1±2.5 MW) and soil CO2 flux (13.5±1.7 to 36.6±3.9 T/day Óladóttir, 2012). 
Latest results indicate that the flux in the Reykjanes field has reached 51.4 ± 8.9 T/day 
(Óladóttir, 2014). Measurements using the same methods have also been performed in the 
Námafjall, Krafla and Theistareykir high temperature geothermal systems in order to 
monitor and reflect changes within the systems (Kristinsson et al., 2013). The results have 
shown that the soil CO2 flux in areas of geothermal activity (ground temperature at 15 cm 
depth > 25°C) is significantly less in Theistareykir than from the Reykjanes and Krafla 
fields (Kristinsson et al., 2013). The same type of measurements has been carried out in the 
Hengill system to monitor changes in gas flux (CO2 and H2S) through soil. The total CO2 
flux from the volcanic system was estimated as 1,526 ± 160 T/day (Hernández et al., 
2012). Due to experimental down pumping of H2S in well HN-16 in 2012 the soil flux of 
CO2 and H2S was monitored in an area of no geothermal activity, next to the drilling site. 
The first results showed no or very little changes in soil degassing (Unpublished report, 
Iceland GeoSurvey). In a study of the degassing regime of the Hekla volcano 2012-2013 
ground temperature and diffuse degassing through soil (using accumulation chamber 
method) was mapped over the flanks and summit of the volcano. The total CO2 flux was 
14 T/d and restricted to the summit crater. There were areas outside the summit with 
elevated ground temperature but no detectable gas emissions (Ilyinskaya et al., 2014).  
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In addition to these studies, CO2 flux from Icelandic volcanic systems has been estimated 
e.g., Ágústsdóttir and Brantley (1994) and Gíslason (2000). Ágústsdóttir and Brantley 
(1994) estimated the average CO2 flux from the Grímsvötn volcanic system over a 39 year 
period to be 1.9×108 kg/year. Gíslason (2000) estimated the CO2 release rates from 
Eyjafjallajökull in the period from 1993-2000 between 2.6×106 and 2.6×107 kg/year. In 
both these studies the CO2 was measured in meltwater draining from subglacial calderas by 
analyzing the total carbonate content and flow-rate of the meltwater.  Gíslason et al., 
(1992) estimated the CO2 release from Hekla’s magma chamber to be 7×107 kg/year.   

Furthermore, attempts have been made to estimate the total CO2 flux from the Icelandic 
geothermal systems. Calculation by Ármannsson (1991) yielded 1.5×108 kg/year, 
Arnórsson (1991) and Arnórsson and Gíslason (1994) to be between 1.0×109 and 2.1×109 
and Óskarsson (1996) to be 2.2×109 kg/year. Ármannsson (1991) obtained the value by 
extrapolating observed steam emissions per unit area of active geothermal manifestations 
in Krafla to other geothermal areas in the country and using observed CO2 concentrations 
in steam from individual systems. Arnórsson and Gíslason (1994) assume that convective 
flow of steam is the dominant heat transport process. The local average concentration of 
CO2 in the steam was used to obtain the total CO2 flux for a given area. Óskarsson (1996) 
combined the results from analyses of fluid inclusions and tectonic modeling to obtain the 
total CO2 flux for Iceland. The large discrepancy between the estimate of Ármannsson 
(1991) and the estimates of Arnórsson (1991), Arnórsson and Gíslason (1994) and 
Óskarsson (1996), might be explained by that the latter authors include diffuse emissions 
through soil and by bubbling through surface water bodies, as well as steam-vent 
emissions. Ármannsson (1991) only considered emissions from steam vents in his 
estimate. 
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3 Methodology 

3.1 Multicomponent Gas Analyzer system 

A Multicomponent Gas Analyzer System (MultiGAS, INGV-type) station was installed at 
Hveradalir in Krýsuvík (63° 53.449' N, 22° 4.190' W), next to a fumarole in an area of high 
and persistent surface geothermal activity, on 26 April 2013 (Figure 5). Data collection 
was discontinued over a short period from 27 June – 5 July 2013 when the station was 
needed for another project. From 5 July 2013 the station was in operation continuously 
until 27 November 2013 when data collection had to be discontinued due to technical 
problems.  

The INGV-type MultiGAS (Aiuppa et al., 2009, Auippa et al., 2010) is based on a custom-
made technology equipped with an infrared spectrometer for CO2 (Edinburgh Instruments, 
Gascard NG, 0-3 %), two specific electrochemical sensors for H2S and SO2 sensing (0-50 
ppm EZ3H and 0–200 ppm 3ST/F), and a Vaisala RH sensor (which, when combined with 
co-measured pressure and temperature, allows for calculation of H2O concentrations). All 
sensors were located inside a rugged plastic box, which also contained a 
STMicroelectronics microcontroller commanding acquisition, processing and storage of 
sensors’ outputs. The sampling intake was ~20 cm above ground level, which was 
necessary to avoid saturation of the CO2 sensor. The gas emanating from the soil (mixed 
with ambient air) was pumped to the sensors (using an on-board 1.2 l min-1 pump), via a 
PTFE filter and a 1m-long PTFE tube. At first the station was powered by two 12 V 40 Ah 
battery, a wind turbine and a solar panel. In June 2013 the wind turbine was removed and 
the solar panel was solely used to recharge the station. In late November data collection 
was paused as the solar panel was not able to recharge the battery due to lack of sunlight. 
The solar panel was replaced in early December 2013 with a permanent wind turbine and a 
140Ah battery. Still, the station did not work reliably likely due to unusually cold weather 
conditions. The station was taken down on 6 December 2013 and set up again on 5 April 
2014 and has been in full operation since then. It is in operation at the time of writing.  

The station was configured to acquire data in cycles of 200 samples, each being the median 
of 9 measures @ 1 Hz (30 minutes per sampling cycle). A time interval of 6 hours between 
sampling cycles was set. A 3G radio modem was used for telemetry, and data were 
retrieved remotely using custom-made software (Ratiocalc). 
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Figure 5 MultiGAS station in Krýsuvík. The station is located next to a fumarole in an area of continuous 
geothermal activity in Hveradalir. The sampling inlet of the MultiGAS station is located ~20 cm above the 
ground to avoid saturation of the CO2 sensor. The wind turbine which powers the station can be seen in the 
background. 

The MultiGAS data was analyzed using RatioCalc 2.0v software. Within every 30 minute 
measurement cycle, the software allows for automatic creation of gas species scatter plot 
from the acquired data. The gas molar ratios were calculated from the gradient of best fit 
regression lines (Auippa et al., 2010, Auippa et al., 2009). The measurement errors using 
the MultiGAS method are considered to mainly related to the data processing (overall 
uncertainty in the derived ratios ≤20%) (Auippa et al., 2009a). 

3.2  Direct steam sampling from fumaroles 
A total of 8 samples of dry gas and condensate were collected from fumaroles in areas of 
intense and continuous surface geothermal activity within the Krýsuvík geothermal system 
(Hveradalir including Hverahvammur and Hverahöfði, Seltún and Austurengjar, Figure 6).  

Permanent wind turbine 

Sampling intake  
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Figure 6 Locations of the steam samples from fumaroles in Krýsuvík. Two samples were collected from 
each location in areas of high geothermal surface activity. At first, one sample was collected in each location 
(18.02.14) and 8 weeks later (20.04.14) the second samples were collected, total of 8 samples.  

The steam samples were collected from fumaroles which had focussed steam flow; the 
ground temperature next to the fumarole was recorded.  The ground temperature was in all 
cases >97°C. A plastic funnel was placed upside down over the fumarole, pressed tight to 
the ground and covered with soil (clay and mud) in order to minimize atmospheric 
contamination. The funnel was fitted with a titanium tube (Figure 7) which was connected 
by a silicone-rubber hose to an evacuated double port bottle with 25 ml of a 10M NaOH 
solution. During sampling the bottle was cooled in a bucket of cold water, thus condensing 
the steam and dissolving the CO2 and H2S in the caustic solution. Samples of condensed 
steam were also collected for analysis of water isotopes (D, 18O) and Cl. The steam was 
condensed in a stainless steel cooling spiral immersed in cold water. Initially, samples 
were collected from 4 fumaroles on 18.02.14, and another set of samples from fumaroles in 
the same location (in case of Hverahvammur also the same fumarole) was collected 8 
weeks later, on 20.04.14. 
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Figure 7 The setup for collection of a steam sample from a fumarole in Krýsuvík. A plastic funnel connected 
to a titanium tube and a silicone-rubber hose was placed over the fumarole. The samples were collected into 
evacuated double-port bottles with 25 ml of a 10 M NaOH solution. 

The steam samples were analysed for gas composition using standard procedures at the 
Iceland GeoSurvey (ÍSOR), Reykjavík, Iceland. Headspace gases (N2, CH4, Ar, H2 and O2) 
were analysed for using gas chromatography in a Perkin-Elmer Arnel 4019 gas 
chromatograph. CO2 and H2S were analysed for by titration of the caustic solution. The 
condensate samples were analysed for D and 18O in a Delta V Advantage mass 
spectrometer at the Institute for Earth Sciences at the University of Iceland. Concentration 
of Cl in condensate was determined by ion chromatography using a Dionex ICS-2100. 

3.3 Soil temperature and diffuse CO2 flux 
through soil  

Soil CO2 flux measurements are receiving more and more attention globally for both 
volcanic surveillance and to monitor geothermal systems (Chiodini et al., 1998 and 
references therein). Soil CO2 flux and soil temperature have never before been measured in 
Krýsuvík as extensively as in this study. The CO2 flux was measured using the 
accumulation chamber method (see e.g., Fridriksson et al., 2006) in the three areas with the 
most significant geothermal surface activity in Krýsuvík (Hveradalir, Seltún and 
Austurengjar) where fumaroles and mudpools are common as well as local solfataras. A 
West Systems fluxmeter was used for these measurements (Figure 8). The flux meter is 
equipped with a LICOR LI-820 single-path, dual wavelength, non-dispersive infrared gas 
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analyser. The measurements are based on the rate of increase in ppm sec-1 inside a 
3.06×10-3 m3 chamber. The increase was calculated in moles m-2 day-1 and the 
measurements were finally converted to g m-2 day-1. These measurements were carried out 
on approximately 25×25 meter grid, where possible. The total number of measurement 
points was 435; 217 of which were in Hveradalir, 136 were in Seltún and the remaining 82 
were in Austurengjar (Figure 9). 

 

Figure 8 The CO2 flux meter used in this study to measure CO2 flux through soil. 

The accumulation chamber method is generally considered a good approach to measure 
diffuse soil CO2 flux in geothermal and volcanic areas (Chiodini et al., 1998). The method 
does not require assumptions or correlations depending on soil characteristics (Chiodini et 
al., 1998). To eliminate contamination by atmospheric air the chamber rim was held tight 
to the ground during each measurement. Most of the measurement points were taken in late 
summer or autumn during dry and calm weather conditions. This was done to avoid the 
influence of external weather factors on the soil CO2 flux e.g., water saturation of the soil. 
The average time of each measurement was 1-2 minutes, depending on the time the rate of 
CO2 concentration increase stabilized. To evaluate the total CO2 emission from the 
measured areas the Kriging algorithm was used for interpolation. The soil temperature was 
measured with a handheld digital thermometer with a 15 cm long probe.  
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Figure 9 Location of measured sites of CO2 flux through soil and ground temperature measurements in 
Krýsuvík (Hveradalir, Seltún and Austurengjar). 

3.4 Geophysical data 
The collection and analysis of the geophysical datasets was carried out by the Icelandic 
Meteorological Office (IMO) (seismic data) and the University of Iceland (GPS data). The 
datasets were used to compare with fumarolic gas composition measured by the MultiGAS 
station in Hveradalir, Krýsuvík. 

3.4.1.1. Seismic data 

The digital seismic network (SIL) operated by IMO is a national network with a special 
focus on SW Iceland (Figure 10). The SIL network has been in full automatic operation 
since 1991. The main purpose of the SIL network is to automatically detect and locate 
earthquakes in the range of magnitude Ml 0 or less for monitoring, as well as to get high 
quality data for earthquake prediction research (Jakobsdóttir, 2008). In 1994 the number of 
stations was 14 and in 2013 the network consisted of over 60 stations (Sigurlaug 
Hjaltadóttir, pers. comm. September, 2014). 

. 
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Figure 10 Locations and names of the seismic stations within the SIL seismic network in S-Iceland. 

The manually checked earthquake data were provided by the IMO. The list included 
recorded seismic events (date and time) as well as local moment magnitude (MlW), local 
magnitude (Ml) and seismic moment (M0) from the Krýsuvík region in 2013. The list 
included a total of 354 events with 217 events occurring in the late April-November 
period. The seismic moment was used to calculate the moment magnitude, MW (Hanks and 
Kanamori, 1979):  

       (2)  

The catalogues magnitude of completeness, MW 0.75, was estimated using a b-value plot 
(Figure 11). All smaller events were discarded from the analysis, leaving a total of 172 
events for the period from late April through November. The b-value is a measure of the 
relative number of small to large earthquakes that take place in a given area in a given 
period of time (Farrell et al., 2009). The b-value is usually around 1 in seismically active 
regions, but there are some variations with b-values observed in the range of 0.5-2 
depending on factors like the type of the tectonic environment and stress (Schorlemmer et 
al., 2005). The b-value in Krýsuvík was estimated to be 1.6. This high value is assumed to 
be related to heterogeneous crust as well as local stress perturbations. It is worth noting 
that for 2013 there is a smaller number of earthquakes above M 1.5 than expected from the 
catalogue based on the b-value. 

The largest recorded seismic event for the study period was MW 2.2 (Figure 12) and 
therefore the whole dataset of seismic events is classified as microseismic events (Norsar, 
2014).  
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Figure 11 b-value plot for the seismicity in Krýsuvík (2013). The b-value were estimated 1.6.  

The daily cumulative seismic moment was estimated showing several peaks of increased 
seismic activity over the study period, with the largest one in mid-July. The largest seismic 
event, MW 2.2, was recorded on 11 July 2013 (Figure 12). 

 

Figure 12 A plot showing the daily cumulative seismic moment (blue line) and the the accumulated seismic 
moment per day (red line). Earthquakes < MW 0.75 have been excluded.      

3.4.1.2. GPS data 

The Iceland CGPS network consists of over 90 stations mostly located at and around the 
active plate boundary. Since 2007 a continuous GPS station (KRIV) has been in operation 
in Krýsuvík. Another site, MOHA, started continuous operation in 2010 but the site had 
been measured annually since 2000. Using these stations episodes of local uplift and 
subsidence have been observed since 2009. The data from the station MOHA, located just 
north of the center of uplift (Figure 13), was used in this study. 
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Figure 13 Continuous GPS stations on the Reykjanes Peninsula including the region of the earthquake data 
(dashed box): latitudes 63.82 : 63.96 and longitudes -22.25 : -21.9 and the center of uplift (yellow circle). 
Pink: post-glacial lava older than 871 CE. Purple: post-glacial lava younger than 871 CE. 

The data was analysed using GAMIT/GLOBK version 10.4 in the ITRF08 reference frame. 
The station NYLA, outside the Krýsuvík deformation region, was used to eliminate 
common mode signal in the time series. The running weighted average of seven days for 
the dataset was then calculated (Figure 14). The calculated total subsidence during the year 
of 2013 was ≈ 21 mm. 
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Figure 14 Plot showing GPS movements for 2013 in Krýsuvík from the MOHA station. 
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4 Results 

4.1 Assessment of the influence of 
meterological conditions on the MultiGAS 
data  

It is important to assess the influence of meteorological conditions (here, wind and rain) on 
the MultiGAS measurements to understand how the gas data are affected by these factors. 
This, in turn, indicates whether data collected under certain conditions are reliable. 

The max gas concentrations (H2O, CO2, H2S and SO2) and the gas ratios (H2O/CO2, 
H2O/H2S, H2O/SO2, CO2/H2S, CO2/SO2, H2S/SO2) from the MultiGAS data were 
correlated with wind speed (m/s) and precipitation (mm/day). Wind data from the three 
weather stations closest to the location of the MultiGAS station were investigated: 
Festarfjall, Selvogur and Straumsvík; and precipitation data from the Keflavík airport 
station (Figure 15). The wind data (speed and direction) from the Festarfjall station and the 
Straumsvík station were nearly identical but the station furthest away (Selvogur) showed a 
slight deviation from the other two. Based on the topography of the area it was considered 
that the atmospheric conditions are the most similar between the locations of the Festarfjall 
weather station and the MultiGAS station (Figure 15). Thus wind data from the Festarfjall 
station were used to assess the influence wind has on the MultiGAS data.  

 

Figure 15 Location of the three weather stations closest to the MultiGAS station: Festarfjall (63°51.569'N, 
22°20.615'W), Straumsvík (64°02.628'N, 22°02.427'W) and Selvogur (63°50.736'N, 21°41.751'W). The 
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Keflavík airport weather station (63°58.481'N, 22°35.255'W) also measures precipitation. The map also 
shows the location of the MultiGAS station in Hveradalir, Krýsuvík (63°58.481'N, 22°35.255'W). 

The wind dataset from the Festarfjall station consists of hourly measurements. This 
resolution allows an accurate comparison between wind speed and each MultiGAS 
acquisition. MultiGAS data were acquired for 30 min starting at 00:00, 06:00, 12:00 and 
18:00 each day. The precipitation data is on the other hand only collected twice per day 
(09:00 and 18:00). The representative precipitation is taken to be the total precipitation per 
day (where one day is defined from 18:00-18:00 UTC), and used to compare with all 
MultiGAS acquisitions made that same day. Therefore the correlation of precipitation data 
with MultiGAS acquisitions likely has more error. 
 
Variation in gas concentrations with wind speed 
The variations in gas concentrations with wind speed are summarised in Table 1. The 
results show that the highest concentrations of CO2 and H2S are observed during periods of 
low wind speed (Figure 16). All concentrations ˃85 ppmv for CO2 are measured at wind 
speed <5 m/s, and H2S concentrations decrease proportionally with increase in wind speed. 
Concentrations lower than ˂50 ppmv for CO2 are visually distributed evenly between 0-10 
m/s but then decrease proportionally with higher wind speed. These results highlight the 
effect of wind on the CO2 and H2S data. This effect is attributed to a higher degree of 
dilution of the gas emissions by ambient air with increasing wind speed.  
 
Concentrations of both CO2 an H2S show large variations during periods of low wind 
speed (<5 m/s). This is considered to be an indication of variability in the degassing 
behaviour of the geothermal system (based on the variable CO2/H2S ratios, see section 
4.2), as well as an effect of variable wind dilution.  
 
Concentrations of H2O and SO2 fluctuate significantly in measurements made during 
periods of 0-15 m/s wind speed. At wind speed >15 m/s SO2 is never detected; H2O is 
detected much less frequently and its concentrations markedly lower (˂1000 ppmv) 
(Figure 16). 
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Figure 16 Gas concentrations (ppmv) of H2S, CO2, H2O and SO2 as measured by the MultiGAS station 
plotted against wind speed (m/s). The wind data is obtained from the Festarfjall weather station. The 
concentrations of CO2 and H2S (top figure) show a correlation with wind speed where high concentrations 
(˃85 ppmv for CO2 and ˃4.5 ppmv for H2S) are measured during low wind speed (˂5 m/s). Concentrations 
of CO2 and H2S show the greatest variations at lower wind speed (˂5 m/s). Concentrations of H2O and SO2 
(bottom figure) show great variations between 0-15 m/s, and their detection frequency decreases in >15 m/s. 
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Table 1 Summary of the correlation between wind speed (m/s) and gas concentrations measured by the 
MultiGAS station. 

 H2O CO2 H2S SO2 

0-5 m/s Large variations 
(3-6000 ppmv)  
with no 
correlation to 
wind speed (m/s) 

Large variations. 
Detection of the 
highest 
concentrations (>85 
ppmv) 

Large 
variations. 
Detection of the 
highest 
concentrations 
(>4.5 ppmv) 

Large 
variations 
(0.01-0.45 
ppmv)  with 
no correlation 
to wind speed 
(m/s) 

0-10 m/s Large variations 
(3-4800 ppmv)  
with no 
correlation to 
wind speed (m/s) 

Concentrations (>50 
ppmv) evenly 
distributed between 
0-10 m/s 

Concentrations 
decrease 
proportionally 
with wind speed 

Large 
variations 
(0.01-0.50 
ppmv)  with 
no correlation 
to wind speed 
(m/s) 

10-15 m/s Large variations 
(3-4800 ppmv)  
with no 
correlation to 
wind speed (m/s) 

Concentrations (>50 
ppmv) decrease 
proportionally with 
wind speed 

Concentrations 
decrease 
proportionally 
withwind speed 

Large 
variations 
(0.01-0.30 
ppmv)  with 
no correlation 
to wind speed 
(m/s) 

>15 m/s Fewer and 
markedly lower 
(<1000 ppmv) 
concentrations 

Concentrations (>50 
ppmv) decrease 
proportionally with 
wind speed 

Concentrations 
decrease 
proportionally 
with wind speed 

Not detected 

 
Variations in gas ratios with wind speed 
Comparison of the wind speed and the gas ratios (H2O/CO2, H2O/H2S, H2O/SO2, CO2/H2S, 
CO2/SO2 and H2S/SO2) shows that the highest values for the CO2/H2S, CO2/SO2 and 
H2S/SO2 ratios (CO2/H2S >75; CO2/SO2 >1500; H2S/SO2 >80) are obtained only during 
periods of low wind speed (<5 m/s) (Figure 17).  
Low ratios of CO2/H2S (<30), CO2/SO2 (<1500) and H2S/SO2 (<80) are found almost 
evenly distributed between ̴ 0-10 m/s, followed by a progressive decrease with higher wind 
speeds (Figure 17).  
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Figure 17 CO2/H2S, H2S/SO2 and CO2/SO2 molar ratios as a function of wind speed. The highest ratios of 
CO2/H2S (>75), H2S/SO2 (>80) and CO2/SO2 (>1500) are obtained during relatively low wind speed 
(approximately <5 m/s). Lower values of CO2/H2S (<75), H2S/SO2 (<80) and CO2/SO2 (<1500) are detected 
more frequently than the higher values and there is no visible relation to wind speed  <10 m/s. Above 10 m/s 
there is a marked decrease in the frequency of ratios obtained. No non-condensable gas was detected above 
18 m/s. During the low wind speed period large variations are observed for CO2/H2S, H2S/SO2 and CO2/SO2 
ratios. 
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Little correlation is apparent between the H2O/X ratios (where X stands for CO2, H2S and 
SO2) with wind speed below 15 m/s (Figure 18). It is noticeable that fewer, and in the case 
of H2O/SO2 no SO2  is detected when wind speed reaches 15 m/s. Large variability in 
H2O/X ratios is observed between 0-15 m/s. The great variations in H2O/X ratios at wind 
speeds of 0-15 m/s are considered to be controlled by the degree of condensation of H2O 
before sampling, rather than fluctuations within the degassing system. This is based on 
comparison between H2O/CO2 and H2O/H2S ratios from the MultiGAS data and from the 
fumarole samples (Table 9).  Low ratios of H2O/CO2 (<180) and H2O/H2S (<1000) are 
therefore not considered to be representative for the steam composition of the emissions 
from the fumarole. 
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Figure 18 H2O/X ratios as a function of wind speed. Wind speed <15 m/s does not appear to affect detection 
of  H2O/X ratios below >15 m/s where markedly fewer ratios are detected. No gas ratios were detected at ˃18 
m/s for the H2O/CO2 and H2O/H2S ratios. For H2O/SO2 ratio all values are detected at <14 m/s. 

All the MultiGAS ratios (H2O/CO2, H2O/H2S, H2O/SO2, CO2/H2S, CO2/SO2, H2S/SO2) are 
detected at <18 m/s even though the highest measured wind speed was 21 m/s. This 
highlights the effect of wind on the MultiGAS data. During periods of low wind speed (<5 
m/s), the ratios CO2/H2S, CO2/SO2 and H2S/SO2 show fluctuations independent of wind 
speed. This is considered to indicate that there is variability in the degassing behaviour of 
the geothermal system. In Table 2 the effect wind speed (m/s) has on the MultiGAS ratios 
is summarized. 
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Table 2 Summary of the correlation of wind speed (m/s) and the MultiGAS molar ratios. 

 H2O/ CO2 H2O/H2S H2O/SO2 CO2/H2S CO2/SO2 H2S/SO2 

0-5 m/s Large 
variations 
(0.555-192) 
no 
correlation 
with wind 
speed 

Large 
variations 
(9.359-
6597) no 
correlation 
with wind 
speed 

Large 
variations 
(3149-
49.143) no 
correlation 
with wind 
speed 

Large 
variations. 
Detection of 
the highest 
observed 
ratios (>75) 

Large 
variations. 
Detection of 
the highest 
observed 
ratios (>1500) 

Large 
variations. 
Detection of 
the highest 
observed 
ratios (>80) 

0-10 m/s Large 
variations 
(0.555-216) 
no 
correlation 
with wind 
speed 

Large 
variations 
(9.359-
10257) no 
correlation 
with wind 
speed 

Large 
variations 
(25.133-
107.298) 
no 
correlation 
with wind 
speed 

Ratios (>30) 
evenly 
distributed 
between 0-10 
m/s 

Ratios  
(>1200) 
evenly 
distributed 
between 0-10 
m/s 

Ratios  
(>80) evenly 
distributed 
between 0-
10 m/s 

10-15 
m/s 

Large 
variations 
(0.555-190) 
no 
correlation 
with wind 
speed 

Large 
variations 
(9.359-
2901) no 
correlation 
with wind 
speed 

Marked 
decrease in 
number of 
detected 
ratios 

Ratios 
decrease 
proportionally 
with wind 
speed 

Marked 
decrease in 
number of 
detected ratios 

Marked 
decrease in 
number of 
detected 
ratios 

˃15 m/s Marked 
decrease in 
number of 
detected 
ratios 

Marked 
decrease in 
number of 
detected 
ratios 

No 
detected 
ratios 

Ratios 
decrease 
proportionally 
to wind speed 

No detected 
ratios 

No ratios 
detected 

 
Variation in gas concentrations with precipitation 
Table 3 Summarizes the correlation between precipitation (mm/day) and gas 
concentrations (H2O, CO2, H2S and SO2) measured by the MultiGAS station. The 
comparison of the MultiGAS and precipitation data demonstrated that all the gas species 
observed are affected by rainfall with the higher concentrations observed during relatively 
dry days (<2 mm/day). Greater fluctuations in gas concentrations are also observed during 
dry days.  

The H2O and SO2 concentrations appear to be affected by rainfall to a greater extent than 
the concentrations of CO2 and H2S, with the vast majority of concentrations detected in a 
<2 mm/day. In addition, all of the highest H2O and SO2 concentrations (>1000 ppmv and 
>0.17, respectively) are measured almost exclusively in <2 mm/day (Figure 19). The 
spread of the detected concentrations is also higher during the dry periods. The lowest and 
more abundant (<200 ppmv) H2O concentrations seem to be evenly distributed between 0-
10 mm/day; values then decrease rapidly with increasing precipitation (Figure 19). A 
decrease in concentrations of H2O detected on rainy days is attributed to increased 
condensation prior to sampling. The water saturation of the soil is the most probable cause 
of the markedly few times SO2 is detected in >2 mm/day relative to the dry periods. This in 
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turn is explained by the very low initial SO2 concentrations of the emissions, as well as the 
relatively high solubility of SO2 in water. Water saturation in the soil can also inhibit 
degassing at certain extent which results in lower gas concentrations; this has previously 
been reported in studies using the accumulation chamber method (e.g., Granieri et al., 
2003). 

Concentrations of CO2 and H2S gradually decrease with increasing precipitation with only 
a few exceptions (Figure 19). The highest gas concentrations for CO2 and H2S (˃140 and 
˃6 ppmv, respectively) are observed in <2 mm/day precipitation. The poorer correlation of 
CO2 and H2S with precipitation than that of H2O is attributed to CO2 and H2S being much 
less affected by condensation than H2O. The CO2 and H2S decrease with increasing 
precipitation can be explained to water saturation in the soil. 

 

 
Figure 19 Gas concentrations of H2O, SO2, CO2 and H2S (ppmv) as a function of precipitation (mm/day). 
Higher concentrations of H2O (>1000 ppmv) and SO2 (>0.20 ppmv) are measured almost exclusively in  <2 
mm precipitation. The concentrations detected also show a greater variability during dry periods (<2 
mm/day). The lowest and most frequently detected H2O concentrations (<200 ppmv) appear to be evenly 
distributed between 0-10 mm/day; values then decrease rapidly with increasing precipitation. Concentrations 
of CO2 and H2S gradually decrease with increasing precipitation. 
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Table 3 Summary of the correlation between precipitation (mm/day) and gas concentrations measured by 
the MultiGAS station. 

 H2O CO2 H2S SO2 

0-2 mm/day Large variations 
and all 
concentrations 
higher than (>1000 
ppmv) 

Large variations and 
highest concentrations 
detected (>140 ppmv) 

Large variations 
and highest 
concentrations 
detected (>6 ppmv) 

Large variations 
and all 
concentrations 
higher than (>0.20 
ppmv) 

2-10 mm/day Concentrations 
(>200 ppmv) 
evenly distributed 
from 0-10 mm/day 

Concentrations (>140 
ppmv) decrease 
proportionally to 
precipitation 

Concentrations 
decrease 
proportionally to 
wind speed 

Marked decrease in 
the frequency of 
detected 
concentrations 

˃10 mm/day Marked decrease in 
the frequency of 
detected 
concentrations 

Marked decrease in the 
frequency of detected 
concentrations 

Marked decrease in 
the frequency of 
detected 
concentrations 

Marked decrease in 
the frequency of 
detected 
concentrations 

 

Variations in gas ratios with precipitation 
Table 4 summarizes how the gas molar ratios are distributed in precipitation (mm/day). All 
values for the H2O/X ratios higher than H2O/CO2 >19, H2O/H2S >1020 and H2O/SO2 
>27.800 are obtained almost exclusively during periods of < 2 mm/day precipitation. The 
lower and more frequently obtained H2O/X values (H2O/CO2 <19, H2O/H2S <1020 and 
H2O/SO2 <27.800) appear to be evenly distributed from 0 to 5 mm/day; ratio values 
decrease rapidly with increasing precipitation (Figure 20). 
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Figure 20 H2O/CO2, H2O/H2S and H2O/SO2 molar ratios as a function of precipitation (mm/day). The 
highest H2O/CO2 (>19), H2O/H2S (>1020) and H2O/SO2 (>27,800) ratios are obtained during dry periods (<2 
mm/day). The most frequently obtained values for H2O/CO2 (<19) and H2O/H2S (<1020) are visually evenly 
distributed between ̴ 0-5 mm/day precipitation. In >5 mm/day precipitation non-condensable gases are less 
frequently detected.. 

The other gas species (CO2/H2S, CO2/SO2 and H2S/SO2) are predominantly detected 
during periods with <2 mm/day precipitation. Out of all the ratios, 68% of CO2/H2S are 
obtained during the dry periods; 81% of H2S/SO2; and 87.9% of CO2/SO2 (Figure 21). 
These gas species are less affected by condensation during rainy days than H2O. 
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Figure 21 CO2/H2S, CO2/SO2 and H2S/SO2 molar ratios as a function of precipitation (mm/day). The ratios 
are obtained predominantly during periods with <2 mm/day rainfall. However, high ratio values are not 
confined to the dry periods. 
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Table 4 Summary of the correlation of precipitation (mm/day) and the MultiGAS molar ratios. 

 H2O/ CO2 H2O/H2S H2O/SO2 CO2/H2S CO2/SO2 H2S/SO2 

0-2 
mm/day 

Large 
variations and 
highest 
concentrations 
observed (>19) 

Large 
variations and 
highest 
concentrations 
observed 
(>1020) 

Large 
variations and 
highest 
concentration
s (>27,800) 

68% of all 
obtained 
ratios 

88% of all 
obtained 
ratios 

81% of all 
obtained 
ratios 

2-10 
mm/day 

Ratios (>19) 
decrease 
proportionally 
to precipitation 

Ratios (>1020) 
decrease 
proportionally 
to precipitation 

Marked 
decrease in 
number of 
obtained 
ratios 

Marked 
decrease in 
number of 
obtained 
ratios 

Marked 
decrease in 
number of 
obtained 
ratios 

Marked 
decrease in 
number of 
obtained 
ratios 

˃10 
mm/day 

Marked 
decrease in 
number of 
obtained ratios 

Marked 
decrease in 
number of 
obtained ratios 

Marked 
decrease in 
number of 
obtained 
ratios 

Marked 
decrease in 
number of 
obtained 
ratios 

Marked 
decrease in 
number of 
obtained 
ratios 

Marked 
decrease in 
number of 
obtained  
ratios 

 

In summary, the CO2 and H2S concentrations from the MultiGAS depend on ambient 
conditions (air dilution, changing wind intensity and precipitation) while calculated ratios 
do not. The ratios however show more variability during calm (˂5 m/s) and/or dry (˂2 
mm/day) periods. That is caused by the largest variations in gas concentrations being 
detected predominantly during these periods. Lesser variability and a smaller number of 
ratios is obtained during periods of >5 m/s and/or >2 mm/day where measured 
concentrations are lower and in some cases not allowing the calculation of gas ratios. 
However, variable condensation processes affecting the H2O concentrations cause the 
H2O/X ratios often to be low and not representative for the system. It was decided to 
eliminate all gas ratios obtained in more than 2 mm/day precipitation. Additionally, 
CO2/H2S, CO2/SO2 and H2S/SO2 ratios collected in periods of wind speed above 5 m/s 
were eliminated. This allows for using only ratios calculated from concentrations deemed 
slightly or not to be affected by the meteorological conditions, for correlation with 
geophysical observations. Table 5 shows the resulting reduction of the dataset. It is 
concluded that detection of all gas species and their variability would be improved if the 
station were to be sheltered from wind and rain.  
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Table 5 The reduction of the dataset from the MultiGAS station after elimination of data collected in 
>2mm/day rain and in case of CO2/H2S, CO2/SO2 and H2S/SO2 also in >5 m/s wind speed. 

Gas 
species 

Reduction 
(%) 

H2O/CO2 35 

H2O/H2S 24 

H2O/SO2 11 

CO2/H2S 55 

CO2/SO2 33 

H2S/SO2 50 

 

4.2 Gas composition 
Based on the MultiGAS dataset the gas composition in Krýsuvík is H2O dominated with 
CO2 as the most dominant dry gas species, and smaller amounts of H2S. These results are 
comparable to previous gas measurements in Krýsuvík made by direct sampling (e.g., 
Arnórsson, 1987). SO2 has not been previously detected in Krýsuvík. Tables 6 and 7 
summarize the gas composition data. Looking at the max and min concentrations and the 
standard deviation values in Table 6 it is clear that the concentrations cover a large range 
of values. That is caused by variable air dilution, pre-sampling condensation of H2O and a 
variable degassing behaviour in the system (Figure 23).  

Table 6 Maximum and minimum molar gas concentrations by the MultiGAS station in Hveradalir, Krýsuvík. 
Median and standard deviation (SD) are also shown. d.l.-instrument detection limit. 

 Max 
(ppmv) 

Min 
(ppmv) 

Average 
(ppmv) 

Median 
(ppmv) 

SD 

H2O 6000 3 416 130 726 

CO2 350 3 31 19 39 

H2S 8.2 0.02 1.8 1.4 1.7 

SO2 0.5 0.05 (d.l.) 0.08 0.05 0.08 

 

The molar gas ratios from the MultiGAS data are shown in Table 7. The max, min and 
standard deviation values show that the ratios cover a large range of values. 
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Table 7 Variations of the molar gas ratios measured by the MultiGAS station in Hveradalir, Krýsuvík 
(excluding data affected by meterological factors). 

 Max Min Average Median SD 

H2O/CO2 217 0.555 26.5 9.0 38.3 

H2O/H2S 10257 9.359 640.4 217.6 1016.2 

H2O/SO2 107298 2380 26908 25133 23086 

CO2/H2S 107 4.06 16.5 11.8 13.6 

CO2/SO2 3006 57.97 767.4 662.3 563.2 

H2S/SO2 148 10.9 41.6 34.9 27.8 

 

As Table 6 shows, the SO2 concentrations are very low but the bulk (63%) is above the 
detection limit (0.05 ppmv) of the MultiGAS sensor. Concentrations below 0.05 ppmv are 
considered as noise from the instrument. The SO2 sensor is not quantitative below 1 ppmv 
so the measurements (0.05-1 ppmv) should only be viewed as qualitative assessments of 
SO2 concentration, with great uncertainty of emitted concentrations. Concentrations ˂0.05 
ppmv are excluded as they are below the instrument detection limit.  

SO2 concentrations are not expected to be high in geothermal systems like Krýsuvík. This 
is due to abundant water within the system where hydrolysis reactions change SO2 into 
H2S, sulfuric acid (H2SO4) and and elemental sulfur (e.g., Ármannsson et al., 1981, 1989, 
Ármannsson and Hauksson, 1980, Gíslason et al., 1978, Óskarsson, 1978, 1984). However, 
the SO2 detected here (concentrations above 0.05 ppmv) is not considered to be a false 
signal or interference from other gas species. There are several factors that have been used 
to evaluate the reliability of the SO2 data: 

• SO2 is observed independently from high concentrations of H2S. Therefore, the SO2 
measurements are unlikely to be interference between the H2S and SO2 sensors. 

• The MultiGAS station is equipped with highly sensitive sensors which are capable of 
detecting very low concentrations. 

• It is considered possible that small amounts of SO2 may be present in emissions from 
Krýsuvík. Magmatic SO2 might be able to ascend rapidly to the surface during 
periods of high seismic activity.  

• Another potential source of SO2 is near surface oxidation of H2S to SO2.  

The measured gas composition (where effects of the metrological conditions have been 
eliminated), shows significant variations over short time scales. There are distinct periods 
with peaks in H2O/CO2 and H2O/H2S ratios. SO2 was detected almost exclusively at the 
same time as the peaks of H2O/CO2 and H2O/H2S ratios (Figure 22). These results also 
indicate that the degassing behaviour of the Krýsuvík geothermal system is variable over 
short timescales (hours and days).  
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Figure 22 Normalized variations in gas composition as measured by the MultiGAS station (where 
measurements effected by metrological conditions have been eliminated). There are distinct intervals with 
peaks of increased H2O/CO2 and H2O/H2S ratios. SO2 is detected during the same intervals allowing 
calculation of H2O/SO2, CO2/SO2 and H2S/SO2 ratios. 

The CO2/H2S ratio also shows large variations (4.06-107) but it does not show regular 
peaks in the time series as the H2O/CO2 and H2O/H2S ratios (Figure 23). The CO2/H2S 
ratios obtained from the MultiGAS data generally fall within the range of ratios measured 
in fumaroles in Krýsuvík (this study, Arnórsson, 1987 and data from the Iceland 
GeoSurvey database). However, the MultiGAS data shows more variability than the 
fumarole data. This is considered to be the result of the MultiGAS station measuring near-
continuously for over 7 months, thereby picking out short-timescale variations which may 
be missed by point sampling.  
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Figure 23 Time series (April-November 2013) of the CO2/H2S ratios in MultiGAS data station (where 
measurements affected by metereological conditions have been eliminated). The blue band corresponds to 
the range of CO2/H2S ratios (from 3-41) in Krýsuvík fumaroles (this study, Arnórsson, 1987 and data from 
the Iceland GeoSurvey database). The CO2/H2S ratios from MultiGAS station generally fall within the blue 
band, but also show more short-timescale variability. 

4.3 Chemical analysis of fumarole samples 
The fumarole gas samples from Krýsuvík were dominated by H2O (96.6-99.6 vol%) with 
CO2 as the dominant dry gas component, followed by much smaller amounts of H2S, 
nitrogen (N2), hydrogen (H2), methane (CH4) and argon (Ar) (Table 8). One sample 
(Seltún 1) had a small component of O2. This is believed to be a result of atmospheric 
contamination during sampling. Because water condenses easily the H2O concentration in 
the gas samples can be affected by condensation processes in the sampling train resulting 
in measurements errors (Lee et al., 2005).  

Table 8 The table shows the vol% concentration in fumarolic steam from the 8 samples. 

 

 
 

 
 

 

 

The calculated ratios of H2O/CO2, H2O/H2S and CO2/H2S from the fumarole samples are 
compared to the MultiGAS ratios in Table 9. The average value for H2O/CO2 and H2O/H2S 
from the fumarole samples (Sample Seltún 1 was excluded from the average calculations 
due to likely condensation process during sampling), fall within the range of the highest 
H2O/CO2 and H2O/H2S ratios measured by the MultiGAS. For CO2/H2S, the average value 
of the fumarole samples is close to the average value of the MultiGAS data. 

Sample Date H2O % CO2% H2S% H2% Ar% O2% N2% CH4% 

Seltún 1  18.02.14 96.9 2.34 0.430 0.289 0.0006 0.0048 0.032 0.0026 

Seltún 2  23.04.14 99.4 0.48 0.092 0.029 0.0 0.0 0.002 0.0002 

Hverahvammur 1 18.02.14 99.5 0.44 0.043 0.010 0.0 0.0 0.002 0.0 

Hverahvammur 2 23.04.14 99.4 0.54 0.056 0.006 0.0 0.0 0.003 0.0 

Austurengjar 1 18.02.14 99.4 0.54 0.023 0.037 0.0 0.0 0.004 0.0006 

Austurengjar 2 23.04.14 99.5 0.41 0.065 0.027 0.0 0.0 0.001 0.0003 

Hverahöfði 1  18.02.14 99.4 0.44 0.024 0.118 0.0003 0.0 0.016 0.0014 

Hverahöfði 2  23.04.14 99.6 0.37 0.022 0.003 0.0 0.0 0.002 0.0001 
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Table 9 The calculated molar ratios of H2O/CO2, H2O/H2S and CO2/H2S for the fumarole samples and from the MultiGAS data. Sample Seltún 1 is excluded from the 1 
average calculations due to likely condensation in the sampling train. The maximum H2O/H2S values in the MultiGAS data (10257.1) is by far the highest value, the 2 
second highest value (3852) is, much closer to the average value of the fumarole samples. 3 

4 
   

MultiGAS 

     

Fumaroles 

      

                 

Ratio  Max  Min  Average  Median Seltún 2 Hvera-
hvammur 1 

Hvera-
hvammur 2 

Austurengjar 1 Austurengjar 2 Hverahöfði 1 Hverahöfði 2 Average 

                 

H2O/CO2  216  0.555  26.5  9.0 209 224 186 186 244 226 267 220 

                 

H2O/H2S  10257  9.359  640.35  217.65 1078 2290 1777 4298 1541 4100 4430 2788 

                 

CO2/H2S  107  4.06  16.5  11.8 5.2 10 9.6 23 6.3 18 17 13 
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In (Figure 24), the CO2/H2S molar ratios for the fumarole samples of this study are 
compared to those for other samples collected in the Krýsuvík area. The samples show 
CO2/H2S variability in the range of approximately 3-41. It is suggested by Arnórsson, 
(1987) that the variations might be due to local topography with the lowest H2S 
concentrations on high slopes and ridges caused by oxidation of H2S in the upflow above 
the groundwater table. 

 
Figure 24 Values of CO2/H2S molar ratios in fumaroles within the Krýsuvík geothermal system. Krýsuvík 
fumarole emissions show significant variations in CO2/H2S ratios in the approximate range 3-41. The most 
common values seem to be 5-25. The data are from this study, Arnórsson, (1987), and from the Iceland 
GeoSurvey database. 

Chloride in condensed steam generally has two sources; it can either be gaseous HCl or 
dissolved Cl (or NaCl) carried over as droplets in the steam. The former would be 
considered a product of degassing magma, but the latter stems from groundwater through 
which the steam has passed – in which case the concentration commonly varies with 
topography, with the highest concentrations in areas where the groundwater table is close 
to the surface. The Cl concentrations from the condensate samples of this study are low 
and variable (0.04-0.75 mg/kg). For comparison, the Cl concentration in samples from the 
Krafla system in recent years are slightly lower (from 0.03-0.36 mg/kg; Kristinsson et al., 
2013). In a study by Gíslason et al. (1984) significantly higher Cl concentrations have been 
observed at Theistareykir, North Iceland (up to 203 mg/kg). The Na/Cl ratio can be used as 
an indicator to determine is magmatic gas is coming into the system in increased levels. If 
the Na/Cl ratio is >9 the magmatic contribution is small. When the magmatic gas 
contribution is high the Cl (in the form of HCl) concentration rises, lowering the Na/Cl 
ratio (Ármannsson and Hauksson, 1980). In this study the Na concentration was not 
measured but, so the Na/Cl ratio can not be obtained. The low Cl concentrations (Table 10) 
measured indicate no significant magmatic contribution of Cl to the steam.  

 



46 

Table 10 Concentration of Cl in the 8 fumarole samples collected for this study. 

Sample Cl (mg/kg) 

Seltún 1 0.53 

Seltún 2 0.05 

Hverahvammur 1 0.34 

Hverahvammur 2 0.75 

Austurengjar 1 0.08 

Austurengjar 2 0.04 

Hverahöfði 1 0.37 

Hverahöfði 2 0.13 

The highest concentrations of Cl in this study were observed in Hverahvammur where the 
groundwater table is shallow. The high variations from the Seltún 1 and 2 samples are 
likely caused by the condensation of sample Seltún 1 and therefore results from Seltún 2 
are more likely to be representive of the sample location. 

4.3.1 Application of gas geothermometers 

Application of gas geothermometers was used to determine the subsurface temperature of 
the Krýsuvík geothermal system based on the fumarole steam composition. Here gas 
geothemometers from Arnórsson et al., (1998) and Arnórsson and Gunnlaugsson (1985) 
were used (Table 11). The gas geothermometers are based on that the concentrations of 
CO2, H2S and H2 in geothermal reservoir waters are controlled by temperature dependent 
equilibria with minerals (Arnórsson and D´Amore, 2000). No specific recommendation 
exists on which gas geothermometers should be used for a specific geothermal area. 
Therefore it is better to use more than one and compare to other results from the same area 
in order to assess which geothermometers give the most reliable information (Arnórsson 
and D´Amore, 2000).  
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Table 11 Gas geothermometers applied to Krýsuvík fumarole samples. 

Geothermometer Temperature function1 Reference 

CO2 4.724Q3-11.068Q2+72.012Q+121.8 (Arnórsson et.al 1998) 

H2S 4.811Q2+66.152Q+177.6 (Arnórsson et.al 1998) 

H2 6.630Q3+5.836Q2+56.168Q+227.1 (Arnórsson et.al 1998) 

CO2 -44.1+269.25Q-76.88Q2+9.52Q3 (Arnórsson and Gunnlaugsson 
1985) 

H2S 173.2+65.04Q (Arnórsson and Gunnlaugsson 
1985) 

H2 212.2+65.04Q (Arnórsson and Gunnlaugsson 
1985) 

1Q refers to the logarithm of the respective gas concentration or ratio in moles per kg of 
steam. 

The results of the various gas geothermometers are shown in Table 12. The lowest 
individual variation was observed for both the CO2 geothermometers, indicating sub-
surface temperature of 292°C. The agreement of the other geothermometers was not very 
good as predicted temperatures varied for individual samples. The average value of the 
H2S geothermometers was 265°C and of the H2 275°C. Also, a substantial discrepancy was 
observed between the various geothermometers which is known from previous studies 
(e.g., Arnórsson et al., 1985). There the discrepancy was concluded to be related to steam 
condensation in the upflow or separation of the rising steam from the water at elevated 
pressures and preferential removal of H2 to H2S in the upflow. 

Table 12 The results from the applied gasgeothermometers. The temperature value are in °C. 

Sample     nr. 
   

1CO2      1H2S     1H2     2CO2    2H2S         2H2   Average 
Hverahvammur 1 1 292 276 274 288 261 259 275 
Hverahvammur 2 2 303 268 256 295 270 243 272 
Austurengi 1 3 301 255 323 294 244 295 285 
Austurengi 2 4 289 290 309 286 273 286 289 
Hverahöfði 1 5 292 257 281 288 245 266 271 

Hverahöfði 2 6 292 259 244 288 247 231 260 
Seltún 2 7 297 304 313 291 284 289 296 

 1(Arnórsson et al, 1998) 2(Arnórsson and Gunnlaugsson, 1985). 

The application of gas geothemometers are shown in (Figure 25). The average sub-surface 
temperature was estimated around 275°C which is comparable with previous studies (e.g., 
Arnórsson and Gunnlaugsson, 1985, Arnórsson, 1987, Yohannes, 2004).  

. 
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Figure 25 Applied gas geothermometers for Krýsuvík. The average line (light blue), indicating subsurface 
temperature of 275°C.  

4.4 Soil CO2 flux and temperature 
measurements 

The estimated size of the Krýsuvík geothermal system is 40-60 km2 (Sæmundsson and 
Sigurgeirsson, 2013). The most intense soil diffuse degassing of CO2 is considered to be 
related to the areas with intense surface activity, mostly in the three observation sites, a 
total of 0.31 km2. The CO2 flux measurements ranged between 0.01 and 29,200 g m-2day-1 
with an average value of 385 g m-2day-1 which is significantly higher than was observed in 
the Reykjanes field in 2011 (average of 163 g m-2day-1; Óladóttir (2012)). The reason for 
this high average value might be related to the few significantly high values observed (up 
to 29,200 g m-2day-1) which are among the highest values that have been observed in 
Icelandic systems. Another reason might be that the observation points were all located 
within an area of intense surface activity. In Reykjanes the measured grid is extended 
beyond the most active area, resulting in a lowering of the average value. In Austurengjar 
(0.09 km2) 79.8% of all observation points show a very low CO2 flux (<10 g m-2day-1 is 
considered very low). In Hveradalir (0.14 km2) 68% of the CO2 flux measured is very low 
and 50.7% in Seltún (0.08 km2) (Figure 26). The results from the three observation areas 
are shown in Table 13. It should be noted that the few extremely high CO2 flux values 
observed (up to 29,200 CO2/H2S) greatly affect the total value. The total CO2 soil flux for 
the three observation areas was derived using the Kriging algorithm, a geostatical method 
for the interpolation of CO2 flux in the areas between the observation points.  
 

 

Table 13 Results of soil CO2 flux measurements and soil temperature for the three observation areas in 
Krýsuvík (0.3 km2). The total flux was estimated using the Kriging interpolation. 

 Highest      
(g m-2day-1) 

Lowest      
(g m-2day-1) 

Average    
(g m-2day-1) 

Total 
(T/day) 

Highest 
(°C) 

Lowest 
(°C) 

Average 
(°C) 
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Hveradalir 27,800 0.01 475 70.9 99 4.2 22 

Seltún 29,200 0.16 304 19.6 98 4.2 17 

Austurengjar 15,400 0.13 217 10.9 85 5.8 15 

All measured 
points 

29,200 0.01 385 101.4 99 4.2 19 

 

The estimation of total flux from the three observation areas shows that the Hveradalir area 
had by far the greatest total flux of 70.9 T/day. Next was Seltún with 19.6 T/day and at last 
Austurengjar with 10.9 T/day. The total flux from the three observation areas was therefore 
estimated to be 101.4 T/day in an area of 0.31 km2. The total CO2 soil flux from the 
Krýsuvík geothermal system can be expected to exceed 101.4 T/day since several smaller 
sites with apparent surface activity (mostly related to the Trölladyngja subarea) were not 
measured in this study. Furthermore, the total CO2 soil flux calculated here should be 
considered as the minimum value for the total CO2 emission since the amount of CO2 
dissolved in groundwater is unknown. The soil temperature ranged between 4.2-99 °C with 
the average value 19°C. 
The total soil flux from the three measured sites in Krýsuvík (0.31 km2) is higher than the 
most recent flux estimated for the Reykjanes geothermal system (≈0.4 km2) on the RP 
where the most recent studies indicate a total flux of 51.4±8.9 T/day (Óladóttir, 2014). 
Other geothermal systems on the RP have not yet been investigated with respect to CO2 
soil flux. In comparison with other geothermal systems outside of Iceland the total flux is 
not unusually high (e.g., Bloomberg et al., 2012, Chiodini et al., 2001). The total flux from 
an area of 0.3 km2 in the Rotokawa high-temperature magma-hydrothermal field in New 
Zealand is estimated 116 ± 2 T/day, and the Solfatara volcano in Italy releases 1500 T/day 
of hydrothermal CO2 through soil diffuse degassing from a relatively small area (0.5 km2). 
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Figure 26 Map showing the results of the soil CO2 flux measurements from the three observation areas 
(Hveradalir, Seltún and Austurengjar). The highest flux was observed in Hveradalir, 70.9 T/day. In Seltún 
the flux was estimated 19.6 T/day and the lowest flux was estimated in Austurengjar, 10.9 T/day. The total 
flux from the three measured areas was therefore calculated as 101.4 T/day. 

Previous studies have shown that the soil CO2 flux in many geothermal areas has a strong 
correlation with soil temperature (e.g., Brombach et al., 2001, Granieri et al., 2010). The 
CO2 flux (g/m2/day) as a function of soil temperature (°C) at 15 cm depth in Krýsuvík 
(Figure 27) does not reveal a strong correlation (R2=0.115). This might be due to 
interaction of cold groundwater and steam where thermal energy in connection with steam 
condensation is laterally transported out of the system by groundwater (Fridrikson et al., 
2006). These results are comparable to the results of correlation of soil CO2 flux and 
temperature in the Reykjanes geothermal field (Óladóttir, 2012). 
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Figure 27 Correlation between CO2 (g/m2/day) and soil temperature (°C) at 15 cm depth. The absence of 
correlation might be due to interaction of cold groundwater and steam where thermal energy in connection 
with steam condensation is laterally transported out of the system by groundwater. 
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5 Discussion 

5.1 Correlation of geophysical observations and 
the MultiGAS data 

Natural variations in geothermal activity are a well-known phenomenon. The change may 
be gradual over years or decades as well as sudden changes on a timescale of days. 
Changes in high-temperature systems are usually more extreme compared to those in the 
low-temperature systems that seem to be more stable (Björnsson, 2001). It is known that 
earthquakes can cause significant changes to geothermal systems with pressure release and 
opening of fissures and cracks resulting in higher activity and increased heat flow. After 
the large earthquakes in South Iceland in June 2000 changes were observed in the regional 
geothermal systems including an increased flow rate activity in Geysir and other hot 
springs (Torfason, 2000). 

 
Correlation with H2O/CO2 and H2O/H2S ratios 
A visual correlation was observed between the H2O/CO2 and H2O/H2S gas ratios and 
crustal movements (microseismicity and ground deformation detected with continuous 
GPS measurements, Figure 28). The highest observed H2O/CO2 and H2O/H2S ratios 
followed periods of highest accumulative seismic moment per day (26 April 2013 and 10 
July 2013). The increase in measured H2O/CO2 and H2O/H2S ratios was observed within a 
few days of the largest seismic peaks. The seismic peaks increased and lasted over the 
aftershock period. Similarly, moderate increases in H2O/CO2 and H2O/H2S ratios were 
observed during periods of moderately sized peaks of accumulative seismic moment. Peaks 
of high H2O/CO2 and H2O/H2S ratios also seemed to follow periods of ground uplift when 
associated with the recorded seismic events. No gas peaks were observed during period of 
land subsidence associated with low seismic activity (Figure 28).  
.  
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Figure 28 Time series (2013) of gas composition as measured by MultiGAS compared to geophysical 
observations. Red line: daily cumulative seismic moment (Nm). Black line: accumulative seismic moment 
per day (Nm/day). Blue curve: Crustal movements monitored with GPS (mm). Light grey intervals: rainy 
days (mm/day). Dark grey interval: station not operating. All gas data have been normalized to display them 
on a single graph. Peaks of increased H2O/CO2 and H2O/H2S ratios appear to follow episodes of recorded 
microseismic events and crustal deformation. SO2 was detected predominantly at the same time as peaks of 
H2O/CO2 and H2O/H2S. 

The H2O/CO2 and H2O/H2S MultiGAS ratios showed greater variations (0.6-217 and 9.4-
10,257, respectively) than the ratios in the fumarole samples of this study (H2O/CO2 from 
185.5-267.3 and H2O/H2S from 1077.9- 4430.3). During periods of recorded crustal 
movements, the H2O/CO2 and H2O/H2S MultiGAS ratios rise and are more similar to the 
ratios in the fumarole samples (Table 14). 

It is proposed that the high variations in H2O/CO2 and H2O/H2S MultiGAS ratios are 
related to the intensity of fumarole activity. The fumarole activity was low during periods 
of low or no recorded seismic events and land subsidence (Figure 29). During these 
periods low H2O/CO2 and H2O/H2S ratios were obtained because of significant H2O 
condensation before the steam reaches its inlet tube. Therefore it is concluded that due to 
the MultiGAS setup in Krýsuvík (inlet 20 cm above ground-Figure 5) the low H2O/CO2 
and H2O/H2S ratios (˂180 and ˂1000, respectively) are not representable for the emitted 
fumarole gas composition. 

The fumaroles are considered to be more active during periods of recorded crustal 
movements. During these periods the steam rises up faster, possibly because of opening of 
new pathways and increased boiling caused by pressure release caused by seismicity 
(Figure 29). As a result, H2O is less affected by pre-sampling condensation which results 
in higher H2O/CO2 and H2O/H2S gas ratios measured by the MultiGAS.  
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Figure 29 A) Lower fumarole activity resulting in low H2O/CO2 and H2O/H2S gas ratios measured by 
MultiGAS. The cause is condensation before H2O reaches the inlet tube (20 cm above the ground). These 
low ratios are not representative of the fumarolic gas composition. B) Higher fumarole activity due to crustal 
movements. The steam is less affected by pre-sampling condensation resulting in higher H2O/CO2 and 
H2O/H2S ratios. These values are closer to the H2O/CO2 and H2O/H2S ratios as measured in direct samples of 
the fumaroles. 

Table 14 Comparison of the gas ratios from the MultiGAS station and for the fumarole samples of this study. 
The max value for H2O/H2S from the MultiGAS station is significantly higher than the second highest 
H2O/H2S value of 3852. 

 

MultiGAS 

   

Fumaroles 

Ratio Max Min Average Median Average 

H2O/CO2 217 0.56 26.5 9.0 220 

H2O/H2S 10257 9.36 640.4 217.7 2787.8 

CO2/H2S 107 4.06 16.5 11.8 12.7 

 
Correlation with CO2/H2S ratio 
No correlation was observed between CO2/H2S ratios obtained by the MultiGAS and 
periods of recorded crustal movements (Figure 30). The CO2/H2S MultiGAS ratios were 
generally consistent with those in fumarole samples (this study; Arnórsson, 1987, data 
from the Iceland GeoSurvey database) throughout the study period (Figure 30). CO2/H2S 
ratio is significantly less affected by condensation processes than H2O and their detection 
was therefore less dependent on the variations in the activity of the fumarole. The observed 
variations in CO2/H2S ratios are believed to be linked variations in the degassing behaviour 
of the system. 

Inlet tube 

 

Steam rising up closer to the 
inlet tube, with less pre-
sampling H2O condensation. 

 

Significant pre-
sampling H2O 
condensation 
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Figure 30 Time series (2013) of CO2/H2S MultiGAS ratios (where measurements effected by metrological 
conditions have been eliminated) correlated with crustal movements. The CO2/H2S ratio does not show any 
visible variations related to microseismicity or crustal deformation. The blue band corresponds to CO2/H2S 
ratios (3-41) from fumaroles in the Krýsuvík area (this study, Arnórsson, 1987, data from the Iceland 
GeoSurvey database). 

Correlation with SO2 signal 
SO2 was detected at the same time as peaks H2O/CO2 and H2O/H2S ratios (Figure 28). All 
detected concentrations of SO2 were very low (˂0.6 ppmv). The largest recorded seismic 
event for the period of this study was MW 2.22 (11 July 2013). Following this event and 
the several smaller aftershocks, the lowest H2S/SO2, CO2/SO2, H2O/SO2 ratios were 
obtained (Figure 28). If the SO2 signal was indeed real then a possible reason for it being 
detected during crustal movements is rapid ascent of the gas to the surface. In comparison, 
the relative change in CO2 concentration during events of crustal movements seems to be 
smaller than that of SO2, likely because of its abundance in the system.  

In summary, the results suggest that during periods of increased seismic activity and 
crustal movements the activity of the fumaroles increases. The degassing regime in 
Krýsuvík is variable with changes in fumarole activity, and fluctuations in gas composition 
(in particular CO2/H2S as well as the transient detection of SO2).  

5.2 Origin of the Krýsuvík gas emissions 
The ternary H2O-CO2-S plot (Figure 31) compares the gas composition at Krýsuvík, 
measured by the MultiGAS, with other volcanic and geothermal systems in Iceland 
(including magmatic eruptions). The MultiGAS data shows great variations in gas 
composition in Krýsuvík which is proposed to be partially related to crustal movements 
(variable H2O condensation prior to sampling), but also to short-term variations within the 
degassing geothermal source. The results from the MultiGAS classify the Krýsuvík system 
as a hydrothermal system where H2O is the dominant gas species with the initial deep 
gases in minor amounts (Goff and Janik, 2000) and generally high H2S/SO2 ratios. These 
results resemble a typical composition of temperature (<100°C) fumarole steam (Lee et al, 
2005). 



57 

 

Figure 31 Ternary H2O-CO2-S plot of gas emitted from Krýsuvík compared with other volcanic and 
geothermal systems in Iceland. The gas composition shows great variations, likely due to crustal deformation 
and seismicity, but also due to variations within the degassing source. The Krýsuvík system is classified as a 
hydrothermal system with low temperature fumaroles, where H2O is the dominant gas species with the intitial 
deep gases in minor amounts. Surtsey (Sigvaldason and Elísson, 1968) Fimmvörduháls, magmatic fissure 
eruption (Burton et al., 2010). Eyjafjallajökull, intraglacial summit eruption (Allard et al., 2010), Kverkfjöll, 
Krafla, Theistareykir, Bjarnarflag, Fremrinamur, Askja, Vonarskard, Hveravellir, Kerlingarfjöll, Torfajökull, 
Reykjanes – point sampling (Óskarsson, 1984). 

In order to explain the high variations in the observed H2O/CO2 and H2O/H2S ratios and to 
strengthen the theory of condensation processes a model was made to simulate the 
gas-water-rock interaction (Di Napoli et al 2014, in prep, Figure 32). According to the 
model, the fumarole data (this study; Arnórsson, 1987, data from the Iceland GeoSurvey 
database) is most representative of the system with the proportion of H2O exceeding 99 
vol%. 
 
The MultiGAS data seem to be well fitted and in agreement with the model curve (blue 
curve in Figure 30) of steam condensation and captures the variable steam condensation by 
cooling from 100°C (at point of emission) down to 25°C (when it reaches the inlet tube) 
during times of low fumarolic activity. This supports the proposed theory of condensation 
processes controlling the variations in H2O/CO2 and H2O/H2S ratios in the MultiGAS data 
(described in 5.1). 
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The fumarole data and the H2O-richer end of the MultiGAS data match well the modelled 
composition of steam formed by boiling of a reservoir fluid from 250°C down to 100°C 
(Figure 32). Initially the compostion of the gas in equilibrium with the deep liquid at 250° 
is measured. This gas is S-poor relative to the initial gas. The S-species are highly sensitive 
to scrubbing processes and are scubbed out to certain extent due to the vast amount of 
water within the system. This results in the residual gas composition being more hydrous, 
and S-poor. The H2O/CO2 ratio is on the other hand not that different from that of the 
initial gas.  

 

Figure 32 Variations in H2O /CO2 and CO2/STOT ratios across selected volcanic settings in Iceland, including 
magmatic eruption gases (Surtsey and Fimmvörðuháls) and low-temperature diffuse degassing from a 
quiescent volcanic system (Hekla). Gas emissions from Hekla (Ilyinskaya et al., 2014) are typically S-H2O-
depleted (residual) relative to Icelandic magmatic gases. Krýsuvík places roughly in the middle between 
magmatic and residual gases. The Fimmvörðuháls data were sampled during a flank fissure eruption of 
Eyjafjallajökull in March 2010 (Burton et al., 2010). The Surtsey data was obtained during the subaerial 
phase of the 1963-67 eruption (Sigvaldason and Elísson, 1968). 

If history repeats itself and Krýsuvík will be entering its next eruptive period within the 
next decades, changes in fumarolic gas composition are likely to occur. Several studies 
(e.g., Noguchi and Kamiya 1963, Casadevall et al., 1983, Fischer and Arehart, 1996) have 
shown changes in the fumarole gas composition prior to and during eruptive events. 
Studies from the rifting activity in Krafla during 1975-1984 (e.g., Óskarsson, 1984, 1978, 
Gíslason et al., 1984) revealed changes in fumarolic gas composition. The gas composition 
was CO2-rich during the first weeks of rifting. This gas composition remained unchanged 
until 1983. The outgassing CO2 was released from the deep aquifers beneath the area by 
the interaction of magmatic gas with the hydrothermal system.  
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Therefore a comprehensive record of fumarolic emissions can be a great asset in 
understanding sources and origin of magmas in volcanically active areas. If fresh magma 
would intrude into the roots of the Krýsuvík system, the fumarolic gas composition can be 
expected to change similar to what was seen at Krafla during the 1975–1984 rifting 
activity (e.g., Óskarsson, 1984, 1978, Gíslason et al., 1984). The Krafla eruptions were fed 
by mantle-sourced magma which is also applicable to past eruptions of Krýsuvík which 
does not appear to have a developed magma chamber. The gas composition would most 
likely become CO2 richer, resulting in lowering of H2O/CO2, and increase in CO2/H2S 
ratios. If the SO2 signal is indeed real, the concentrations might be expected to rise as well. 
The CO2 gas fluxes are expected to increase as well. 

5.3 Critical evaluation of the MultiGAS method 
in Iceland 

Since continuous gas measurements using the MultiGAS method are relatively new in 
Iceland, it was decided to evaluate the efficiency of the method in Icelandic conditions 
(topography and climatic). It is important for future MultiGAS measurements in Iceland to 
have a good understanding of the conditions under which the most reliable dataset can be 
obtained. 

In this study, the wind speed and precipitation had considerable effects on the data 
collected by the MultiGAS station (section 4.1). The solution to this problem might be to 
make a small shelter over the inlet tube to minimize the effects of wind and rain on the 
data collection. To make it easier to compare the meteorological data (wind and rain) an 
installation of a small weather station next to the MultiGAS would be a profitable choice, 
as well as a web camera recording during periods of sampling to monitor the fumarole 
activity and to confirm the theory of variable fumarolic activity due to crustal movements. 

In Krýsuvík, the air temperature can often drop below -10°C during the wintertime 
(October-April). In late November technical problems were experienced with the station 
where the air pressure values measured by the station were unrealistically high and not in 
agreement with local weather stations. This was deemed to be an error caused by 
extremely cold weather conditions and therefore the station was removed for examination. 
Based on this, it might be reasonable to isolate the station from the cold to eliminate 
technical problems. At Mt. Hekla technical problems were observed due to icing on the 
windmill (Ilyinskaya et al., 2014). There the problems of icing were eliminated. The 
windmill was removed and the station hosted in a small hut with batteries inside and a 
solar panel on the outside of the hut. In Hveradalir, at the location of the MultiGAS station, 
problems of icing on the windmill have not been observed as it is at much lower elevation 
than Hekla MultiGAS (Hekla 1500 m a.s.l). 

It is clear from this assessment that a simple setup for the station, where the instrument is 
used without the use of extra equipment such as shelter or a hut, does generally not suit 
Icelandic climate because of cold and variable climatic conditions. For the station to 
operate reliably in Iceland during possible future measurements it is necessary to pay close 
attention to local topographical and climatic conditions and devise the most appropriate 
station set-up based on that.  
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The current station set-up allows detection of heightened activity of the fumarole as 
discussed in (5.1). The obvious disadvantage is that during periods of low fumarolic 
activity, the gas composition cannot be measured as accurately (due to signifiant pre-
sampling H2O condensation). At present, it is not possible to determine if and how gas 
composition differs between periods of low and high fumarolic activity. A different 
sampling set-up e.g., with two  inlet tubes where one would be located near the fumarole 
vent would be preferable to allow gas composition to be measured during periods of low 
fumarolic activity. 

At Krýsuvík, it would be preferable to continue the measurements in the Hveradalir area to 
record at least one period of land uplift when seismicity is in maximum and compare with 
the dataset from this study. The hypothesis of interest is whether the gas composition 
changes with increased crustal movements (larger seismic events and land uplift). In 
addition, it would be valuable to install a MultiGAS station in other volcanic geothermal 
system/s in Iceland where seismicity and ground deformation are known to occur. The 
comparison with results of this study and from future measurements in Krýsuvík is likely 
to give us new insights into the degassing from the Icelandic geothermal systems that are 
located within the active volcanic zones. At the time of writing the MultiGAS station is in 
full operation. 
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6 Conclusions 
•   This study on the gas composition from the Krýsuvík system (April-November 

2013) using the MultiGAS method and correlation with geophysical observations is 
the first of its kind in Iceland. The gas composition is H2O dominated with CO2 as 
the dominate dry gas species, with lesser amounts of H2S and trace amounts of 
SO2. 

•   The MultiGAS gas time series identified peaks of elevated and highly variable 
H2O/CO2 and H2O/H2S ratios. SO2 is detected at the same time as these peaks. 
Correlation with seismicity and ground deformation shows that the ratio peaks tend 
to follow increased seismic activity and crustal movements recorded by GPS 
stations. It is proposed that these peaks represent periods of elevated fumarolic 
activity that are responding to the microseismicity and land uplift due to opening of 
new pathways in the crust. The steam reaches the inlet tube faster and is less 
affected by pre-sampling H2O condensation. The CO2 and H2S gases are 
significantly less affected by condensation processes and the CO2/H2S ratio does 
not change according to the same pattern. Most of the measured CO2/H2S ratios fall 
within the known range for Krýsuvík fumaroles. However, several markedly higher 
values are also detected, demonstrating more variability in the degassing system 
than previously known. 

•    The gas emissions (in the form of diffuse soil degassing) were measured in three 
areas of high geothermal surface activity within the Krýsuvík system (Seltún, 
Hveradalir and Austurengjar). The total emission from the three areas is estimated 
as 101.4 T/day. The soil CO2 flux from the three areas is a minimum value for the 
total emission, as the amount of CO2 dissolved in groundwater is not known. The 
gas flux does not correlate well with soil temperature. This might be due to the 
interaction of cold groundwater that transports thermal energy laterally out of the 
system. 

•   The conclusion of a critical evaluation of the MultiGAS method for use in Icelandic 
volcanic and geothermal systems is that a simple setup for the station, where the 
instrument is used without the use of e.g., shelter, does generally not suit the 
climate and topography due to cold and variable weather conditions. For the station 
to operate reliably and efficiently it is necessary to take into account the local 
topographical and climatic conditions and devise the most appropriate station set-
up based on that. This is the first time a semi-continuous MultiGAS station has 
been operated in a highly active geothermal field at high latitude (64°N). 

 
•    It is considered crucial to continue the MultiGAS measurements in the Krýsuvík 

geothermal system due to the cyclic nature of seismicity along with ground uplift 
and subsidence. During the span of the MultiGAS measurements in 2013 the total 
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subsidence in the area was ̴ 21 mm. It would be preferable to continue the 
monitoring of gas emissions at least over the next episode of land uplift and 
elevated seismicity to compare with the dataset from this study. It would be of 
particular interest to observe if concentrations of magmatic gases such as SO2 
increase during inflation episodes. 
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