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Abstract 

The surface geothermal water and steam vent chemistry of the Hveragerði and Ölkelduháls 

geothermal areas SW Iceland were studied. In total 43 samples were collected of cold springs 

and rivers, hot springs, and steam vent discharges and their chemical composition analyzed.  

The chemical composition of geothermal waters at surface was characterized by mildly acid 

to alkaline pH of 6.06-8.69 and low Cl concentration of 3.32-7.34 ppm and with SiO2 and 

CO2 generally being the most important dissolved elements with concentration of 38.5-217 

and 6.43-486 ppm, respectively. Surface geothermal fluids are considered to be sourced from 

three end-member waters and mixture of: (1) boiled reservoir liquid, (2) condensed steam 

and (3) non-thermal water. Relationship between Cl, CO2, SO4 and temperature show 

evident signatures that surface geothermal fluids in the area are dominantly steam-heated 

waters with variable mixing ratios between condensed steam and non-thermal waters. No 

boiled reservoir liquids were observed at surface, these considered to represent boiled liquid 

fraction of reservoir geothermal fluids.   

The chemical composition of steam vents was dominated by water (>99 mol%) followed by 

CO2 (499-6,587 µmol/mol), H2S (17.9-260.4 µmol/mol) and H2 (10.2-194.2 µmol/mol).  The 

composition of steam vents produced upon depressurization boiling of geothermal reservoir 

fluids differ within the region with steam vent gases being enriched in CO2 and H2S at 

Ölkelduháls relative to the Hveragerði region, those differences may be related to different 

heat source for both regions, Hrómundartindur volcanic systems on Ölkelduháls and 

Grændalur extinct volcanic system in Hveragerði. Gas geothermometry of steam vents 

estimate temperatures between 230-280°C in Hveragerði and 280-300°C in Ölkelduháls.   

The surface manifestations were influenced by seismic events, the 2008 earthquake could 

either open and close fractures or faults rupture and affect the appearance of geothermal 

manifestations, especially alkaline hot springs reported on previous studies on Hveragerði 

town (boiled hot spring) and the vicinity of Varmá river that were not recognized during the 

2020 survey; however, fumaroles keep the same characteristic in terms of CO2, H2S  and H2 

concentration. 

  



 

Útdráttur 

Efnafræði jarðhitavatns og -gufu á yfirborði jarðhitasvæðanna í Hveragerði og á 

Ölkelduhálsi var rannsökuð. 43 vatns- og gufusýnum var safnað úr köldum lindum, ám, 

heitum laugum og gufuhverum, og efnasamsetning þeirra ákvörðuð.  

Vatn úr heitum laugum hafði sýrustig á bilinu 6,06-8,69 og lágan styrk Cl (3,32-7,34 ppm), 

en SiO2 (38,5-217 ppm) og CO2 (6, 43-486 ppm) höfðu yfirleitt hæstan styrk uppleystra efna. 

Líkan var sett fram til að lýsa efnasamsetningu jarðhitavatns á yfirborði sem blöndu þriggja 

frumþátta, sem voru (1) soðinn djúpvökvi, (2) þétt gufa, og (3) kalt vatn. Þetta líkan gaf skýrt 

til kynna að vatnið í þeim laugum sem skoðaðar voru reyndist blanda af þéttri gufu og köldu 

vatni, í ólíkum hlutföllum. Ekkert laugasýnanna innihélt soðinn djúpvökva úr 

jarðhitakerfunum.  

Gufa úr gufuhverum var að langstærstum hluta vatn (>99 mól-%) en aðrar helstu lofttegundir 

voru CO2 (499-6587 µmól/mól), H2S (17,9-260,4 µmól/mól) og H2 (10,2-194,2 µmól/mól). 

Svæðisbundinn munur sést á efnasamsetningu gufunnar, og er gufa á Ölkelduhálsi greinilega 

ríkari að CO2 og H2S en gufa í Hveragerði. Þessi munur kann að tengjast því að hitagjafar 

jarðhitakerfanna eru ólíkir; Ölkelduháls tengist eldstöðvakerfi Hrómundartinds en 

Hveragerði kulnuðu eldstöðinni í Grændal. Efnahitamælar sem nota efnasamsetningu 

gufunnar, gáfu djúphitastig á bilinu 230-280°C í Hveragerði og 280-300°C á Ölkelduhálsi. 

Yfirborðsvirkni á jarðhitasvæðunum breyttist nokkuð við jarðskjálftana árið 2008, enda 

getur jarðskjálftavirkni orðið til þess að sprungur opnist eða lokist, eða misgengi myndist, 

sem allt getur haft áhrif á ásýnd jarðhitavirkninnar. Sér í lagi fundust nú engir hverir með 

soðnu, basísku jarðhitavatni, en þá mátti áður finna í Hveragerði og við Varmá. Hins vegar 

virðist styrkur CO2, H2S og H2 í gufu úr gufuaugum ekki hafa breyst.  
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1 Introduction 

Geothermal activity in Iceland is widespread and relates to active volcanic systems and 

tectonics. Iceland is situated on the junction of the mid oceanic ridge (MOR) between the 

Eurasian and North-American plates and with the Icelandic mantle plume, making it a 

geologically active region. The Icelandic crust is characterized by a high heat flow, ~250 

mW/m2 within the rift zones and 90 mW/m2 off-rift (Flóvenz and Sæmundsson, 1993). 

Within the rift zones, volcanic and geothermal activity is widespread whereas off-rift 

geothermal activity is often associated with active tectonics. Many of the geothermal fields 

have been explored for utilization with the geothermal resources being an important energy 

supply in Iceland and used for house heating, industry, greenhouses and electricity power 

production to name some. In 2019, the total direct use of geothermal energy in Iceland was 

estimated to be 9,328 GWhth and the total installed electricity generation capacity from 

geothermal was 755 MWe (Ragnarsson et al., 2021). 

1.1 Geothermal activity in Iceland 

The geothermal systems in Iceland have been divided into two groups, high- and low-

temperature systems. High-temperature systems are mostly situated within the belt of active 

volcanism and rifting and characterized by thermal gradients of >150-200 °C/km and a 

magmatic heat source. Low-temperature geothermal systems are commonly associated in 

fractured rocks off-rift within the Quaternary and Tertiary formations and have thermal 

gradients of <150° C/km (Bodvarsson, 1961; Fridleifsson, 1979). A general map of the 

geothermal areas in Iceland is shown in Figure 1. 

Icelandic geothermal fluids are of meteoric and seawater origin or a mixture of them, with 

temperatures between ~10 and ~450 °C, pH of ~2 to ~10 and Cl concentrations of <1 to 

>20,000 ppm (Ármannsson, 2016; Kaasalainen et al., 2015; Kaasalainen & Stefánsson, 

2012; Stefánsson, 2017). They have been divided into two groups: primary and secondary 

type fluids (Arnórsson et al., 2007). Primary fluids, sometimes referred to as reservoir fluids, 

are those reaching the deepest level within the geothermal system. With ascent to the surface, 

they can undergo chemical and physical changes leading to the formation of secondary 

geothermal fluids observed on surface, like hot springs, steam vents and mudpools. 
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Figure 1. Geology and geothermal activity in Iceland, High-temperature fields shown as 

red circles, and low-temperature areas are shown in dark circles (Steingrímsson, 2014). 

1.2 Geothermal exploration 

The recognition of a geothermal resource involves geological, geochemical, and geophysical 

investigations with a reconnaissance and surface exploration study, followed by the 

assessment of all data available and the estimation of the size, reservoir temperature, energy 

potential etc. to construct a conceptual model of the system (Richter et al., 2010). A typical 

program for the exploration consists of: (1) preliminary study that also includes review of 

existing and available data; (2) geological study, with lithological mapping, structural 

geology, volcanism, hydrogeology; (3) geochemical survey, that includes fluid sample 

collection, analysis and interpretation; (4) geophysics surveys, with resistivity, gravimetry 

and magnetic methods to define the extension and dimension of the geothermal reservoir. 

The surface exploration often concludes with the definition of potential drilling targets that 

are part of the development plan (e.g., Steingrímsson, 2014). 

1.3 Study purpose 

The purpose of this study was to perform a geochemical survey of the Hveragerði and 

Ölkelduháls geothermal areas SW Iceland. Samples of surface geothermal fluids and non-

thermal water were collected and analyzed, and the data interpreted using geochemical 

process models with the aim of constructing a geochemical conceptual model of the 

geothermal systems.   
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Questions of interest include: 

• What are the chemical characteristics of geothermal fluids in the aera and their spatial 

distribution? 

▪ What are the processes affecting the composition of the geothermal fluids from 

source to surface? 

▪ Have there be potential changes in the fluid geochemistry during past times and 

related to geological unrest in the area?  
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2 The study area 

The study area includes three valleys and one ridge within the Hengill greater volcanic 

system, on the intersection of the Hrómundartindur and Grændalur volcanic systems. It is 

located 10 km north of Hveragerði town and 40 km southeast of Reykjavik. The landscape 

surrounding is peculiar, with geothermal manifestation throughout the three rivers. A 

geological map of the study area with its tectonic settings and volcanic systems is shown in 

Figure 2. 

2.1 General Geology 

The greater Hengill volcanic complex is located on a triple junction formed by the 

intersection of Reykjanes Peninsula (RVP), Western Volcanic Zone (WVZ) and South 

Iceland Seismic Zone (SISZ). It contains extensional structures related to three volcanic 

systems: Hengill, Hrómundartindur, and Grændalur; N-S strike-slip structures from the 

fissure swarms are characteristics of the transformation zone towards NE-SW spreading 

ridges as well as the area is entirely built up with quaternary and post-glacial volcanic events 

produced by an intensive tectonic activity through NE-SW volcanic fractures (Steigerwald 

et al., 2020).  

The general geology is composed of hyaloclastites and interglacial lava flows related to the 

Upper Pleistocene and postglacial period, their composition is mostly basaltic ranging from 

picrite, olivine-tholeiitic to tholeiitic. These lavas and hyaloclastite form the base of the 

bedrock in the area (Kyagulanyi, 1996; Malik, 1996; Sæmundsson, 1979; Walker, 1992). 

Most of the fractures and faults are oriented NE-SW, NW-SE, and N-S; and, additionally, 

veins are filled by secondary minerals in areas of strong alteration caused by progressive 

burial. Petrographically, the rocks range from glassy tuffs, through holocrystalline tuffs to 

porphyritic tuffs (Eshetu Gemechu, 2017).  

The main geothermal manifestations are located within active central volcanos or associated 

fissure swarms in the rift zone. The heat source for Ölkelduháls is considered to be magmatic 

intrusions in the upper crust, two NNE-WSSW striking volcanic fissures erupted in the 

Hengill volcano 2,000 and 5,500 years ago (Árnason et al., 1996; Mutonga, 2007). The 

Hrómundartindur volcanic system, which last erupted about 10 ka ago has experienced some 

more recent magma accumulation dates in 1994-1998 through earthquakes swarms (Clifton 

et al., 2002). On the other hand, The Grændalur zone, which is the oldest volcano system of 

the complex, presents pillow lavas and associated sediments of the upper Pleistocene about 

0.7 Ma. Previous research proposed this system as the heat source of the Hveragerði 

geothermal area (Árnason et al., 1986; Mutonga, 2007).  
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Figure 2. Geological map with its tectonic settings and volcanic system within the Hengill 

greater volcanic area (based on Árnason et al., 1986 and Sæmundsson et al., 2010). 
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2.2  Geothermal activity in the area based in 

previous studies 

According to previous studies (Table 1), the study area encompasses two high-temperature 

geothermal fields, Ölkelduháls and Hveragerði, that are associated with two volcanic 

systems, Hrómundartindur in the northwest and Grændalur in the southeast (Figure 2). The 

Ölkelduháls system has been described as a carbon dioxide rich system originating from 

magmatic CO2 with measured temperature in geothermal wells up to 280°C. The Hveragerði 

field has been described as a geothermal system in its final stage of a cooling process with 

seawater component in the reservoir and condensation separation process in the upflow 

steam vents. (Björnsson, 2007; Geirsson & Arnórsson, 1995). 

Table 1. Summary of previous studies on the geothermal area 

Research Description 

Xi-Xiang, 1980 

Interpretation of 8 boreholes in the Ölfusdalur area including 

Hveragerði, it defined measured temperature, temperature gradient and 

aquifer deep. 

Arnórsson & 

Gunnlaugsson, 1985 

Gas geothermometry of fifteen steam vents on the vicinity of Hveragerði 

and the drillholes, wellhead temperatures decrease from 230°C in the 

north part to 160°C in the south. Discrepancy on CO2 and H2S, H2 and 

CO2-H2 geothermometry were observed due to the condensation / phase 

separation process in the upflow steam vents.  

Gestsdóttir & 

Geirsson, 1990 

Subsurface temperature estimation between 240-250°C obtained by 

water and gas geothermometry and the chemical composition of hot 

springs, steam vents, and well discharges. 

Arnórsson & 

Andrésdóttir, 1995 

Distribution of conservative components in water, defining the Cl/B 

ratio in water and discharged wells through Hveragerði area, the high Cl 

concentration was explained by a seawater component in the 

groundwater system. 

Geirsson & 

Arnórsson, 1995 

Conceptual model of Hveragerði geothermal field, with reservoir 

temperatures of 240-250°C, mixing between seawater and meteoric 

water in the reservoir. 

Ívarsson, 1998 

Estimation of subsurface temperature based in gas geothermometry for 

Hengill area including Ölkelduháls, suggesting that Ölkelduháls and 

Nesjavellir geothermal areas are not connected. 

Zhanxue & 

Linchuan, 1998 

Solute geothermometry with reservoir temperatures of183-204°C and 

gas geothermometry temperatures of 210-260°C in Hveragerði area. 

Björnsson, 2007 
Conceptual model of Hengill geothermal areas included Ölkelduháls 

based on geothermal well data, with reservoir temperature of 210-280°C. 

Ívarsson et al., 2011 

Reconnaissance of geothermal manifestation in Reykjadalur, Grændalur 

and Gufudalur valleys with an interest in gas geothermometry to 

estimated subsurface temperature and thermic power. 
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Kaasalainen & 

Stefánsson, 2011 

Speciation of aqueous dissolved sulfur in hydrothermal waters including 

Hveragerði controlled by the kinetics and the total sulfur source. 

Kaasalainen & 

Stefánsson, 2012 

Geochemistry of trace elements in surface water and steam including the 

Hveragerði geothermal field.  

Khodayar & 

Björnsson, 2014 

Analysis of surface ruptures and geothermal manifestations along the 

new fissures caused by the 2008 earthquake event. A fault ruptured over 

20 km length at depth. 

Kaasalainen et al., 

2017 

Geochemistry of Fe(II) and Fe(III) in natural geothermal waters 

including Ölkelduháls ridge influenced by the water pH that reflects the 

water type and the various processes resulting in their formation. 

Eshetu Gemechu, 

2017 

Recconnaissance of geothermal manifestation in Grændalur valley to 

examine the relationship with geological structures and the changes 

occurred after the 2008 earthquake event. 

Stefánsson, 2017 
Geochemical composition of geothermal gases in Iceland including 

Hveragerði 

 

2.2.1 Ölkelduháls geothermal area 

Ölkelduháls is a ridge in the north part of the study area. The geothermal field lies within 

Hrómundartindur and Grændalur volcanic systems (Gudmundsson & Brandsdóttir, 2010). 

The topography of Ölkelduháls involves volcanic hills and NE-SW trending ridges with the 

highest peaks in the area about 800 m a.sl. while ridge elevations are between 280 and 460 

m a.sl. The geothermal activity is controlled by tectonic features and transforms fault zone 

with an NW-SE trend through the manifestation from west to east (Okedi, 2006).  

The geothermal activity in the area includes steam vents, boiling mud pools, hot springs, 

steaming grounds and extensive area of surface alteration. Two rivers, Grændalsá and 

Reykjadalsá, derived from both cold and hot springs, drain the area towards the south and 

west (Natukunda, 2005). Geothermal reservoir fluid temperatures based on gas 

geothermometry indicate subsurface temperatures above 300°C (Ívarsson, 1998). Three 

wells have been drilled on the area, they present extremely permeable formation at 1000-

1200°C with highest measured temperature of 256°C on HE-20 geothermal well (Björnsson, 

2007) 

2.2.2 Hveragerði geothermal area 

Hveragerði geothermal area includes the Hveragerði town located about 50 km east of 

Reykjavik and is surroundings that present geothermal manifestations. Within the area, there 

are 17 geothermal wells; 8 wells are labeled HV and 9 labeled HS.  Some of the geothermal 

wells provide energy to the heating system, hot water and services to the town (Bragadóttir, 

2019). The Hveragerði geothermal field is commonly divided into four sub-areas and include 

the valleys Reykjadalur, Grændalur and Gufudalur as well as the town Hveragerdi and 

surroundings. 
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Reykjadalur is a valley south of Ölkelduháls. The area is well known as a tourist attraction 

due to the hot river Reykjadalsá which has a comfortable bathing temperature year around. 

The geothermal activity in Reykjadalur is characterized by steaming ground and hot springs 

that feed the river running down the valley. 

East of Reykjadalur lies Grændalur, followed by Gufudalur. Grændalur is separated from 

the other valleys by agglomerate basalt units, Dalafell on the west and Tindar in the east. 

Those hyaloclastites are the topographic boundary of the valleys but landslide deposits cover 

the area within the depression (Kyagulanyi, 1996). The river Grændalsá comes from the 

Álftatjörn lake, flows through the Grændalur valley and is then joined with Reykjadalsá. The 

resulting river is from then on called Varmá. Geothermal manifestations in Grændalur and 

Gufudalur are somewhat similar, characterized by steam vents and hot spring, thermal rivers 

and streams and mud pools. 

Hveragerði field is situated south of the three valleys within and around the Hveragerði town.  

The geothermal activity in Hveragerði is characterized by hot springs, steam vents and mud 

pools, the water classification based on cations and anions diagram showed Na-HCO3 and 

NaCl waters. The water manifestations mainly corresponded to steam heated waters and 

boiled waters recognized in the conceptual model using carbonate-silica mixing models 

(Geirsson & Arnórsson, 1995) 17 geothermal wells were drilled for commercial and 

scientific purposes, the geothermal wells are located within this part of the area where the 

measured temperature goes from 215°C to 230°C on the northern part, and from 167°C to 

198°C for the southern part. The conceptual model for the area estimates a maximum 

reservoir fluid temperature about 250°C (Geirsson & Arnórsson, 1995). 
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3 Methods 

3.1 Sampling 

Sampling of surface geothermal fluids was carried out between 23 September and 14 

November 2020 (Figure 3). In total, 43 samples were collected that included 7 river samples, 

6 cold springs, 15 hot springs, and 15 steam vents. Sample locations are listed in Table 2 and 

shown in Figure 4. 

Water samples were collected using previously described methods (Arnórsson et al., 2006; 

Ármannsson & Ólafsson, 2007). Four sample aliquots were collected at each site. For 

determination of pH, CO2 and conductivity an untreated sample was collected to a 250 mL 

amber-glass bottle.  For determination of major cations, the samples were filtered (0.2 µm 

cellulose acetate) into 100 mL HDPE bottles and acidified using concentrated HNO3 acid 

(Suprapur Merck, 1 mL acid to 100 mL sample).  Samples for determination of major anions 

were also filtered (0.2 µm cellulose acetate) into 100 mL HDPE bottles but not further 

treated.   

Steam vents samples were collected into evacuated and pre-weighed 250 mL gas bulbs that 

contained ~50 mL of 40% NaOH. For sampling, a funnel was placed over the steam outflow 

and covered with soil to prevent atmospheric air contamination. The funnel was connected 

to a titanium tube and reaches the gas bulb via silicone tubing. A piece of tubing, about 5 cm 

in length, is connected to the distal sample port and fitted with a clamp, after flushing the 

sample ports with steam for about 2 min, the clamp is closed, and the bottle is opened to 

collect the sample while cooling continuously (Arnórsson et al., 2006).  

 

Table 2. General information and geocoordinates of the sampling points 

Sample Label Sampling date Type 
North 

ISN93 

West 

ISN93 
Altitute [m] 

YF20-001 ÖLK-01 23.09.2020 River  396866  392318 352 

YF20-002 ÖLK-02 23.09.2020 Cold spring 396810 392848 347 

YF20-003 ÖLK-03 23.09.2020 Cold spring 396942 392865 360 

YF20-004 ÖLK-04 23.09.2020 Steam vent 396898 391254 393 

YF20-005 REY-05 23.09.2020 Hot spring 395920 391165 277 

YF20-006 REY-06 23.09.2020 Hot spring 395875 391377 272 

YF20-007 REY-07 23.09.2020 River 395877 391446 273 

YF20-008 REY-08 23.09.2020 Hot spring 395812 391286 287 

YF20-009 REY-09 24.09.2020 Steam vent 395958 392605 240 

YF20-010 GRÆ-10 24.09.2020 Hot spring 396016 392592 233 

YF20-011 GRÆ-11 24.09.2020 Steam vent 396154 391858 367 

YF20-012 REY-12 24.09.2020 Hot spring 395891 391264 273 

YF20-013 REY-13 24.09.2020 Steam vent 396070 391108 287 

YF20-014 REY-14 24.09.2020 River 396164 391106 281 

YF20-015 REY-15 24.09.2020 Steam vent 396197 390700 347 

YF20-016 GRÆ-16 15.10.2020 Hot spring 395702 392533 232 

YF20-017 GRÆ-17 15.10.2020 Hot spring 394781 392760 204 
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YF20-018 GRÆ-18 16.10.2020 Steam vent 396209 392739 274 

YF20-019 GRÆ-19 16.10.2020 Steam vent 395702 392508 239 

YF20-020 GRÆ-20 16.10.2020 Steam vent 394897 392776 210 

YF20-021 GRÆ-21 16.10.2020 Steam vent 393265 392574 212 

YF20-022 GRÆ-22 20.10.2020 Hot spring 393796 392608 131 

YF20-023 GRÆ-23 20.10.2020 Hot spring 393706 392513 140 

YF20-024 GRÆ-24 20.10.2020 River 393215 392370 84 

YF20-025 GRÆ-25 20.10.2020 Steam vent 393681 392490 144 

YF20-026 GRÆ-26 20.10.2020 Steam vent 393018 392190 80 

YF20-027 GRÆ-27 20.10.2020 Hot spring 393399 391924 107 

YF20-028 GRÆ-28 20.10.2020 River 392789 391567 91 

YF20-030 GUF-30 03.11.2020 Steam vent 393180 393819 183 

YF20-031 GUF-31 03.11.2020 Cold spring 393186 393831 184 

YF20-032 GUF-32 03.11.2020 Cold spring 393195 393868 195 

YF20-033 GUF-33 03.11.2020 Hot spring 392983 393708 162 

YF20-034 GUF-34 03.11.2020 Hot spring 392930 393714 174 

YF20-035 GUF-35 03.11.2020 Cold spring 392756 393748 177 

YF20-036 GUF-36 03.11.2020 Steam vent 392393 393725 232 

YF20-037 GUF-37 10.11.2020 Hot spring 392371 393496 118 

YF20-038 GUF-38 10.11.2020 Steam vent 391776 393524 142 

YF20-039 GUF-39 10.11.2020 Hot spring 391602 393322 80 

YF20-040 GUF-40 10.11.2020 Cold spring 391598 393421 96 

YF20-041 GUF-41 10.11.2020 Steam vent 391266 393414 71 

YF20-042 GUF-42 10.11.2020 Hot spring 391267 393455 75 

YF20-043 GUF-43 10.11.2020 River 391789 393007 60 

YF20-044 GUF-44 14.11.2020 River 392186 392907 67 

 

 

 

  

a) b) 
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Figure 3. Sampling survey: a) Field recognition in Gufudalur valley; b) Sampling of the 

steam vent GUF-38 in Gufudalur; c) Sampling of the carbonate spring ÖLK-03 in 

Ölkelduháls; d) Sampling of the hot spring GRÆ-27 in Grændalur. 

3.2 Chemical analysis 

The chemical analysis of water composition involved both on-site and laboratory analysis. 

A summary of the analytical methods and related information are summarized in Table 3. 

On-site, the concentration of dissolved H2S was analyzed using a Hg-precipitation titration 

and the pH determined using a combination glass electrode. In the laboratory, the major 

anions (F, Br, Cl, SO4) were analyzed using ion chromatography (Dionex ICS-2100). The 

concentration of major cations (SiO2, B, Na, K, Ca, Mg, Al, Fe) and selected trace elements 

(As, Ba, Cr, Cu, Mo, Li, Mn, Mo, Ni, Zn, Ti) were analyzed using Inductively coupled 

plasma - optical emission spectrometry (ThermoScientific iCAP 7400 ICP-OES).  Dissolved 

inorganic carbon (CO2) and electrical conductivity were analyzed within two days after 

sampling using a modified alkalinity titration and conductivity meter, respectively.  

The concentration of CO2 and H2S in steam vent samples were analyzed in the steam 

condensate using the previously mentioned titrimetric methods for H2S and CO2.  Non-

condensable gases (CH4, H2, N2, O2, and Ar) were further analyzed using a gas 

chromatography (GC, Perkin Elmer Arnel GC PEA-4019) with thermal conductivity 

detectors.  The amount of water was determined gravimetrically.  

  

c) d) 
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Figure 4. Sampling points of the south side of Grændalur, Gufudalur and Hveragerði. Also 

shown are locations of previous studies sampling surveys. 
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Table 3. Analytical methods, units, detection limits, standard solution and verification  

  Component 
Analytical 

Method 

Measurement 

Concentration 

range (ppm) 

Detection 

Limit 

(ppm) 

Analytical 

standards 

used   

Verification 

method  

L
iq

u
id

 p
h

a
se

 

CO2 Titration < 20 -   
Triplicate 

analysis  

H2S 
On-site 

titration 
0.01 - 0.3 0.01  Duplicate 

analysis 

F IC 0.01 - 2.00 0.01 

Standard 

solution (a)  

Triplicate 

analysis and 

measurement 

comparison 

(e) 

Cl IC 0.01 - 100.00 0.01 

Br IC 0.01 - 20.00 0.01 

SO4 IC 0.01 - 100.00 0.01 

Al ICP-OES 0.005 - 1.00 0.005 

Standard 

solution (b) 

Triplicate 

analysis and 

measurement 

comparison 

(e) 

As, B ICP-OES 0.003 - 2.00 0.003 

Ba ICP-OES 0.0002 - 2.00 0.0002 

Ca ICP-OES 0.004 - 50.00 0.004 

Cr, Cu ICP-OES 0.002 - 1.00 0.002 

Mo ICP-OES 0.001 - 1.00 0.001 

K ICP-OES 0.2 - 10.00 0.2 

Li ICP-OES 0.008 - 1.00 0.008 

Mg ICP-OES 0.01 - 1.00 0.01 

Mn ICP-OES 0.0003 - 1.00 0.0003 

Mo ICP-OES 0.002 - 1.00 0.002 

Na ICP-OES 0.04 - 100.00 0.04 

Ni ICP-OES 0.0003 - 1.00 0.0003 

Zn ICP-OES 0.0002 - 1.00 0.0002 

Sr. ICP-OES 0.1 - 4.00 0.0005 

Ti ICP-OES 0.002 - 1.00 0.002 

SiO2  ICP-OES 0.12 - 50.00 0.12 

G
a

s-
p

h
a

se
 

CO2 and 

H2S 
Titration    Triplicate 

analysis  

H2 GC - LGA  0.01 %-vol 
Gas mixture (c) 

measurement 

comparison 

(c, d) 

CH4 GC - LGA  0.01 %-vol 

O2 GC - Ar  0.01 %-vol 

Gas mixture (d) N2 GC - Ar  0.01 %-vol 

Ar GC - Ar   0.01 %-vol 

(a): Seven calibration solutions prepared from the dilution of 1000 mg/L primary standard solution 

(Merck TraceCERT) for all four ions.  

(b): Five calibration solutions prepared from the dilution of a 1000 mg/L primary standard solution 

(Merck TraceCERT) for all analysis cations and trace elements. 

(c): Measured using a certified standard from Linde gas with known concentrations for each gas. The 

gas standard contains 19.8% H2, 30.0% CO2 and 10.0% CH4.  

(d): Measured using atmospheric air as standard. Concentrations 78.1% N2, 21.0% O2 and 0.93% Ar.  

(e): Measured comparison every 5-7 samples with a reference sample that can be: VMS-G (in-house 

reference sample), Kalt Ru (in-house reference sample), Dionex CRM with 5 anions at known 

concentrations (F, Cl, NO3, PO4, SO4), or Permix (Merck TraceCERT-CRM with 33 elements at known 

concentrations). Silica is determined against the Spóastaðir in-house standard. 
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For the water analysis, the precision is expressed in terms of: (1) Relative standard deviations 

(RSD) between the triplicate analysis. Their values range would depend on the instrument, 

parameter, and sample analyzed. In general, for the total set of analysis: the ICP analysis 

below 3.5%, for IC analysis below 4.8%, for titration below 3% and no data of GS (2) 

Recovery percent between the standard analysis measurement comparison, those include the 

comparison of the reported standard concentration with the obtained measurement during 

the analysis. The recovery percent ICP analysis is an average of 94 – 108%, compared to 

Permix standard; IC analysis is an average of 95-110%, compared to VMS-G standard.  

3.3 Previous studies data 

The current dataset was extended using previously published values of surface geothermal 

and borehole fluids.  These included 28 samples of cold springs, hot springs and acid hot 

springs, 56 steam vents and 6 boreholes sampled from 1982 to 2019 (Arnórsson & 

Andrésdóttir, 1995; Arnórsson & Gunnlaugsson, 1985; Ívarsson et al., 2011a; Kaasalainen 

& Stefánsson, 2012; Stefánsson, 2017, Óskarsson, 2020).  

Chemical analysis of three boreholes from Ölkelduháls were obtained from Orkuveita 

Reykjavíkur (Friðriksson, personal communication, March 4, 2021).   

3.4 Data treatment 

The geochemical treatment of the data included: calculation of reservoir fluid composition 

from data based on well fluid discharges previously published, assessment of source and 

mixing of surface geothermal water and gas geothermometry. 

3.4.1 Reservoir fluid composition 

The calculations of reservoir fluid composition from data for two-phase (liquid and steam) 

borehole fluid composition were carried out using the WATCH program, version 2.4 

(Bjarnason, 2010). For these calculations, liquid only reservoir fluids were assumed and 

adiabatic boiling from reservoir to surface. The calculations of the reservoir fluid 

composition are based thus on conservation of enthalpy and mass, 

 

𝑚𝑖
𝑓,𝑡

= 𝑚𝑖
𝑑,𝑡 = 𝑋𝑑,𝑣𝑚𝑖

𝑑,𝑡 + (1 − 𝑋𝑑,𝑣)𝑚𝑖
𝑑,𝑙𝑞

 (1) 

ℎ𝑓,𝑡 = ℎ𝑑,𝑡 = 𝑋𝑑,𝑣ℎ𝑑,𝑣 + (1 − 𝑋𝑑,𝑣)ℎ𝑑,𝑙𝑞 (2) 

where 𝑚𝑖 denotes the molal concentration of the i-th component, X is the vapor fraction, h 

is the enthalpy, and f, t, d, v, and lq are the fluid, total, discharge, vapor, and liquid phase, 

respectively. 
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3.4.2 Gas geothermometry 

Gas geothermometry was calculated using previously published temperature functions as 

shown in Table 4 (Arnórsson & Gunnlaugsson, 1985). Nine different equations (Equation 3 

to 11) were applied, that are based on gas-mineral and gas-gas equilibria. In some cases, 

possible steam condensation occurring upon fluid ascent to surface are considered for these 

gas geothermometers. 

Table 4. Gas geothermometry as a function of reservoir temperature 

Geothermometer Temperature function Equation 

[𝐶𝑂2] 𝑇 = −44.1 + 269.25 ∙ 𝑄 − 76.88 ∙ 𝑄2 + 9.52 ∙ 𝑄3 (3) 

[𝐹 − 𝑇] 𝑇 = 244.6 − 17.447 ∙ 𝑄 − 0.16 ∙ 𝑄2 − 0.0524 ∙ 𝑄3 (4) 

[𝐻2𝑆] 𝑇 = 246.7 + 44.81 ∙ 𝑄 (5) 

[𝐻2] 𝑇 = 277.2 + 20.99 ∙ 𝑄 (6) 

[𝐶𝑂2/𝐻2] 𝑇 = 341.7 − 28.57 ∙ 𝑄 (7) 

[𝐻2𝑆/𝐻2] 𝑇 = 304.1 − 39.48 ∙ 𝑄 (8) 

[H2S] 𝑇 = 173.2 + 65.04 ∙ 𝑄 (9) 

[𝐻2] 𝑇 = 212.2 + 38.59 ∙ 𝑄 (10) 

[𝐶𝑂2/𝐻2] 𝑇 = 311.7 − 66.72 ∙ 𝑄 (11) 

 

Equations 3 and 4 use temperature as a function of CO2 concentration and the equilibrium 

constant for the Fischer–Tropsch reaction that involves CO2, CH4, and H2 concentrations in 

steam vent steam. Equations 5, 6, 7, 8 use concentration of H2S, H2, CO2/H2 and H2S/H2 

respectively, those are adjusted to either all water reservoir temperature above 300°C or 

water reservoir in the range 200-300°C with chloride concentration over 500 ppm. Equations 

9, 10, and 11 use concentrations of H2S, H2, and CO2/H2 respectively and are adjusted to 

either all water reservoirs below 200°C or water reservoir in the range 200-300°C with 

chloride concentration below 500 ppm. 

3.4.3 Quantification of fluid sources and mixing for hot springs 

In a geothermal system, thermal fluids ascend from the reservoir to the surface due to density 

driven circulation through fractures or up-flow zones. During such ascent, several processes 

may affect the water composition, including boiling and formation of steam and boiled liquid 

water and mixing with non-thermal surface and shallow ground water (Arnórsson et al., 

2007).  

Following Stefánsson et al., (2016b) the end-member producing various geothermal fluid 

features at surface may include: (1) boiled reservoir water (brw), (2) non-thermal 

waters(ntw) and (3) condensed steam (cs) and mixtures thereof. Assuming Cl and 

temperature to be preserved upon mixing of the various end-member components, the system 

can be described by three equations: 
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𝑚𝐶𝑙
𝑚 = 𝑋𝑐𝑠𝑚𝐶𝑙

𝑐𝑠 + 𝑋𝑏𝑟𝑤𝑚𝐶𝑙
𝑏𝑟𝑤 + 𝑋𝑛𝑡𝑤𝑚𝐶𝑙

𝑛𝑡𝑤 (12) 

𝑇𝐶𝑙
𝑚 = 𝑋𝑐𝑠𝑇𝐶𝑙

𝑐𝑠 + 𝑋𝑏𝑟𝑤𝑇𝐶𝑙
𝑏𝑟𝑤 + 𝑋𝑛𝑡𝑤𝑇𝐶𝑙

𝑛𝑡𝑤 (13) 

1 = 𝑋𝑐𝑠 + 𝑋𝑏𝑟𝑤 + 𝑋𝑛𝑡𝑤 (14) 

where 𝑋 is the fraction of each endmember, 𝑇 is temperature in °C, 𝑚𝐶𝑙 is the chloride 

concentration in ppm. 

To solve for Xcs, Xbrw and Xntw we apply Cramer’s rule to obtain, 

Xcs = Dcs/D (15) 

Xbrw = Dbrw/D (16) 

Xntw = Dntw/D (17) 

where, 

D = 𝑚𝐶𝑙
𝑐𝑠(𝑇𝑏𝑟𝑤 − 𝑇𝑛𝑡𝑤) -𝑇𝑐𝑠(𝑚𝐶𝑙

𝑏𝑟𝑤 −𝑚𝐶𝑙
𝑛𝑡𝑤)+(𝑚𝐶𝑙

𝑏𝑟𝑤𝑇𝑛𝑡𝑤 −𝑚𝐶𝑙
𝑛𝑡𝑤𝑇𝑏𝑟𝑤) (18) 

Dcs = 𝑚𝐶𝑙
𝑚(𝑇𝑏𝑟𝑤 − 𝑇𝑛𝑡𝑤) -𝑇𝑚(𝑚𝐶𝑙

𝑏𝑟𝑤 −𝑚𝐶𝑙
𝑛𝑡𝑤)+(𝑚𝐶𝑙

𝑏𝑟𝑤𝑇𝑛𝑡𝑤 −𝑚𝐶𝑙
𝑛𝑡𝑤𝑇𝑏𝑟𝑤) (19) 

Dbrw = 𝑚𝐶𝑙
𝑐𝑠(𝑇𝑚 − 𝑇𝑛𝑡𝑤) -𝑇𝑐𝑠(𝑚𝐶𝑙

𝑚 −𝑚𝐶𝑙
𝑛𝑡𝑤)+(𝑚𝐶𝑙

𝑚𝑇𝑛𝑡𝑤 −𝑚𝐶𝑙
𝑛𝑡𝑤𝑇𝑚) (20) 

Dntw = 𝑚𝐶𝑙
𝑐𝑠(𝑇𝑏𝑟𝑤 − 𝑇𝑚) -𝑇𝑐𝑠(𝑚𝐶𝑙

𝑏𝑟𝑤 −𝑚𝐶𝑙
𝑚)+(𝑚𝐶𝑙

𝑏𝑟𝑤𝑇𝑚 −𝑚𝐶𝑙
𝑚𝑇𝑏𝑟𝑤) (21) 

 

With this approach negative values are possible as well as values greater than 1.  Such values 

have no physical relevance as the source of a given end-member water cannot be <0% and 

>100%.  The physical reason for such negative values is thought to be temperature decrease 

due to conductive cooling to the surroundings, loss of water mass through evaporation, 

natural variability of the end-member fluid composition and/or uncertainties associated with 

the chemical analysis of individual water samples (Stefánsson et al., 2016b). 

The end-member fluid types composition can be assessed through WATCH program 

(Bjarnason, 2010) assuming adiabatic boiling from the reservoir condition to the surface at 

100°C. Two phases wellhead discharged from previous studies datasets (Supplement 3) were 

modeled to estimate water end member composition: 

(1) Geothermal reservoir waters (gr), based on the species composition of the reconstruction 

of the reservoir.  

(2) Boiled reservoir waters (brw) were estimated based on the adiabatic boiling of the 

geothermal reservoir upon surface at 100°C and 1 bar.  

(3) Condensed stam (cs) were obtained under the same model of boiled geothermal 

reservoir using the steam phase at 100°C and 1 bar and followed by the aqueous 

speciation with PHREEQC. 

(4) Non-thermal waters (ntw), represented by the average of rivers and cold spring on the 

area with an average of 7 ppm of chloride and temperature below 9°C. 
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4 Results 

4.1 Chemical composition of steam vent 

samples 

In total, 14 steam vent samples were collected and analyzed for H2O, CO2, H2S, H2, CH4, 

N2, O2, and Ar (Table 5). In addition, 56 steam vents samples previously reported were 

compared with the data obtained in the study (Supplement 1). 

The steam vent fluids are dominated by water vapor for both Ölkelduháls and Hveragerði 

geothermal fields with accounting for 98.9-99.9 mol%.  The steam vent fluids are generally 

more gas rich at Ölkelduháls with CO2, H2S and H2 concentrations of 4944-9984 µmol/mol, 

195-389 µmol/mol and 97-213 µmol/mol compared to at Hveragerði 499-7812 µmol/mol, 

12-260 µmol/mol and 1-247 µmol/mol, respectively.  The concentrations of other gases for 

non-air contaminated samples were generally low. 

Table 5. The chemical compostion of steam vent discharges. Concentrations are expressed 

in µmol/mol total fluid. 

Sample Label(a) 
Temp. 

[°C] 
H2O CO2 H2S H2 CH4 O2 N2 Ar 

YF20-004 ÖLK-04 97.3 993061 6587 195 149 4.46 0.37 3.2 0.04 

YF20-009 REY-09 98.3 998008 1814 96.0 52.3 1.67 2.17 25.3 0.34 

YF20-011 GRÆ-11 98.4 997321 2393 166 92.7 1.08 0.02 26.0 0.39 

YF20-013 REY-13 98.5 997710 2124 105 54.7 0.85 nd 5.2 0.10 

YF20-015 REY-15 91.7 995740 3910 249 90.8 2.12 nd 7.7 0.17 

YF20-018 GRÆ-18 98.2 997722 2132 93.4 30.3 1.57 nd 20.3 0.37 

YF20-019 GRÆ-19 97.4 997562 2157 211 52.5 1.37 nd 16.0 0.30 

YF20-020 GRÆ-20 96.3 997854 1928 115 34.3 1.87 0.01 64.8 1.34 

YF20-021 GRÆ-21 97.5 998221 1541 116 86.8 1.50 1.61 31.2 0.54 

YF20-025 GRÆ-25 98.8 997112 2331 260. 194 3.95 nd 96.8 1.81 

YF20-030 GUF-30 97.8 998604 1169 60.2 48.7 4.40 0.06 110 2.35 

YF20-036 GUF-36 98.1 997838 1994 58.0 45.0 2.77 0.01 60.8 1.29 

YF20-038 GUF-38 98.2 999203 736 32.4 10.2 0.48 nd 16.8 0.35 

YF20-041 GUF-41 93.8 999429 499 17.9 10.3 0.51 0.28 42.6 nd 

(a): The suffix label refers to the sampling area as: ÖLK: Ölkelduháls, REY: Reykjadalir, GRÆ: Grændalur, 

GUF: Gufudalur. 

4.2 Chemical composition of surface water 

samples 

In total, 28 samples of surface waters were collected, including cold and geothermal springs 

and rivers. The results are reported in Tables 6.  In addition, previous results on surface water 

composition were gathered (Supplement 2).  
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Table 6. Chemical components concentration of the water samples 
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Table 6. (continuation) Chemical components concentration of water samples  

(a) Percent error, expressed as percentual difference of (Cat-|An|)/(Cat+|An|) 

 

The water temperature ranged from 2.2 to 96.7°C and the pH was between 5.45 and 8.38.  

The sampled waters were characterized by lower Cl concentration between 3.32-10.2 ppm 

and large range of CO2 and SO4 concentration of 6.43-844 ppm and 4.27-111 ppm, 

respectively. The concentrations of most cations were also very variable, with concentrations 

ranges of SiO2 = 16.7-217 ppm, Na = 6.43-58.4 ppm, K = 0.52-10.4 ppm, Mg = 0.03-17.1 

ppm, Ca = 2.26-65.7 ppm and Fe = 0.001-65.1 ppm. The results were reported in Table 6. 
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4.3 Chemical composition of borehole fluids 

Several boreholes have been drilled into the geothermal area. Samples of such borehole 

fluids were not collected and analysed during the field campaign.  Instead, recent data from 

Ölkelduháls and Hveragerði were included (Table 7).  

Table 7. Borehole fluids composition from previous studies 
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Table 7. (continuation) Borehole fluids composition reported in previous studies 

Label 
H2O CO2 H2S H2 CH4 N2 O2 Ar 

[µmol/mol] [µmol/mol] [µmol/mol] [µmol/mol] [µmol/mol] [µmol/mol] [µmol/mol] [µmol/mol] 

HV-06 999381 239 15.9 19.3 1.22 0 0 0 

HV-02 999144 337 16.0 11.6 1.21 0 0 0 

HV-04 998222 661 23.5 21.9 2.34 73.6 0 0 

HS-06 996838 1015 48.3 23.0 1.55 369 0 5.06 

HS-07 996170 1256 109 21.0 2.47 330 0 16.2 

HS-09 998363 591 21.8 7.56 1.18 90.0 2.59 1.85 

HE-02 999990 11209 76.0 1.87 0.00 7.57 0 0 

HE-20 999859 5359 676 105 0.69 33.2 0 2.97 

HE-22 999868 2442 101 0 0 130 0 1.85 

 

The liquid phase was characterized by alkaline pH of 8.53-9.50, relatively high Cl 

concentration of 110-234 ppm, elevated SiO2 and Na concentration of 235-580 ppm and 

153-236 ppm, respectively, low Mg concentration of 0.002-0.020 ppm.  The vapor phase is 

dominated by H2O with more than 99.9% mol/mol, followed by CO2, H2S and H2 with 

concentrations of 239-11209 µmol/mol, 15.9-676 µmol/mol and 1,87-105 µmol/mol, 

respectively. Boreholes distributed in Ölkelduháls present higher non condensable gases 

concentration than Hveragerði. 
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5 Discussion 

5.1 Reservoir fluid composition 

The geothermal reservoir fluid composition was calculated based on chemical composition 

of two-phase (liquid and steam) borehole discharges (Table 7) using WATCH software as 

outlined on section 3.4.1.  The modelling results are given in Supplement 3.  Differences in 

composition and temperature are observed between areas. The temperature estimation is 

based on the quartz geothermometer, it lies between 213 and 246°C for Ölkelduháls and 

between 185 and 235°C for Hveragerði. Total CO2 is enriched in Ölkelduháls ranging from 

1007 to 3816 ppm compared to the average 200 ppm in Hveragerði; same trend is observed 

in total H2S. Regarding pH, the primary fluid in Ölkelduháls is slightly acid with pH 5.7 to 

6.4 meanwhile Hveragerði is neutral with pH between 5.8 and 7.5. Chloride concentration 

also differs between both primary fluids, Ölkelduháls present higher concentration (154 – 

189 ppm) than Hveragerði (105 – 154 ppm).  

5.2 Boiling, steam condensation and mixing 

process 

Reservoir geothermal fluid can undergo changes from depth to surface. These include 

boiling and formation of boiled liquid and steam, condensation of the steam phase upon 

cooling, mixing of the boiled liquid and/or steam with non-thermal water and chemical 

reactions like mineral precipitation and oxidation when in contact with atmospheric oxygen.  

Four main type of surface waters can be distinguished in general: 1) Boiled liquid reservoir 

water typically displaying alkaline pH value and elevated Cl concentration similar to the 

reservoir fluid, 2) steam heated waters that are formed upon steam condensation and mixing 

with non-thermal water often followed by oxidation of H2S to SO4. Such waters typically 

display low pH, low Cl concentration and elevated SO4 concentration, 3) carbonate waters 

that are formed upon CO2 mixing and sometimes steam condensation and mixing with non-

thermal water. Such waters typically have mildly acid pH, low Cl concentration and elevated 

CO2 concentration. 4) non-thermal surface water and groundwater.   

The variable end-member waters can be defined or assessed based on reservoir fluid 

composition, boiled to 100°C and data on steam vent discharges and non-thermal waters.  

These include boiled reservoir liquid water (brw) and condensed steam (cs) that was 

estimated based on the adiabatic boiling of the geothermal reservoir fluids to 100°C and 1 

bar, corresponding to surface conditions, and non-thermal waters (ntw), represented by the 

average of 6 rivers samples and 3 cold springs.  For the boiled liquid water and condensed 

steam, the sample HV-06 was used for Hveragerði field and HE-02 for the Ölkelduháls field. 

A summary of the end-member water compositions is given in Table 8.  
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Table 8. Composition of water end members, as measured or modeled. Units are in ppm 

  

Geothermal 

reservoir water (gr) 

Non-thermal 

waters (ntw) 

Boiled reservoir 

water (brw) 

Condensed 

steam (cs) 

Hve Ölk Average Hve Ölk Hve Ölk 

T [°C] 209 230 6 100 100 100 100 

pH 7.40 8.99 7.80 8.55 7.87 2.87 2.67 

B 0.554 1.42 0.002 1.14    

SiO2 319.8 384.5 29.7 530.1 396.1   

Na 156.8 182.5 9.39 196.9 207.8   

K 14.9 21.4 1.04 24.85 22.5   

Mg 0.01 0.003 3.80 0.025 0.002   

Ca 1.05 1.05 14.65 2.58 1.74   

F 1.278 0.473 0.05 1.15 1.00   

Cl 140 176.6 6.22 205.3 195.3 6.3 6.3 

SO4 36.7 50.0 13.2 44.6 100 48.8 65.2 

Al    0 0.84   

Fe 0.004 0.025 0.03 0.007 0.030   

CO2 190.16 2459 48.1 35.4 120 1042 17049 

H2S 10.96 32.4   8.84 3.07 95 152 

 

The variable water types may be identified using the relationship between temperature, Cl, 

SO4, CO2 and pH. The samples present low chloride concentration, but often high and 

variable carbonate and sulphate originating from steam condensate and CO2 and H2S gas 

mixed with non-thermal shallow ground- and surface water followed by oxidation of H2S to 

SO4. Gufudalur hot springs (i.e. GUF-39 and GUF-34) are near neutral pH sulphate (Figure 

5c) and Reykjadalur hot springs are near neutral pH carbonate (Figure 5c and 5d); 

nevertheless, those samples might not been defined as acid steam heated waters since its pH 

is above 5. Grændalur steam-heated waters present a neutral pH with lower carbonate 

concentration compared to Reykjadalur. Alternatively, temperature-chloride diagram 

(Figure 5a) shows low chloride concentration at boiling temperature, typical of condensed 

steam end member geothermal water (cs). Regarding previous data (Stefánsson et al., 

2016a), it includes several acid sulphate waters and boiled hot springs on the vicinity of 

Varmá river; however, end members components may not have changed during the present 

survey compared to previous studies. 
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Figure 5. Water classification based on diagrams for: a) Temperature vs. chloride; b) 

sulphate vs. chloride; c) SO4/Cl vs. pH and d) HCO3 vs. chloride.  

The oxidation of H2S to sulfuric acid when exposed to atmospheric oxygen results on the 

loss of H2S and the enrichment of SO4 in steam heated waters and decrease of pH (Stefánsson 

et al., 2016b), this process is observed in GUF-34 where there is an SO4 addition from 65 

ppm to 96 ppm compared to steam condensed end member (Figure 5b). However, the rest 

of steam heated waters present SO4 loss compared to the end member, caused by the 

degassing of H2S and little oxidation of sulfuric acid, this is also observed on pH ranging 

from 6 to 9. 

Carbon dioxide (CO2) is largely degassed in steam heated waters (Figure 5d) caused either 

by the mixing process with non-thermal waters or the degassing of those gases. Carbon 
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dioxide differs drastically between the steam condensed endmember in Ölkelduháls and 

Hveragerði with 17049 ppm and 1042 ppm respectively. 

Mixing of various water samples for Hveragerði and Ölkelduháls are shown in Figure 6, 

based on the chloride and temperature diagram. All samples lie on a mixing between non-

thermal waters and condensed steam, and no samples belongs to the boiled reservoir water. 

This diagram also shows that all samples lie in the mixing zone between non-thermal waters 

and condensed steam. Steam heated water is produced by the condensation of steam vents 

at surface followed by a different degree mixing with non-thermal waters coming from the 

shallow and the rainwater. Variations on chloride concentration through the study area are 

small, between 4 and 10 ppm, mainly explained by the distribution of chloride in non-

thermal waters and its variation in precipitation. Rainwater tends to be enriched in chloride 

on coastal zones and depleted in high ridges.  

 

 

Figure 6. Mixing ratios using the end-member composition: boiler reservoir water (brw), 

non-thermal waters (ntw) and condensed steam (cs) based on equations (12) to (14). 

5.3 Fluid- rock interaction 

Boron and chloride are considered conservative elements, meaning that they do not 

precipitate once added to the fluid phase. The concentrations of chloride and boron are 

shown in Figure 7a where variations in chloride concentration were observed through the 

end members: (1) non-thermal waters waters, with low chloride concentration; and (2) 

geothermal reservoir waters, with more than 10 times higher concentration. Steam heated 

waters keep similar chloride concentration as surface waters but boron increasing towards 

bedrock ratio. In general, samples have Cl/B ratio close to the seawater ratio due to the 
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presence of a small seawater/saline-groundwater component from the hydrogeology of the 

area. The Cl/B source may come from an initial rainwater composition with addition of 

atmospheric Cl- as seawater spray and aerosols, which originally correspond to rain water 

(Arnórsson & Andrésdóttir, 1995). No evidence of progressive water rock interaction for our 

dataset was found. 

The reaction between the water with the surrounding rocks at surface level may change some 

components concentrations and can be assessed by those changes in sensitive elements such 

as SiO2, Na, and Mg (Stefánsson et al., 2016b). After depressurization and boiling of the 

geothermal reservoir, the steam ascends to the surface on both geothermal areas creating 

condensed steam and dissolving the host rock and eventually form clays. It changes the 

composition of the steam heated waters suggesting the loss or gain of an element upon ascent 

to surface.  

Significant enrichment of Na, Mg and Fe is observed in the dataset compared to the mixing 

fractions from chloride and temperature model, the addition of those elements in the water 

results from the water rock interaction at surface zone with an equilibrium with the host rock 

and the formation of secondary minerals. Iron is an element that increase its concentration 

due to the addition of H2S during degassing. Sample ÖLK-03 presents the highest iron 

concentration (about 100 ppm) caused by a strong acid leaching between the basalt primary 

rock and secondary clays (Figure 7c and 7f). It is identified by a coating of the gravel with 

red-brown iron oxides, and bubbles of CO2 raising on the water. The second and third highest 

iron concentrations are found in REY-08 and REY-05 with less than 10 ppm Fe. Minerals 

in Ölkelduháls contain quartz, anatase, pyrite, smectite, and kaolinite (Kaasalainen & 

Stefánsson, 2011). Pyrite was the predominant sulfur-bearing mineral reflecting the 

mobilization of Fe from the host rock (Ludyan, 2020). The total iron concentration is 

governed by the pH. Iron redox equilibrium is approached with Fe(II) and Fe(III) at pH~6. 

(Kaasalainen et al., 2017). 
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Figure 7. Correlation plots of main constituents, a) chloride vs boron; b) chloride vs 

sodium; c) chloride vs iron; d) temperature vs sodium; e) temperature vs magnesium; b) 

temperature vs iron. For explanation of symbols see Figure 5 
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5.4 Geothermal steam vent discharges 

5.4.1 Steam vent composition, boiling, condensation and gas 

separation 

Steam vent fluid composition varies within the area with commonly higher concentrations 

of CO2 and H2S in steam vents in Ölkelduháls, Reykjadalur whereas Grændalur, Gufudalur 

and Hveragerði have lower CO2 and H2S concentrations, generally (Figure 8). These 

variations may be attributed to the concentration variations in the source fluids, with 

reservoir fluids at Ölkelduháls having higher CO2 and H2S concentrations than in Hveragerði 

(Supplement 3) 

  
Figure 8. Spatial distribution of a) CO2 and b) H2S concentrations measured in steam 

vents. 

Ölkelduháls steam vents and springs present high CO2 concentration. The source of CO2 

might be related to magma intrusions at depth in Hrómundartindur active volcanic system, 

where the last magma accumulation happened between 1994-1998 (Clifton et al., 2002). 

This is also visible on the gas ternary diagrams (Figure 9b and 9c) where the steam vent in 

the area presents the higher CO2 concentration on the trend gas addition as well as H2S 

compared to N2 and Ar. 
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Figure 9. a) H2O-CO2-H2S gas ternary diagram; b) N2-CO2-Ar gas ternary diagram, c) 

N2-H2S-Ar gas ternary diagram. 

Nitrogen and argon may further be used to trace possible condensation process that may 

result in depletion of CO2 and H2S in steam vent fluids. Nitrogen is an atmospheric gas 

derived from the meteoric waters, or of magmatic origin, and Ar is noble gas of atmospheric 

source used as a conservative species in ratios (Giggenbach, 1986). Nitrogen for the current 

survey varies from 5 to 172 mg/kg (0.1 to 10 mmol/kg) with the highest concentration in 

GUF-30; however, the same variation is observed in Argon that goes from 0.09 to 5.22 

mg/kg (0.002 to 0.2 mmol/kg) as shown in Figure 10. Those variations follow the meteoric 

source trend (N2/Ar molar ratio between 38 to 84) from 46 to 80 which indicates a meteoric 

source, from no condensation in Ölkelduháls towards a partial condensation of steam in 

Gufudalur (Figure 10b). The partial condensation in Gufudalur might be caused by (1) 

conductive heat loss during ascending, or (2) condensation in cooler groundwater/surface 

water. Regarding air contamination, ÖLK-04, REY-09, GUF-41 and GRÆ-21 show signs 

of air contamination as shown in Figure 10a; however, it is lower than compared to previous 

studies in the area and they might consider negligible in the dataset since the highest O2 

concentration found was 3.87 mg/kg (0.1 mmol/kg), as shown in Figure 10a. 
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Figure 10. a) N2/Ar molar ratio – oxygen scatter plot; b) N2/Ar molar ratio – nitrogen 

scatter plot. For legend symbol refers to Figure 9.  

5.4.2 Gas geothermometry  

Gas geothermometers are based on the assumed equilibrium between a gas and a mineral 

buffer. Gas geothermometers are useful for the estimation of reservoir temperatures in high 

temperature geothermal systems and the calibrations of (Arnórsson & Gunnlaugsson, 1985) 

are applicable to systems in basaltic host rock like Iceland. The average estimated 

temperature from the CO2, H2S, H2 and CO2/H2 geothermometers (equations 3 to 7) was 

used for Ölkelduháls and Reykjadalur areas; however, the possible condensation of the water 

vapor in the steam during the upflow was considered for Grændalur, Gufudalur and 

Hveragerði. 

The results of gas geothermometry are shown in Supplement 4. The gas temperature 

estimated shows a lower standard deviation between the geothermometers for Ölkelduháls 

and Reykjadalur but higher for the south side of Grændalur and Gufudalur, which may be 

explained by the change of the gas ratios as a larger fraction of the most soluble gases. The 

water vapor condensation increases the gas concentration on the remaining steam phase and 

it slightly increases the H2/CO2 ratio.  

The higher temperatures are found in Ölkelduháls with 297°C decreasing towards the south 

to 230°C in Gufudalur. Two temperature reference were found through gas geothermometry, 

the first one 230-280°C in Hveragerdi, and the second one with a temperature range between 

280-300°C in Ölkelduháls. Gas geothermometry shows about 40°C difference in 

temperatures between both reservoirs but following the same spatial distribution through the 

four valleys (Figure 11b).  

 

a) b) 
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Figure 11. a) Scatter plot of temperatures based in H2S geothermometer (Eq. 5) and CO2 

geothermometry (Eq. 3); b) Spatial distribution of gas geothermometry for 2020 survey. 

For symbol legend refers to Figure 9. 

5.5 Comparison with previous studies 

28 samples of cold springs, hot springs and acid hot springs, 56 steam vents and 5 boreholes 

sampled through different research from 1982 to 2015 are considered as previous data. Those 

samples presented characteristics of steam heated waters with Na-HCO3 and alkaline hot 

springs around Varmá river and Hveragerði town (Arnórsson & Andrésdóttir, 1995; 

Arnórsson & Gunnlaugsson, 1985; Kaasalainen & Stefánsson, 2012; Stefánsson, 2017). 

Steam vents were studied for geothermometry on the areas of Ölkelduháls, Grændalur, 

Gufudalur (Björnsson, 2007; Ívarsson et al., 2011a).  

The chemical characteristics was mainly compared to previous work carried out before the 

major earthquake event on 29 May 2008. A strong earthquake of Richter scale magnitude 

6.3 took place 2 km east of the town of Hveragerdi. The earthquake had shallow crustal 

ruptures, vertical north-south trending, right-lateral strike-slip fault characteristics, similar 

to other historical events in the past (Halldórsson & Sigbjörnsson, 2009). Several changes 

related to surface ruptures and geothermal activity were mapped along the area(Eshetu 

Gemechu, 2017; Kaasalainen & Stefánsson, 2011; Khodayar & Björnsson, 2014). 

Alkaline waters may have disappeared on the study area compared to previous data. 

(Kaasalainen & Stefánsson, 2011) reported 3 samples: 07-3705, 07-3706 and 07-3707 in 

Gufudalur (Hveragerði down by Laxastigi) with pH of 9.02. The mixing ratio of those 

samples corresponded to 54% boiled reservoir water and 42% non-thermal water (Figure 6) 

a) 
b) 
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becoming the only samples with boiled reservoir end member composition. However, during 

this study survey all water samples belong to steam heated water with a mixed composition 

between condensed steam (cs) and non-thermal waters (ntw). The extinction of alkaline 

waters may have been caused by the opening of new fractures followed by the 

despresurization of the geothermal reservoir allowing only steam phase reach the surface. 

Ívarsson et al., (2011b) studied the gas chemistry and geothermometry of the area based on 

geochemistry surveys and data available from 1982, 2003, and 2008. The gas composition 

maintains the same characteristics throughout the study area (Figure 12). The mentioned 

study also found a discrepancy between the CO2 and the other geothermometers; thus, the 

average between H2S (equation 5) and CO2 geothermometer (equation 3) were used to 

quantify the reservoir temperature. For comparison purposes, the same average temperature 

is used for the current section. The main changes are observed in GRÆ-25 (named GRD-

012 in Ívarsson et al., 2011) and GUF-36 (named GUD-002L) with an increase in the 

estimated reservoir temperature of 21°C and 10°C respectively. However, GUF-41 (named 

GUD-003) cooled down about 27°C. Regardless of not having a comparison of the ÖLK-04 

steam vent, spatial projections based on the gridding method shows an increase of 20°C in 

Ölkelduháls and decrease of about 20°C in Hveragerði (Figure 11b). It also inferred a fissure 

NW-SE through steam vents REY-15, REY-13, GRÆ-25 and GUF-36, this signature 

appears on the spatial distribution of gas geothermometry shown in Figure 13. 

 

Figure 12. Distribution of a) H2S and CO2 gases; b) H2 and CO2 gases in steam vents 

samples and comparison with (Ívarsson et al., 2011b) research. 
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Figure 13. Map of gas geothermometry changes after 2008 earthquake event and 

comparison of steam vents samples from preious studies (based on Ívarsson et al., 2011) 
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5.6  Conceptual model 

The signatures discussed in the previous section allow for the construction of a conceptual 

model; however, further research in isotopic geochemistry is needed to define the fluid origin 

and to track inflow and outflow zones. The conceptual model defines the geothermal 

reservoir end-members with two primary fluids located in Ölkelduháls and Hveragerði. 

Major differences in terms of composition are total CO2 and H2S where Ölkelduháls is 

enriched compared to Hveragerði, minor differences are found in SiO2, and Cl where 

Ölkelduháls is slightly enriched.  

The heat source of the geothermal activity might be controlled by two volcanic systems. On 

the north, Hrómundartindur active volcanic system supplies heat to Ölkelduháls where the 

estimated temperature is 280-300°C. In the south, Grændalur extinct volcano supplies heat 

to Hveragerði and Gufudalur where the estimated temperature is 230-280°C. The interface 

between that two end-members reservoirs are Reykjadalur and Grændalur that are mainly 

defined by steam heated waters that are formed by mixing between condensed steam and 

nonthermal waters. 

Both geothermal areas present secondary fluids on surface as steam heated waters and steam 

vents; although no alkaline springs were found during the 2020 survey, previous data shows 

boiling hot springs in Hveragerði by the Varmá river. Ölkelduháls wells and steam vents 

have higher CO2 and H2S concentration than Hveragerði; however, chloride concentration 

is higher in Hveragerði. As observed by Arnórsson & Andrésdóttir, (1995), the higher 

chloride concentration may be due to the presence of a seawater source. Regarding steam 

vents, partial condensation was observed in Gufudalur, most probably caused by the 

conductive cooling of the fluid during ascending. The extent of partial condensation is 

reduced throughout Grændalur and Gufudalur to reach Ölkelduháls defined as no 

condensation.  

Steam-heated waters are distributed over the three valleys. Those fluids contain dissolved 

CO2 and SO4 (from H2S) carried by the steam. Figure 14 shows the fluid ascension from the 

reservoir to the surface, Ölkelduháls presents no water condensation during boiling but 

Hveragerði presents partial water condensation, this process is followed by a mixing process 

with non-thermal water mainly from shallow ground water. Although no evidence of 

progressive water rock interaction was found, a certain level of water rock interaction in the 

surface zone is governed by the CO2 and H2S degassing and the alteration of the hostrock. 

This process is highlighted in Ölkelduháls but not observed in Hveragerði. Additionally, 

steam heated waters and nonthermal waters in Ölkelduháls and Reykjadalur have lower pH 

(i.e ÖLK-03 with pH 5,4 and REY-05 with pH 6,25) due to the degassing and oxidation of 

H2S towards SO4, and the alteration process of the host rock basalt/hyaloclastite towards 

clays like smectite/kaolinite and pyrite (Ludyan, 2020), it results in high concentrations of 

H2S and CO2 gases and the sulfur oxidation states in most natural geothermal waters 

(Kaasalainen & Stefánsson, 2011).  
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Figure 14. Schematic conceptual model of the the study area (based in Geirsson & 

Arnórsson, 1995).  
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6 Conclusions 

Samples from geothermal manifestations in five subareas of the Ölkelduháls and Hveragerði 

geothermal fields were analyzed and classified according to their water and gas chemistry. 

The temperature of the geothermal reservoir was estimated through gas geothermometry 

giving a temperature of 230-280°C in Hveragerði and 280-300°C in Ölkelduháls. This 

estimation shows higher temperature than the measured temperature on Hveragerði 

geothermal wells, which range from 215°C to 230°C, and 256°C in the HE-20 geothermal 

well of Ölkelduháls (Björnsson, 2007; Geirsson & Arnórsson, 1995).  

The water manifestations are steam heated water with a different degree of mixing between 

the condensed steam (sc) and non-thermal waters (ntw) end members, no alkaline hot springs 

were found during the 2020 survey although previous data asseverates the presence of boiled 

hot springs with a mixing degree of boiled reservoir water (brw) and non-thermal waters. 

Gas chemistry indicates that Ölkelduháls is enriched in CO2 and H2S compared to 

Hveragerði. Their source may be related to magma intrusions at depth in Hrómundartindur 

active volcanic system, Nitrogen and N2/Ar ratio shows meteoric air source with no 

condensation in Ölkelduháls and steam condensation in Hveragerði during boiling.  

The heat source of the geothermal activity might be controlled by two volcanic systems. On 

the north Hrómundartindur supplies heat to Ölkelduháls; in the south, Grændalur extinct 

volcano supplies heat to Hveragerði and Gufudalur. The interface between the two primary 

fluids are Reykjadalur and Grændalur that are mainly defined by steam vents and steam 

heated waters. Steam vents on those areas resemble CO2, H2S and H2 concentration on the 

middle of both end-member composition that might suggest a shared composition of both 

primary fluids.  

H2S and CO2 concentration in steam vents kept the same characteristics after the 2008 

seismic event although new outflow zones appeared. The seismic event either open and close 

fractures or faults rupture and it affected the appearance of geothermal manifestations. 

However, the primary and secondary fluids of geothermal areas are rather governed by the 

heat source, mixing of condensed steam and non-thermal waters, water-rock interaction in 

the surface zone, gas-mineral and gas-gas interaction. 
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Supplement 1: Chemical composition 

of steam vents from previous studies 

Table S1.1. The chemical compostion of steam vents in Iceland, units are expresed in 

µmol/mol total fluid. (Stefánsson et al., 2016a) 
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Table S1.1. (…continuation) The chemical compostion of steam vents in Iceland, units are 

expresed in µmol/mol total fluid. (Stefánsson et al., 2016a) 
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Table S1.2. The chemical compostion of steam vents , units are expresed in µmol/mol total 

fluid. (Ívarsson et al., 2011b) 

Sample 

Label 
Area 

Coordinates (a) 

ISN93 H2O CO2 H2S H2 CH4 O2 N2 

East North 

RED-001 Reykjadalur 390876 396240 990600 3665 130 45.0 26.9 16.3 7.32 

RED-002 Reykjadalur 391584 396348 989900 3410 333 45.0 1.12 4.50 5.29 

RED-003 Reykjadalur 391862 396155 990800 3632 67.6 54.0 1.12 10.1 5.88 

RED-004 Reykjadalur 391594 395380 985200 4362 217 72.0 1.12 407 147 

RED-005 Reykjadalur 391543 395042 982600 6915 205 135 1.12 2.25 5.98 

RED-006 Reykjadalur 391122 394788 990200 3812 75.0 9.00 1.12 22.5 13.0 

GRD-044 Grændalur 392747 395596 994900 19.8 0 45.0 10.1 116 0.05 

GRD-010 Grændalur 391906 393381 996100 2614 62.3 54.0 8.98 3.38 2.62 

GRD-038 Grændalur 392109 393564 995600 1700 83.4 63.0 1.12 2.81 3.26 

GRD-007 Grændalur 392186 393000 994800 1927 91.3 72.0 3.37 11.8 15.4 

GRD-008 Grændalur 392750 393554 994300 2032 173 108 5.61 9.00 17.7 

GRD-012 Grændalur 392504 393673 994100 2306 25.9 99.0 3.37 5.06 9.00 

GRD-014 Grændalur 392564 393915 995300 1449 86.6 18.0 1.12 106 37.8 

GRD-015 Grændalur 392899 393996 993300 2524 150 171 3.37 6.19 9.00 

GRD-002 Grændalur 392525 395717 987600 4921 120 27.0 1.12 6.19 4.80 

GRD-003 Grændalur 392578 395971 991300 3436 98.2 36.0 1.12 9.00 6.87 

GRD-004 Grændalur 392722 396201 990900 3559 124 54.0 1.12 5.06 6.77 

GUD-001 Gufudalur 392924 390490 995600 1636 38.5 9.00 1.12 30.4 15.1 

GUD-005 Gufudalur 393140 391052 997700 870 42.2 9.00 0.00 2.25 2.03 

GUD-003 Gufudalur 393425 391171 996700 1207 48.0 9.00 1.12 16.9 12.0 

GUD-002 Gufudalur 393377 391699 996400 1402 67.0 9.00 1.12 2.81 3.91 

GUD-002L Gufudalur 393608 392329 997100 1107 51.2 0.00 0.00 7.31 3.21 

GUD-003G Gufudalur 393837 393188 994500 2231 0 18.0 0.00 3.38 0.30 

GUD-003H Gufudalur 393875 393396 994200 2241 115 18.0 3.37 2.81 6.38 

GUD-006F Gufudalur 394194 394485 992900 2864 49.6 0 0.00 1.69 1.19 

GUD-006G Gufudalur 394216 394145 994900 1983 84.5 9.00 1.12 4.50 4.01 
 

(a) The coordinates were obtained through georeferenced maps from the report using QGIS 

v.3.20 software 

 

 





 

Supplement 2: Chemical comp. of 

thermal waters from previous studies 

Table S2. The chemical compostion of thermal waters in Iceland. (Stefánsson et al., 2016a) 
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Table S2. (…Continuation) The chemical compostion of thermal waters in Iceland. 
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Table S2. (Continuation) The chemical compostion of thermal waters in Iceland. 

(Stefánsson et al., 2016a) 
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Supplement 3: Reservoir fluid 

composition. 

Table S3. Chemical speciation of the reservoir fluid composition 

 

(a) Temperature estimated based on Quartz geothermometer 
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Supplement 4: Estimation of 

temperature with different gas 

geothermometers 

Table S4. Gas geothermometers of the study area expressed in °C 

Sample 

label 

Eq. 3: Eq. 5: Eq. 6: Eq. 7: Average 

Temp  

Standard 

deviation CO2 H2S H2 CO2/H2 

ÖLK-04 301 293 297 295 297(a) 3 

REY-09 263 279 287 298 282(a) 15 

GRÆ-11 272 290 292 301 289(a) 12 

REY-13 268 281 287 296 283(a) 12 

REY-15 287 298 292 295 293(a) 5 

GRÆ-18 269 279 282 289 280(a) 8 

GRÆ-19 269 295 287 296 282(b) 18 

GRÆ-20 265 283 283 292 274(b) 13 

GRÆ-21 258 283 292 306 271(b) 18 

GRÆ-25 271 299 299 311 285(b) 20 

GUF-30 248 270 286 302 259(b) 16 

GUF-36 266 269 286 295 268(b) 2 

GUF-38 230 258 272 289 244(b) 20 

GUF-41 213 247 272 294 230(b) 24 

(a): Average and standard deviation using the CO2, H2S, H2, CO2/H2 geothermometers 

(Equation 3 to 7). 

(b): Average and standard deviation using the CO2 and H2S geothermometers (Equation 3 

and 5). 
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