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Abstract

The geochemistry of Fe(ll) and Fe(lll) was studiadnatural geothermal waters in Iceland.
Samples of surface and spring water and sub-bogewhermal well water were collected and
analyzed for Fe(ll), Fe(lll) and Bgs concentrations. The samples had discharge tenupesan
the range 27-99°C, pH between 2.46 and 9.77 ard didsolved solids 155-1090 mg/L. The
concentrations of Fe(Il) and Fe(lll) were deterndin the <0.2um filtered and acidified fraction
using a field-deployed ion chromatography spectodqimetry (IC-Vis) method within minutes to
a few hours of sampling in order to prevent postydang changes. The concentrations of Fe(ll)
and Fe(lll) were <0.1-130 umol/L and <0.2-42 pmplespectively. In-situ dialysis coupled
with Fe(ll) and Fe(lll) determinations suggest tiatsome cases a significant fraction of Fe
passing the standard <Ou2n filtration method may be present in colloidalfpadate form.
Therefore, such filter size may not truly repredbetdissolved fraction of Fe but also nano-sized
particles. The Fe(ll) and Fe(lll) speciation ang,feoncentrations are largely influenced by the
water pH, which in turn reflects the water typenfied through various processes. In water having
pH of ~7-9, the total Fe concentrations were g2ol/L with Fe(lll) predominating. With
decreasing pH, the total Fe concentrations incceasth Fe(ll) becoming increasingly important
and predominating at pH<3. In particular in waté@ving pH~6 and above, iron redox
equilibrium may be approached with Fe(ll) and Hgfbssibly being controlled by equilibrium
with respect to Fe minerals. In many acid watdrs,Re(ll) and Fe(lll) distribution may not have

reached equilibrium and be controlled by the sdg)ceeaction kinetics or microbial reactions.
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1. Introduction

Iron is an important redox-active element in geotied water and its chemistry and speciation
are of both scientific and environmental interege do its role in mineral dissolution and
precipitation reactions, metal(loid) sequestrati@amd biogeochemical processes related to
thermophilic ecosystems (e.g. Stefansson et ab1,22005; Nordstrom et al. 2005; Shock et al.,
2010; Kaasalainen and Stefansson, 2012). Ironasept in water as ferrous (Fe(ll)) and ferric
(Fe(llD) iron, may complex with inorganic or ordanligands, and also form polymers,
nanoparticulate colloidal aggregates, and cryselke minerals (e.g. Stumm and Morgan, 1981;
Stumm and Sulzberger, 1992; Rue and Bruland, 1B8§&field and Navrotsky, 2001; Cornell
and Schwertmann, 2003; Gilbert et al., 2007; Hiemst2015). The speciation and
transformations between the solid and soluble fegiep occur over the entire redox range of
water, depend on factors such as pH, temperatume, oaganic complexation, and may be
kinetically controlled and photochemically inducéstumm and Morgan, 1981; Stumm and
Sulzberger, 1992).

Dissolved iron concentrations in surface geothemvedkrs range from <Qlg/L to several
hundreds of mg/L, as conventionally determinedamgles filtered through 0.1-0.48n pore
size followed by acidification (e.g. Gunnlaugssam &rnorsson, 1982; Stefansson et al., 2001,
2005; Nordstrom et al., 2005; McCleskey et al., 20aasalainen and Stefansson, 2012; Pope
and Brown, 2014). Iron concentrations typically whaistinct trends with pH, and Fe varies from
being present at trace concentrations in watergatkaline to circum-neutral pH to being one
of the major elements in acid water. Concentratiohd=e(ll) and Fe(lll) are not routinely
analyzed in geothermal water, and thus some umcsrtmains on the typical Fe(ll) and Fe(lll)

concentrations and the main processes controliag toncentration in geothermal water. Based
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on the existing data and the results of thermodyna@alculations it is evident that the absolute
and relative Fe(ll) and Fe(lll) concentrations vaignificantly (Heinrich and Seward, 1990;
Stefansson et al., 2001, 2005; Nordstrom et aD52®cCleskey et al., 2014). According to the
results of thermodynamic calculations Fe(ll) in foem of the F& ion predominates in acid
geothermal waters,whereas with increasing pH hydi®Ireactions stabilise Fe(lll) relative to
Fe(ll) with Fe(OH)® and Fe(OH) being the most important aqueous species (Heiraiuth
Seward, 1990; Stefansson et al., 2001). Thermodynaaiculations, however, rely on overall
redox equilibria that may not prevail in naturabtieermal fluids (e.g. Stefansson et al., 2005).
Redox equilibrium is often attained at temperattw280°C in the laboratory, yet the equilibrium
state at depth in a natural system is rarely knoRrevious studies suggest that partial
equilibrium between the Fe(ll)/Fe(O#8) may be closely approached in cold natural waaed
circum-neutral to alkaline geothermal water in &l (Stefansson et al., 2005) yet this remains
to be further demonstrated through the compositieaaation encountered in geothermal waters.
Active geothermal systems are characterized byp sjeadients in temperature, pH and
redox conditions. At depth, fluids may reach terapemes above 300°C and are typically
reduced, containing Hand HS (Stefansson and Arnérsson, 2002), but tend tdizeiin the
surface zone. Boiling, mixing, oxidation, and maleprecipitation and dissolution processes
result in the formation of various surface geothadrf@atures including warm and hot springs and
pools that characterise the surface environmentadfve geothermal systems and vary
significantly in water temperature, pH, and cheinicampositions (Stefansson et al., 2016;
Bjorke et al.,, 2015). The dynamic chemistry and dibtons in the surface geothermal
environment support rich thermophilic microbiaklihat is capable of metabolizing the inorganic
chemical energy available from various reactionsolving the redox-active chemical

components such as sulfur, iron, oxygen, hydrogeh ratrogen (e.g. Shock et al., 2010, and
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references therein). In the surface environmempxedisequilibrium is driven by the dynamic
processes taking place at a relatively shallow ldept the systems (e.g. boiling, steam
segregation, mixing) and the redox differences betwthe geothermal fluids and atmosphere
(Stefansson et al., 2005; Shock et al., 2010; Kagsa and Stefansson, 2011). Therefore, there
may not be redox equilibrium between Fe(ll) andIBeput the distribution of Fe(ll) and Fe(lll)
may be dominated by the dissolution and precipitakinetics, oxidation reactions, and/or the
source(s).

With the aim to study the geochemistry and speaatif Fe(ll), Fe(lll), and kg, over
the full range of temperature and pH conditions oentered in the surface geothermal
environment in Iceland, samples of geothermal serfand well water were collected and
analysed for the Fe(ll), Fe(lll), and &g concentrations in the <042 filtered and acidified
fraction. A field-deployed ion chromatography spephotometry (IC-Vis) method was used
allowing the Fe(ll) and Fe(lll) determination to barried out within minutes to a few hours of
sampling in order to prevent and minimize post-darggrhanges (Kaasalainen et al., 2016). Due
to the complex nature of dissolved and solid Feiggdahat may be present and vary significantly
across the conditions encountered in geothermamite importance of different size fractions
was operationally defined by ultrafiltration andsitu dialysis followed by determination of
Feotal @and/or Fe(ll) and Fe(lll) in the filtrates and lg&ates as appropriate.The results allow us to
evaluate the major processes influencing Fe(ll) Badll) chemistry and speciation for a wide

range of composition encountered in geothermal nsate

2. Olkelduhals, Krysuvik and Geysir geothermal area
Samples of natural geothermal water were colle@tesh high-temperature geothermal

areas at Krysuvik, Olkelduhdls, and Geysir locatéHin or marginal to the active volcanic zone
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in south and southwest Iceland (Fig 1). The chelndoeposition, pH, temperature, and redox
state of the geothermal waters in these areas waey a wide range (Arndrsson, 1985;
Markisson and Stefansson, 2011; Kaasalainen an@nSs$en, 2012). The compositional
variation is a result of fluid evolution during vehi the reservoir fluid at depth, having circum-
neutral pH and NaCl-type composition with Na, GI,.C®, and Si being the dominant dissolved
elements, undergoes various processes includingdposteam segregation, and/or mixing of
various end-members and non-thermal ground or curfsater, and water-rock interaction
(Arnorsson, 1985; Arndrsson and Andrésdottir, 198Barkdsson and Stefansson, 2011,
Kaasalainen and Stefansson, 2012; Bjorke et dl5;28tefansson et al., 2016).

Geothermal activity at the Krysuvik and Olkelduh@leas is characteristic of that
associated with volcanic geothermal systems inolydnud pots, hot springs, warm streams,
steam vents, steaming ground, and intense altaraifothe associated rocks (Fig 2A, B)
(Arndrsson et al., 2007). Krysuvik geothermal asimated in the Reykjanes peninsula, has been
extensively studied in the past with respect teeratton mineralogy and fluid chemistry
(Arnérsson, 1969, 1987; Markusson and Stefanssbh];2Kaasalainen and Stefansson, 2011,
Armannsson, 2016 and references therein). Maximuipsigface temperatures have been
estimated at 26C (Arndrsson et al., 1975; Armannsson, 2016). Tiesent study focused on a
small, easily accessible site known as Seltunatgtliin the active geothermal area associated
with the Sveifluhdls hyaloclastite ridge formed idgr the last glaciation (Jonsson, 1978;
Armannsson, 2016) (Fig 1). Olkelduhals geothermeh delongs to the Hengill volcanic system,
which is situated at the triple junction of the NMoAmerican plate, the Eurasian plate, and the
Hreppar microplate (Fig.1). The rocks are made adaliic hyaloclastite formations and lava

flows. Subsurface temperatures ranging from 2008@°C have been encountered upon drilling
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in the Olkelduhéls area (Steingrimsson et al., 1997annsson, 2016). In both areas, water
temperatures at the surface range from ambienbilm¢p ~100°C and pH typically lies in the
range of 2-7. The water composition is dominatedShySi, Ca, Mg, Al, Fe, typically with
abundant reduced sulfur species, and in the casiecoin-neutral pH, also C@QMarkusson and
Stefansson, 2011; Kaasalainen and Stefansson, 2012). This is characteristic for steam-
heated water forming upon vapor condensation intethermal water and subsequent oxidation,
resulting in elevated SCand metal concentrations but low Cl concentratifsasalainen and
Stefansson, 2012; Stefansson et al., 2016). Irtiaddsprings rich in carbon dioxide are found at
Olkelduhals (Armannsson, 2016).

The geothermal area at Geysir is a world-famoualiycin the Southern Lowlands of
Iceland, owing to its frequent geyser activity. Tdrea is located marginal to the active volcanic
belt (Fig. 1), and underlying basaltic rocks angotite dome are younger than 800.000 years
(Arnérsson, 1985; Armannsson, 2016). The main geathl activity is found within a small area
characterized by numerous boiling hot springs, geyssteam vents, and mud pots (Fig. 1.,
Fig.2.D-G). Several warm and tepid springs occuside the main field west of the Laugarfell
rhyolite dome and a few kilometers north of the mactive area along the Haukadalur valley
(Fig. 1) and in addition, several hot-water welés/é been drilled in the area (Fig. 1., Fig. 2C).
Water pH lies between2 and~9, and the water types include steam-heated acidrwdaCl-
type water, and mixtures with non-thermal surfand groundwater (Arnérsson, 1969; 1985).
Maximum subsurface temperatures in the area haea lestimated at 230-28D based on
chemical geothermometry (Arnorsson, 1985; Kaasateand Stefansson, 2012). Several studies
have been carried out in the area with respeclutd €hemistry in general, as well as specific

aspects such as sulfur speciation, silica sintendtion, and thermophilic microbial community
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(Arndrsson, 1985; Tobler et al., 2008; Tobler arehiing, 2011; Kaasalainen and Stefansson,

2011).

3. Methods

3.1. Geothermal water sampling

A total of 35 geothermal water samples was coltéftem the Geysir, Krysuvik and Olkelduhals
geothermal areas in 2013 and 2015. For the detatimmof dissolved Fe(ll), Fe(lll), and &g
concentrations, the water was filtered through s@r2cellulose acetate filter (Advantec) in-line
by pumping the water through silicon tubing ancblypropylene filter holder. Samples for Fe(ll)
and Fe(lll) determinations were collected into tight glass bottles that were completely filled,
immediately acidified (Merck Suprapur ® HCI, 30%5@nL in 100 mL sample) and sealed, and
stored in darkness until analysis. Additional saaagdbr Fe., determination were collected into
PP bottles and acidified (Merck Suprapur ® HCI, b in 100 mL sample). All tubing, filter
holders, and sampling bottles used for the Fe(it) Be(lll) sampling had been previously acid-
washed and rinsed 2-3 times with deionized watéh additional 2-3 rinses with the filtered
sample as appropriate. Samples were also colléoteatie determination of pH, GOH,S, and
major cations and anions, and analyzed using & giesctrode, titrations, spectrophotometry,
inductively coupled plasma atomic emission specatoyn(ICP-OES), and ion chromatography
(IC) with the methods that have been previouslydeed in detail (Eaton et al., 2005; Arnérsson
et al., 2006; Stefansson et al., 2007). Major aimbncations, including Fe, were determined in
samples previously filtered through Quéh filters and acidified (1 mL of 65% HNCBuprapur®
Merck, to 100 mL of sample) using inductively caegblplasma optical emission spectrometry

(ICP-OES, Spectro Ciros Vision). Prior to ICP-OHEflgses, the samples were typically diluted
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2-10 times with dilute HN@(1mL of 65% HNQ Suprapur®, Merck, to 100 mL of MQ-water).
The standards used for the ICP-OES analysis wehmuse reference standards (SEL-11 and
GYG-13) calibrated against commercial standard€§SBertiPrep). Anions (Gl F, SO, and

in some cases,85%) were determined in filtered, unacidified sampleig ion chromatography
(Dionex, 1C2000).

At the selected sites, the importance of Fe astmtimaith the colloidal/nanoparticulate
size fraction was studieéror this purpose, samples were filtered through Qi in-line filters,
in addition to the 0.2um pore size filters. Moreover, dialysis tubes ($EPOR® 7,
SpectrumLab®, 10 kDa and 1 kDa pore sizes) or pserabled floating dialysis devices (Float-
a-Lyzer, SpectrumLab®, 8-10 kDa pore size) werdajeul in-situ in selected springs and pools
The dialysis samplers had previously been filledsked and equilibrated with deionized water
changed several times, and were then deployedunssithe natural water for 1-2 days. Upon
recovery, the liquid contained in the bags was $adhand acidified (0.5 mL conc. HCI in 100
mL sample, TraceSelect Ultra, Fluka), with subsetjudetermination of Fe(ll) and Fe(lll)
concentrations as described in section 3.2.

The quality control and assurance included regtddibration, repeated analysis of blank
solutions, and synthetic solutions of known conidns within each batch, duplicate analysis
and comparison of various analytical methods. Meeecthe charge balance of the samples was
calculated at room temperature using the PHREE@@Grpm (Parkhurst and Appelo, 1999) with
the phreeqc.dat thermodynamic database, and omiglea with a charge balance withtr10%

are considered, with the average charge balancel®¥ing +1.5% (ranging from -9.2 to 8.9%).

3.2. Fe(ll) and Fe(l11) analysis
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The determination of Fe(ll) and Fe(lll) concentwas was carried out on-site in a field
laboratory within 1-4 hours of sampling using a me® ICS3000 ion chromatography (IC)
system connected to a post-column reaction coil andV/Vis absorbance detector (AD25,
Dionex, Thermo Scientific). The determination of(IBeand Fe(lll) in geothermal water using
the field-deployed an IC-Vis method, which is désed and discussed in detail by Kaasalainen
et al. (2016), along with a detailed account of¢hallenges associated with the Fe(ll) and Fe(lll)
determination in the geothermal water. The IC-Vetmod is based on the IC separation of Fe(ll)
and Fe(lll)complexes with pyridine-2,6-dicarboxylic acid (PDCéhelating agent contained in
the eluent, followed by detection wusing post-columderivatization with 4-(2-
pyridylazo)resorcinol (PAR) with absorbance detattat 530 nm. Sample injection into the
injection valve system was either carriet out mégussing 3 mL pre-washed PP syringes or the
Dionex AS autosampler unit, with a typical injectieolume of 200 pL. The workable detection
limits are 2-3 pg/L Fe(lll) and 6-8 pg/L Fe(ll). [aations were performed using standard
Fe(lll) solutions prepared gravimetrically from T00ng/L Fe(ll)Ck commercial standard
(Merck) added to a 0.1 M HCI solution prepared dijption of concentrated HCI (Merck,
Suprapur®) in deionized water. Standard Fe(ll) sohs were prepared by the reduction of
Fe(lll) standard solutions using ascorbic acid j(Qper 10 mL solution) or by dissolving Mohr
salt ((NHy)2Fe(SQ),- 6H0, Fluka, puriss) in boiled and degassed (Ar) desshwater acidified

to give 0.1 M HCI using concentrated HCI (Merck 8agur®). For Fgi determination the
samples were treated with,® (Suprapur®, Merck, 0.050 mL per 10 mL sample) ideo to
oxidize Fe(ll) to Fe(lll), followed by k&, analysis as Fe(lll). If necessary, the sampleswer
diluted gravimetrically 2-10 times with dilute OM HCI (Suprapur®, Merck) prior to gy
determinations. Additionally, gy was determined using the ICP-OES along with majuoat

minor cations as described in section 3.1, usimgp$as that had been filtered through Qr#
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filters and acidified (1 mL of 65% HN{Suprapur® Merck, to 100 mL of sample) and in most

cases diluted 2-10 time prior to analysis.

3.4. Geochemical calculations

The PHREEQC-program with the WATEQA4f.dat datab&sdl @nd Nordstrom, 1991; Parkhurst
and Appelo, 1999) was used for geochemical calouatincluding aqueous species distribution
and mineral saturation state calculations. Thewtations were conducted at 25°C and 1 bar. The
reason for this is that the samples were cooledndmawroom temperature prior to analysis, and
therefore may not represent the actual geotherrat@ntemperature. Mineral solubility constants
for amorphous Fe(lll) hydroxide, goethite, mackiitawand pyrite were those in the wateq4f
database, whereas the solubility of 2 and 6-limehigdrite were those compiled and reported by
Stefansson (2007). These constants and the themaoty data in the WATEQ4f-database were
further used in the calculation of the equilibrieonstants for various redox reactions involving
the aqueous Fe(ll) and Fe(lll) species and thevaelieFe solid phases, as well as the construction

of the pe-pH diagram.

4. Results and discussion

4.1. Water Composition

The waters had temperatures in the range of 27,9pFCbetween 2.46 and 9.77, and total
dissolved solids (TDS) ranging from 155 to 1090 Im@dhe chemical composition of the water
sampled is given in Table 1. Based on the majonefte composition, pH, and temperature, the

geothermal surface water samples are divided iniledb alkaline water, steam-heated acid water,
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steam-heated neutral water, and mixed geothermairWBable 1, Fig. 3). Boiled alkaline water
samples discharged by boiling hot springs had p!3 a8d NaCl-type composition with elevated
Na, Si, Cl, andCO, concentrations, and very low Mg concentrationsaBt-heated acid water
samples, typical for mud pots and some streamsabiadpH <4, elevated concentrations 0f;SO
and many metals, but low CI concentrations. Steaatdd neutral water had pH of ~6-8, low ClI
concentrations, and often highCO, concentrations compared to steam-heated acid .water
Mixing between the above waters as well as nomthewater results in the formation of mixed
waters (Kaasalainen and Stefansson, 2012; Bjorkal.e®015; Stefansson et al.,, 2016). The
mixed water considered in this study, referred sonéxed geothermal water, predominantly
represents mixtures between the geothermal resemabder and non-thermal water in the Geysir
area and its surroundings (Table 1, Arndrsson, 19Bailed alkaline water, mixed geothermal
water and steam-heated neutral water are obsernveéldei Geysir area, whereas steam-heated
neutral and acid water predominate at Krysuvik @ticelduhéals. Water sampled from the hot-
water wells in the proximity of the Geysir areaatiiarge the unboiled aquifer water that has
undergone variable extent of mixing with non-thelrmater (Arnérsson, 1985; Arnérsson and
Andrésdottir, 1995). The composition of the sublibgiwell waters is of the NacCl type similar
to that of alkaline boiled wateyet the two differ in pH and absolute concentragi¢hable 1) as
boiling has resulted in loss 8€0,, an alkaline pH, and elevated non-volatile conegians in
alkaline boiled water, and mixing with non-thermadter have resulted in higher Mg but dilution

of non-volatiles in sub-boiling well water.

4.2. Fega, Fe(11), and Fe(l11) concentrations
A systematic relationship can be observed betwberFg,., Fe(ll) and Fe(lll) concentrations

and the water pH. Dissolvembn concentrations (<0.2 pm fraction) in the geothal waters in
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Iceland range from <0.0tmol/L to >5 mmol/L as reported by Kaasalainen aneféisson
(2012) (Fig. 4). The Fe(ll) and Fe(lll) concentoats of water sampled in this study were in the
ranges <0.15-136 umol/L and <0.1-100 pumol/L, respely (Figs. 4, 5). Geothermal waters
having alkaline pH are characterized by lowdgeconcentrations, with Fe(lll) being the
dominant oxidation state and Fe(ll) concentratibetow detection. With decreasing pH, the
Feotal CONcentrations increase with Fe(ll) becoming insiregly more important relative to
Fe(lll) in steam-heated waters, accounting for Z2%nd 50-97% of kgyin steam-heated acid
and neutral waters, respectively. Restricted trentsy be observed between the water
temperature and Bg) concentrations, except for the steam-heated aeitgra/ in which Rey
concentrations show an increasing trend with deangaemperature.

As discussed in detail by Kaasalainen et al. (2046ne differences are observed between the
sum of the Fe(ll) and Fe(lll) determined by the VG- method in the field and the total Fe
concentrations determined by the ICP-OES or IC+Wethods later in the laboratory (Table 1).
However, in many cases, the comparison is diffidul to low concentrations. These differences
are considered to arise from the general challengssmpling and analysis of concentrations
close to the instrumental detection limits, as veallthe range of Fe forms that may have been
present in the samples including filter passing loidl/nanosized Fe solids (Fe(lll)
(oxy)hydroxides, Fe(ll)-sulphides, organic collgidsor strong organic complexes. These
different Fe forms may not be accounted for insheme way for each method either due to the
nature of the analysis or due to varied sampleag®iength prior to analysis. Kaasalainen et al.
(2016) showed that the sum of the Fe(ll) and Fe¢dincentrations and the g determined at
the same time point using the IC-Vis method in ldimoratory were in excellent agreement but
the Feya concentrations determined using the 1C-Vis methellich only picks up weakly

complexed and hydrated Fe species, were typicallyesvhat lower than those obtained by the
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ICP-OES method. This suggests that some Fe forms present that were not detectable by the
IC-Vis method even after treatment with hydrogerogele but were broken down in the plasma

and therefore included in the Fe concentrationsrdened using the ICP-OES method.

4.3. Processes affecting Feo, Fe(I1) and Fe(l11) concentrations in geothermal water

The major processes that are considered to infeiimeconcentrations and speciation of Fe in
geothermal water include water-rock interactiorilibg and mixing, and redox reactions (e.g.
Stefansson et al, 2001; 2005; Kaasalainen andriSsga, 2012; Hardardottir et al., 2009;
Kaasalainen et al., 2015). In addition, microbiatagjreactions may also play a role, in particular
in the acid pH conditions, at which the kineticxbémical Fe(ll) oxidation are significantly
slower than at a higher pH (Stumm and Morgan, 18&ppler and Straub, 2005).

In the basaltic environment in Iceland, boron issidered to be mobile upon water-rock
interaction and has been used as an indicator a¥ leaching (Arnérsson and Andrésdottir,
1995). In agreement with the findings of Kaasalaiaed Stefansson (2012), the Fe to B ratios in
water samples considered in this study are lowan tthhe corresponding basaltic rock ratio
indicating Fe to be immobile and possibly takerbysecondary minerals.

Several Fe-containing alteration mineral phasese hagen observed in the surface
geothermal environment in Iceland including suléidg@redominantly pyrite, marcasite) and
various (hydr)oxides including amorphous Fe(llldigxide, goethite, and hematite (Arndrsson,
1969; Markusson and Stefansson, 2011; Bjorke gR@lL5). The distribution of Fe minerals is
related to the intensity of the surface hydrothéramivity, oxidation front, and the water type
(Markusson and Stefansson, 2011; Bjorke et al.5p0h addition to these minerals, magnetite

and pyrrhotite have been identified in the subserfalteration products in the drill cuttings and
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well scales from active geothermal systems (Stémson and Sveinbjornsdottir, 1981;
Hardardéttir et al. 2009). Moreover, Fe-silicates heeen observed forming from boiled high-
temperature reservoir fluids and in the surfacetlggenal environment (Konhauser and Ferris,
1996; Tobler et al., 2008; Hardardottir et al., 208nd references therein). To our best
knowledge, Fe-sulfate or hydroxy sulfate mineraljch as jarosite, melanterite or
schwertmannite, have not been reported to occuthéngeothermal surface environment in
Iceland.

In Figure 5, the Fe(ll) and Fe(lll) concentrationggeothermal water are shown together
with the mineral solubilities of selected Fe minerabserved in the surface geothermal
environment in Iceland including ferrihydrite, gbig¢, schwertmannite, mackinawite, and pyrite.
The saturation state with respect to Fe(ll) com@mminerals cannot be evaluated for boiled
alkaline water and mixed geothermal water as Fe@ihicentrations are below the detection limit.
For steam-heated neutral water, the Fe(ll) conatatrs agree well with the solubility of
mackinawite at relevant sulfide concentrations itlkose observed in the Krysuvik and
Olkelduhéals geothermal areas. This is good agreemigh the dark gray color of such water
(Fig. 2) and the black precipitates observed dufiltrigition. Mackinawite has not been reported
from the surface alteration in Iceland, but nanstaljine mackinawite and amorphous FeS are
typically the initial Fe-sulfides precipitating ianoxic, sulfidic solutions or upon anoxic-oxic
transition, followed by transformation to more s$talphases such as pyrite (Schoonen and
Barnes, 1991; Benning et al., 2000). The steamedeatid waters are undersaturated with
respect to mackinawite but supersaturated withe@sm pyrite as commonly observed under
such conditions. Pyrite supersaturation is commatlserved and pyrite is commonly found in
the alteration product, yet it may not necessamicipitate directly from solution. Alternatively,

the oxidation of sulfide by oxidants such as mal@coxygen and ferric oxyhydroxide minerals
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may lead to the formation of elemental sulfur, &ydfurther reaction with sulfide, polysulfide.
Pyrite may form via the polysulfide pathway in @ast some of these environments (Rickard and
Luther, 1997; Butler et al., 2004). Thus, host réekching, redox reactions or microbiological
reactions may control the Fe(ll) concentratiorhi@ steam-heated acid water.

The Fe(lll) concentrations in boiled alkaline wagrd many steam-heated acid waters
appear to be close to saturation with respect torglhous and 6-line ferrihydrite, respectively
(Fig. 5). Such amorphous or poorly crystalline @saend to be the first Fe(lll) hydroxide phase
to precipitate from solution, with the reportedudmlity constants varying over a large range due
to the varying crystallinity and aging effects (Mstrom et al., 1990; Majzlan et al. 2004). In
addition to steam-heated acid water and boilediakkavater, the Fe(lll) concentrations of many
neutral-pH samples are also found in close agreeméh the amorphous Fe(lll) hydroxide
solubility; however, several samples show signiftcgupersaturation with respect to this phase as
discussed in the following section (4.4). Thesalifigs suggest that Fe(lll) concentrations in
many geothermal waters may be controlled by femgdroxide solubility, in agreement with

previous studies (Stefansson et al., 2005).

4.4. Nanoparticulate Fe

A significant population of samples including batteam-heated neutral water and mixed
geothermal water contained Fe(lll) in higher coriaions as expected based on the solubility of
amorphous Fe(lll) hydroxide, the most soluble Fe@bntaining phase (Fig. 5). The reason for
this finding is considered to be the presence abparticulate Fe in the geothermal water, which
passes through the 0.2 um pore size filter duramgpding, dissolves upon sample acidification,
and is consequently interpreted as dissolved FaofNaed Fe solids have previously been

reported in natural and experimental solutions éyesal authors and involve both Fe(ll) and
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Fe(lll) valence states (e.g. Fox, 1988; Benninglet2000; Pokrovsky and Schott, 2002; Cornell
and Schwertmann, 2003).

In order to study the potential occurrence of nanbgulate Fe samples in the geothermal
waters under study, the different size fractiong-efwere operationally determined at selected
locations. This was done by an ultrafiltration noethor by analyzing the inner solutions from
dialysis devices deployed in-situ in geothermalanain addition to filtering the sample through
0.45um and 0.2um pore size filters. The nanoparticulate Fe mays paough the 0.45 and 0.2
um filters, whereas the fraction passing through #i® kDa and in particular the <1 kDa
membrane pore size may be considered to represeny aissolved fraction (Fox, 1988; Batley,
1989). Therefore, the difference between the Fecexmations determined in the <Qun
filtered and <1-10 kDa size fractions represengsrthnoparticulate Fe fraction. Examples of the
concentrations of Fe(ll) and Fe(lll) determinedhe different size fractions are shown in Figure
6 and listed in Table 2. Moreover, the Fe concéintra determined in the <0.2 um and the truly
dissolved fraction are shown in Figure 5 where 8ymbols are connected with dotted lines. In
some cases, there is a good agreement between &w&dllFe(lll) concentration in the <0.2 pm
and <10 kDa filtered fraction, but in several othéhese concentrations are considerably
different, with much lower Fe(ll) and Fe(lll) comteation in the <10 kDa filtered fraction
compared with the <0.2 um filtered fraction. Thdselings suggest that in some cases, a
significant fraction of Fe passing the standartefd may not be truly dissolved but rather
present in a nanosized solid form. Upon acidifmatithese nanosized Fe solids may dissolve,
resulting in an overestimation of the truly dissave(Il) and/or Fe(lll) concentration in thermal
water. The discussion on their origin is outside stope of this study, but the possible

explanations may, for example, include mixing, aoml and oxidation processes taking place
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along the flow path the geothermal fluid, or in wases, the presence of Fe-rich organic

colloids.

4.5. Fe(ll )and Fe(l11) aqueous speciation
Using the analyzed Fe(ll) and Fe(lll) concentragiomthe geothermal waters, the
thermodynamic speciation of each oxidation state egculated independently from the redox
potential (pe) value. The species distribution ®flF and Fe(lll) in the dissolved fraction
calculated this way is shown in Figure 7 for themas types of geothermal waters sampled in
this study. From Figure 7 it is evident that thetidlbution of aqueous Fe species is affected by
the water type, which in turn reflects the pH aedax conditions as well as major ion
composition of the water. In boiled alkaline wated sub-boiling aquifer water, only Fe(lll) was
detected and was present predominantly as hydmbliyeéIl) species. Also Fe(ll) may have been
present at low concentrations below the detectrait,land in such a case may be expected as
Fe** or carbonate species. In mixed geothermal wagelroiyzed Fe(lll) species typically
dominate, together with Fein cases where Fe(ll) is present. In steam-hesattal water, Fé
and Fe(ll)-sulfide species are important, togettién significant Fe(lll) hydrolysis species. In
both mixed geothermal water as well as steam-heeettal water, minor Fe(ll) sulfate and
carbonate species are suggested. In steam-headedader, F&* and Fe(lll)-sulfate species
predominate, with Fe(lll) hydrolysis species andianiFe(ll)-sulfate and free Fespecies
present as well. Thus, it is clear that distribuitod Fe species varies greatly over the different
water types.

The Fe(ll) and Fe(lll) concentrations determined #re calculated aqueous species
distribution can be used to calculate a pe-valset@n the following equations (pe):

FE€'=Fe +¢e 1)
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pe =-log [§ 2)

pe = log[F&" - log[Fé] - logKk  (3)
where [€], [Fe*"], and [Fé"] stand for the activities of an electror) (€€ and Fé&* ions in the
solution, and K for the equilibrium constant foe tfeaction (1).

For samples having Fe(ll) concentrations belowda&te limits, the value at the detection
limit was used to give a maximum estimate of th@lJreoncentrations that may have been
present, and thus the respective pe value givasianom estimate of the pe value for the
Fe?*/Fe’* pair. The relationship between the water pH andgbee calculated for the Fand
Fe** ratio is shown in Figure 8, and shows a systentiit.

There are several other possible redox reactiomgrie minerals and aqueous species,
including the following reactions involving the fer hydroxide and mackinawite (FeS) solid
phases:

Fe(OH)Y(s) + 3H + € = F&" + 3H,0 (4)

Fe* + HS + € =FeS(s) + H (5),
and similarly to what has been described above]uevior redox potential pe can be calculated
based on these reactions. Moreover, many othereglisnpresent in more than one oxidation
state, such as hydrogen, oxygen, sulfur, nitrogehcarbon, may be involved in the redox
reactions of Fe(ll) and Fe(lll). The exact reacsiomowever, are difficult to evaluate as in order
to calculate the pe values for these reactionsytical data must be available for all the species
involved. Reactions (4) and (5) involve ferric hgxlide (amorphous or 6-line ferrihydrite) and
mackinawite, both of which were observed closeatarsition in the studied waters (section 4.3),
and may thus be of importance in the waters studiedthe waters sampled, the typically most
important sulfur species sulfate (S(VI)) and s@f{&(-1)) were determined, thus allowing us

additionally to estimate the pe value for the fafllog reaction:
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SO%+ 10 H + 86 = H,S + 4HO (6)

The pe values estimated for these three reacti@sh@wn in Figure 8 for comparison with those
calculated for the E&Fe® pair (reaction 1). In the case of redox equilibribetween the
different pairs, these pe values should agree elthdeasonable agreement is observed between
the pe calculated for the £4€**, mackinawite/F&, and F&"/Fe(OH)(s)pairs, assuming the
maximum solubility product for ferrihydrite (logK=891) reported for freshly precipitated
amorphous ferric hydroxide by Ball and Nordstrordq1), in boiled alkaline water, steam-
heated neutral geothermal water, and in many miagérs. The exceptions include samples 13-
HK-17, 13-HK-31, 13-HK-15, and 13-HK-18, and thasen is thought to be the possible
inclusion of filter passing colloidal Fe in the gales as discussed in section 2.3. Also for some
steam-heated acid waters, a reasonable agreenuisteis/ed between the¥#e** and
ferrihydrite assuming a minimum solubility constamhilar to that of 6-line ferrihydrite and in a
few cases between the*Henackinawite and b§/SQ redox pairs, but this is not the case for all
samples, suggesting that Fe redox disequilibriurp pmavail for those waters.

At pH ~6 and above, the fast kinetics of thé Fexidation resulting in the precipitation of
Fe(lll) hydroxide and possibly Fe(ll) sulfide magsult in a local equilibrium between the
dissolved Fe(ll), Fe(lll) with the Fe-containindisgphases. Despite the local equilibrium that
may be approached with respect to the Fe systewvemall redox equilibrium is not reached as
shown by the disagreement between the pe valu¢sdaulfide/sulfate redox pair and the
various Fe redox pairs. This is in agreement witvjpus studies that have shown that an overall
redox equilibrium usually does not prevalil in theface geothermal waters both between the

various redox species (Stefansson et al., 2005janchportant ligands like sulfur species

(Kaasalainen and Stefansson, 2011). In steam-heatedvaters Fé/Fe** speciation may be

controlled by the source (e.g. rock dissolutiom®(lF oxidation kinetics or microbial reactions.
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That Fe redox speciation may not have been reaolstdam-heated acid waters is in good
agreement with the previous findings that Fe cotraéons in steam-heated acid water are
dominated by rock dissolution (Kaasalainen andé®tfon, 2012), the slow kinetics of Fe
oxidation at pH <4 and observations on thé&" leidizing microorganisms found in acid
geothermal water in Iceland (Pétursdottir et &Q72 2008).

Assuming an overall redox equilibrium based onvigous pe-values estimated from the
reactions (1), (4), (5) and (6) (Fig. 8), the sp&on of Fe can be calculated from the,&e
concentrations corresponding to the sum of thel)Fa&gd Fe(lll) concentrations determined in
this study. The results of these calculations aeegnted in Figure 9, showing the observed and
predicted Fe(ll) and Fe(lll) concentrations. Evelatively small deviations mean large

differences in absolute concentrations (note tgarithmic scale).

5. Summary and conclusions

The chemistry of Fe(ll) and Fe(lll) was studiedhetural geothermal waters from warm and hot
springs and pools and sub-boiling wells from actigh-temperature geothermal systems in SW
Iceland. In order to minimize post-sampling chanigethe Fe(ll) and Fe(lll) concentrations, the
determination of Fe(ll) and Fe(lll) was carried quiomptly after sampling using a field-
deployed ion chromatography spectrophotometry niktAdie sampled waters varied widely
with respect to the water pH (2.46-9.75), dischdegeperature (up to 100°C) and total dissolved
Fe and major ion concentrations. The Fe(ll) andllfefoncentrations in natural geothermal
water (<0.2um fraction) range from <0.15 to 136 pmol/L andnfre<0.1 to 100 pmol/L,
respectively. An additional determination of Fe(dhd Fe(lll) in <10kDa and <1 kDa size
fractions suggest that in some cases part of the determined in the water from standard

filtration may be derived from filter-passing narresl particles, and thus Fe concentrations in
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samples fractions collected using standard filratiechniques may not be representative of the
truly dissolved Fe concentration. More detailedigtan the occurrence of colloidal/nanosized Fe
in various types of geothermal waters is a matfefugher study. The absolute and relative
distribution of Fe(ll) and Fe(lll) is influenced ltlge water pH that reflects the water type and the
various processes resulting in their formation. water with a pH of 7-9, the total Fe
concentrations are <gmol/L with Fe(lll) predominating. With decreasindHpthe total Fe
concentration increases with Fe(ll) becoming insirggly important and predominating at pH<3.
In particular at pH~6 and above, iron redox equilibrium may be appredctith Fe(ll) and
Fe(lll) possibly being controlled by equilibrium thirespect to Fe minerals, whereas in many
acid waters, the Fe(ll)/Fe(lll) distribution appgdo not have reached equilibrium and may be

controlled by the source, reaction kinetics or wiital reactions.
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TABLES

Table 1. Table 1. Concentrations of Fe(ll), Fe(lll) andes¢éd major elements [umol/L] in
geothermal waters, Iceland

Table 2.Examples of concentrations of Fe(ll), Fe(lll) ahd sum of the two (ksew) in different

size fractions collected using in-situ dialysis

FIGURE CAPTIONS

Figure 1. Location of the active geothermal areas constier¢his study, as well as the location
of the sampling sites within each area.

Figure 2. Photos of selected sampling sites. A. An ovenaéithe sampling sites at
OlkelduhalsB. Steam-heated water at Krysuvik. Sub-boiling well in the greater Geysir area.
D. Boiling hot spring at GeysiE. Steam-heated acid water at GeyBirG. Mixed geothermal
water at Geysir.

Figure 3. The relationship between the water temperature,apld CI/SQ in the studied
geothermal waters.

Figure 4. The relationship between the water pH and temperadand Fe concentrations in

geothermal waters in Iceland. For this study, Feceatrations shown are the sum of Fe(ll) and
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Fe(lll) concentrations in <0.2 um filtered and &uogdl fraction. Also shown are the &g
concentrations in surface geothermal waters iratwbhs reported by Kaasalainen and Stefansson
(2012).

Figure 5. The relationship between the water pH and the eatnations of Fe(ll) and Fe(lll) in
<0.2um and acidified fraction of geothermal water sarmphitote that the symbols are as in Fig
4. Where dotted lines connect two symbols at difierconcentrations, the Fe(ll) and Fe(lll)
concentrations in the <10 kDa fraction are alsonsh addition to the <0.2m fraction (see
section 4.3). Shown are also the solubility lines $elected Fe(lll) and Fe(ll) minerals. The
solubility constants for amorphous ferric hydroxideethite, pyrite, mackinawite are from the
wateg4f database (Ball and Nordstrom, 1991), wisetkase of 2- and 6-line ferrihydrite from
Stefansson (2007) The solubility of Fe(lll) mineralas calculated in pure water; mackinawite in
the presence of dissolved sulfide in the range-&0a umol/L, and pyrite in the presence of
1lumol/L of sulfide and 2 mmol/L S£and pe assigned to the sulfide/sulfate redox pair.

Figure 6. Concentrations of Fe(ll) (black bars) and Fe(llined bars) in different size fractions
sampled using in-line one-step filtration through &nd 0.45um filters and in-situ dialysis to
separate the <1kDa and <10 kDa fractidriee concentrations measured in the <10 kDa frastion
are thought to represent the truly dissolved Feéitid Fe(lll) concentrations, whereas the
difference between such truly dissolved and <0O®<h45um fraction is thought to represent
the nanoparticulate F&he sampled waters had acid to neutral pH valudgenperature

between 38 and 73°C.

Figure 7. Distribution of aqueous Fe(ll) and Fe(lll) specie different thermal water types,

calculated based on the Fe(ll) and Fe(lll) conatimns determined in the respective waters. The
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species distribution calculated at’25and discharge temperature is shown with blackgaayl
colored symbols, respectively.

Figure 8. A. The relationship between the water pH and pe-vatakslated for selected redox
pairs involving aqueous and solid Fe(ll) and F¢@pecies. The different redox pairs,
represented by different colors, include®'fee®, F&€*/amorphousFe(lll) hydroxide, E&6-line-
ferrihydrite, mackinawite/F8, and HS/SQ according to reactions (1) and (4)-(6) (sectics).4.
Water types are represented by different symbgehB. pe-pH diagram for the selected
aqueous and solid Fe species. The symbols presergipes for the E&Fe** pair (reaction 1,
section 4.5), based on the’Fand Fé&" activities calculated from the measured Fe(l1) Badll)
concentrations in different water types. The sighiilelds for the solid phases were calculated
assuming the activity of Beat 10’ and 1C M in the case of amorphous Fe(lll) hydroxide and
6-line ferrihydrite, respectively, and the ratiolofor the activity of aqueous EandFe**. In

both A and B, the value of the detection limit waed for the samples with Fe(ll) concentrations
below the detection limit, thus representing theximam Fe(ll) present and the minimum
estimation of the respective pe-value in the sasple

Figure 9. Comparison of measuré€d) Fe(ll) and(B) Fe(lll) concentrations to those calculated
using the sum of the measured Fe(ll) and Fe(llihcentrations and assuming an overall redox
equilibrium based on the pe-values for the variea®x pairs Fe/amorphous-Fe(lll)-hydroxide,
Fe?*/6-line-ferrinydrite, mackinawite/R& and HS/SQ, according to reactions (1) and (4)-(6)
(section 4.5). In both A and B, the value of theedBon limit was used for samples with Fe(ll)
concentrations below the detection limit, thus espnting the maximum Fe(ll) present and the

minimum estimate of the respective pe-value insémaples. Symbols are according to Figure 8.
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Table 2. Examples of concentrations of Fe(ll), Fell) and the sum of the two (Fgy) in different size fractions collected using in-$u dialysis

Sample Temp. pH Fe(ll) Fe(lll) Fegym Fe(ll) Fe(lll) Fe gy Fe(ll) Fe(lll) Fe gym Fe(ll) Fe(lll) Fesym
# [°’C] at22C <0.45 pm <0.2 um <10kDa <1 kDa

13-HK-32 73 3.60 7.4 1.6 9.0 5.7 1.6 7.3 0.6 1.5 2.1 06 13 1.9
13-HK-33 62 2.49 115 41.8 53.3 119 417 53.7 10.7 412 51.84.9139.6 54.5

15-HK-29 38 6.26 na na na 2.6 8.8 115 <05 1.6 1.6 na na na
15-HK-26 45 2.87 na na na 49 142 19.1 4.2 7.6 11.8 na na na
15-HK-25 40 2.46 na na na 458 995 1454 349 69.2 104.1 na nea n




Table 1. Concentrations of Fe(ll), Fe(lll) and seleted major elements [umol/L] in geothermal waterslceland

Type® T[°C] pH

| °C° sio,

Cl

COz st SQ Fe(”)c Fe(lll)c FeSUM Fetotal,l(:f FetotaI,ICPg

Sub-boiling wells in surroundings of the Geysiear
8.30 21 5203 2478
749 21 3360 1252
7.8Y 23 1878 999
Spring and pools in the Geysir area and its surings

Sample

13-HK-10 mgw 83
13-HK-11  mgw 68
13-HK-19  mgw 51
13-HK-12  baw 99
13-HK-21  baw 99
13-HK-22  baw 99
13-HK-23  baw 80
13-HK-27  baw 95
13-HK-28  baw 82
13-HK-29  baw 65
13-HK-31  mgw 93
13-HK-30 mgw 78
13-HK-15 mgw 37
13-HK-16  mgw 41
13-HK-17  mgw 36
13-HK-18 mgw 38
13-HK-13  mgw 42
15-HK-29  mgw 38
13-HK- 20 mgw 27
13-HK-14  mgw 30
13-HK-24  mgw 48
13-HK-32  shaw 73
15-HK-26  shaw 45
13-HK-25  shaw 59
13-HK-26  shaw 75
13-HK-34  shaw 71
13-HK-33  shaw 62
15-HK-25  shaw 40

9.50
8.84
8.89
9.03
9.78
9.76
9.71
7.53
6.39
7.45
8.30
7.54
7.56
6.73
6.26
6.27
5.92
5.85
3.60
2.87
2.92
2.74
2.68
2.49
2.48

21
23
23
23
23
23
23
23
23
21
21
23
23
21
23
23
20
23
23
23
23
23
23
23
23

5750
6275
6152
6247
8208
8254
8397
4461
4544
1473
1574
1526
1601
1322
2859
1162
1149
1923
2210
3327
3411
3215
3260
3515
3635

3329
3193
3162
3261
3522
3620
3645
2964
2349
848
700
788
687
588
3039
385
377
152
420
388
151
84
89
71
100

3689

6.6

9153 nd’
5152 nd

2367
3126
3104
3032
1897
1951
1853

69.7
83.2
86.0
32.0
84.5
53.6
25.2

703
328
227

958
923
923
964
1018
1023
1048

1507 2.5 1197
832 nd 2264

2689 nd’
1949 nd’
1680 nd’
1869 nd’
2083 nd’
3361 1.7
2382 nd’
3624 nd
1154 2.1
<1
<15
0.5
<1
3.0
<1
<15

na
na
294
169
1529
793
na

168
151
173
199
188
1256
211
221
445
1265
1584
1830
1399
1727
3626
3643

<0.15
<0.15
<0.15

<0.15
<0.15
<0.15
<0.15
<0.15
<0.15
<0.15
<0.15
<0.15
<0.15
<0.15
<0.15
<0.15
<0.15
2.6
<0.15
<0.15
3.6
5.7
4.9
32.3
7.3
8.3
11.9
45.8

0.05 <0.2
0.55 <0.7
0.04 <0.19

0.07 <0.22

0.06 <0.21

0.04 <0.19

0.04 <0.19

0.11 <0.26

<0.035 <0.19
<0.035 <0.19

136 <15
0.15 <0.30
2.08 <2.3

<0.035 <0.19
4.90 <5.1
0.62 <0.77
0.05 <0.20

8.84 115
0.42 <0.57
0.40 <0.55

2.98 6.58

1.61 7.34

14.2 191

8.17 405

1.20 8.49

3.81 121

41.7 53.7

99.5 145

0.11
0.89
0.08

0.17
0.11
0.15
0.11
0.06
0.05
0.04
2.01
0.16
2.36
0.17
7.49
0.66
0.16
na
1.02
1.24
8.99
6.64
na
39.7
7.89
10.8
53.6
na

<0.8
0.83
<0.8

<0.8
0.62
<0.8
<0.8
<0.8
<0.8
<0.8
1.42
<0.8
4.4
<0.8
8.71
0.65
<0.8
5.10
1.09
0.93
10.7
8.60
18.8
44.6
8.17
15.4
53.6
148



Springs and pools in Krysuvik area
13-HK-37  shaw 38 341 22
13-HK-38  shaw 60 3.66 22
13-HK-35  shnw 88 6.33 22
13-HK-36  shnw 32 6.17 22
Springs and pools in Olkelduhals area
13-HK-09  shaw 70 3.13 23
13-HK-07  shnw 82 6.37 23
13-HK-08  shnw 43 6.7 23

“Water type: boiled alkaline water (baw), mixed d@oial water (mgw), steam-heated neutral watem(shsteam-heated acid water (shaw)

bTemperature of the pH measurement

1092
1157
1347
487

2199
2470
2461

404
374
364
414

129
117
125

na 67.7
na 2.6
299 825
936 456

808 <1
2427 19.9
2640 21

2346 136
495 218
1612 0.8
481 0.7
865  31.2
925 <0.15
786 1.9

571
2.73
0.61
0.75

2.30
<0.1
0.88

24.6
1.4
15

335
<0.25
2.7

141
23.0
0.87
1.68

33.7
0.59
4.15

135
26.2
<0.8
2.33

36.7
<1
2.1

‘Determined in the 0.2 um filtered and HCl-acidifi@l1 M fraction) using the UV-Vis method in fieldthin 1-4 hours of sampling

No H,S present based on previous studies (data fileeoGeysir research group, University of Iceland)

®Value calculated based on the measured Fe(lllFang, c

quma concentrations in 0.2 um filtered fraction detered using the IC-Vis method in H202 treated sample

9IFe.m CONcentrations in 0.2 um filtered fraction detered using ICP-OES
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Geochemistry and speciation of Fe(l1) and Fe(l11) in natural geother mal water, | celand

Highlights

Fe(11) and Fe(l111) in geothermal water over awide range of chemical composition
Field determination using IC-Vis-method to prevent post-sampling changes
Fe(l1) and Fe(l11) largely influenced by water pH reflecting water type

In-situ dialysis suggests nanoparticulate Fe in some waters

Fe(1l), Fe(l11) and Fe-minera's approaching equilibrium in water with pH~6 and above



