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INTRODUCTION

The Geothermal Training Programme of the United Nations University (UNU) has
operated in Iceland since 1979 with six-month annual courses for professionals from
developing countries. The aim is to assist developing countries with significant geothermal
potential to build up groups of specialists that cover most aspects of geothermal exploration
and development. During 1979-2017, 670 scientists and engineers from 60 developing
countries have completed the six month courses, or similar. They have come from Africa
(39%), Asia (35%), Latin America (14%), Europe (11%), and Oceania (1%). There is a
steady flow of requests from all over the world for the six-month training and we can only
meet a portion of the requests. Most of the trainees are awarded UNU Fellowships financed
by the Government of Iceland.

Candidates for the six-month specialized training must have at least a BSc degree and a
minimum of one-year practical experience in geothermal work in their home countries prior
to the training. Many of our trainees have already completed their MSc or PhD degrees
when they come to Iceland, but many excellent students with only BSc degrees have made
requests to come again to Iceland for a higher academic degree. From 1999, UNU Fellows
have also been given the chance to continue their studies and study for MSc degrees in
geothermal science or engineering in co-operation with the University of Iceland. An
agreement to this effect was signed with the University of Iceland. A similar agreement
was also signed with Reykjavik University in 2013. The six-month studies at the UNU
Geothermal Training Programme form a part of the graduate programme.

It is a pleasure to introduce the 56" UNU Fellow to complete the MSc studies under a
UNU-GTP Fellowship. Daniel Gustavo Villarroel Camacho, BSc in Chemical Engineering
from Empresa Nacional de Electricidad (ENDE) in Bolivia, completed the six-month
specialized training in Chemistry of Thermal Fluids at UNU Geothermal Training
Programme in October 2014. His research report was entitled: Geochemical studies of
geothermal fluid and evaluation of well test results from wells SM-01, SM-02 and SM-03,
Sol de Mariana field, geothermal project, Laguna Colorada, Bolivia. After one year of
geothermal energy work in Bolivia, he came back to Iceland for MSc studies in chemistry
of thermal fluids at the School of Engineering and Natural Sciences, Faculty of Earth
Sciences, University of Iceland in September 2015. In September 2017, he defended his
MSc thesis presented here, entitled: The geochemistry of silica in Icelandic geothermal
systems. His studies in Iceland were financed by the Government of Iceland through a
UNU-GTP Fellowship from the UNU Geothermal Training Programme. We congratulate
Daniel on the achievements and wish him all the best for the future. We thank the School
of Engineering and Natural Sciences, Faculty of Earth Sciences, University of Iceland for
the co-operation, and his supervisors for the dedication.

Finally, I would like to mention that Daniel’s MSc thesis with the figures in colour is
available for downloading on our website www.unugtp.is, under publications.

With warmest greetings from Iceland,
Ludvik S. Georgsson, Director

United Nations University
Geothermal Training Programme
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ABSTRACT

The geochemistry of silica in Icelandic geothermal fluids was studied. The data considered span over
60 years of a sample collection of both sub-boiling liquid water and two-phase well discharges, in total
~1650 samples from >30 geothermal areas. The measured concentration of silica in the samples ranged
from >10 to ~1000 ppm. It was observed to increase with increasing temperature, typically <200 ppm
at <75°C whereas for boiling and close to boiling water (90-100°C) concentrations up to 700 ppm were
observed. Silica concentrations in two-phase well discharges of high-temperature areas were much
greater than for the low-temperature areas, typically ~400-1000 ppm with highest values observed at
Krafla, Hellisheidi and Nesjavellir. Aqueous speciation calculations revealed that the dominant Si
species in all cases were H4SiO4(aq) and HSiOj;™ at acid to neutral and alkaline pH values, respectively,
with NaHSiOs(aq) also being important at elevated Na concentration. pH was observed to be the major
factor controlling aqueous silica species distribution with temperature and salinity being less important.
Geothermal fluids with neutral to alkaline pH values and temperatures >20°C were generally observed
to be close to saturation with respect to common silica containing geothermal minerals. In contrast, acid
fluids were observed to be undersaturated. At low temperatures, these are typically clays and zeolites
whereas, at temperatures >230°C feldspars, prehnite and epidote together with quartz are often most
important. Geothermal geothermometry relies on the assumption of such fluid-mineral equilibria, that
are in turn primarily dependent on the temperature at geothermal conditions. It follows, that equilibrium
of the fluids with many silica containing geothermal minerals may be used to predict reservoir
temperatures. The simplest is only involving silica like quartz and chalcedony, but more complex
reactions involving two or more minerals and many components may also be applied. It is further
demonstrated that the silica concentrations in geothermal fluids may be used to predict indirectly spatial
reservoir temperature variations, here demonstrated for the low-temperature systems at the southern
lowlands and at the high-temperature system at Krafla.
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1. INTRODUCTION

Silica is the second most abundant element in the Earth’s crust after oxygen. It is present in most crustal
materials: melts, rock-forming minerals and fluids. Silicate minerals constitute approximately 90% of
the minerals in the Earth crust and dominate virtually every water-rock system. At least ten different
pure silica oxides (SiO;) phases are known in natural and engineered systems: quartz, cristobalite,
tridymite, moganite, coesite, stishovite, lechatelierite, chalcedony, amorphous and opaline silica. Of
those, quartz is the most common (e.g., Dove and Rimstidt, 1994).

Silica is one of the major elements in all geothermal systems. It is present in the primary rocks and
minerals, in secondary minerals and various aluminium silicates, in the liquid phase and also present in
trace amounts in the vapour phase (e.g., Arnorsson et al., 1978; Rodgers et al., 2002). The major silica
oxides in geothermal systems are quartz, chalcedony and amorphous silica. Other silica containing
secondary minerals are also common. At temperatures below 150°C silica containing minerals include
various clays and zeolites whereas at temperatures of ~200-400°C various clays, zeolites, prehnite,
epidote, feldspars, amphiboles, garnets and oxides are observed (e.g., Browne, 1978). Silica minerals
are also common geothermal scales that is one of the major problems associated with geothermal fluid
utilization. Such scaling formation occurs when the geothermal fluids become supersaturated with
respect to the solid upon changes in physical conditions of the fluids during utilization, like
depressurization and cooling (e.g. Corsi, 1986). Many methods have been applied to minimise silica
scalings like hot fluid re-injection, silica removal by ageing or pond retention. Silica mineralization is
also common at the surface of geothermal systems, often forming silica sinters. Such silicification and
subsequent fossilization is generally closely linked to microorganisms, that play an important role in
their structures and textures (e.g. Tobler et al., 2008).

Silica concentrations in geothermal liquid solutions range from a few to >1000 ppm whereas
concentrations in the vapour phase are generally on the ppb to lower ppm scale (e.g., Amorsson et al.,
2007). It is generally assumed that the concentrations in the waters are controlled by equilibrium with
secondary silicate minerals, for example, quartz and chalcedony (e.g., Arndrsson et al., 1978; Arnorsson
et al., 1983; Stefansson and Arnérsson, 2000) according to the reactions,

Si0,(s) + 2H,0 © HuSi04aq) (1)
where SiO(s) stands for quartz and chalcedony. The respective equilibrium constant is defined as,
AH,Si04(aq)

K_

T a2 ~ My,si0,YH,Si0, 2)
si0, "~ AH,0

assuming activity of the solid and water to be unity.

It follows that the silica concentration in geothermal liquid water, in equilibrium with quartz or
chalcedony, are controlled by temperature and pressure, with pressure being usually unimportant
relative to temperature (Arndrsson et al., 1983) as well as ionic strength (I) as the activity coefficient (y)
depends on I. The observed fluid-mineral equilibria involving quartz and chalcedony has been applied
to calculate sub-surface temperatures of geothermal fluids from surface water composition data, i.e.
using reaction (1) and the respective equilibrium constant to make the theoretical background for the
silica geothermometers (e.g., Arnoérsson, 2000).

Over the past six decades, a large dataset of the chemical composition of geothermal fluids in Iceland
has been collected. Some of these data have been published whereas others have not. The fluids span
variable chemical composition ranging in pH (~2-11), temperature (~10-450°C) and chloride
concentration (Cl <10 to >20,000 ppm). However, since the 1970’s and early 1980’s the distribution of
silica in Icelandic geothermal fluids has not been systematically studied including the effects of ionic
strength, pH and temperature on silica (Arnérsson et al., 1978; Arnérsson, 2000). Recently, the
composition of sampled geothermal fluid composition in Iceland was gathered into a single dataset
named GeoFluids (Stefansson et al., 2016). In this thesis, the silica concentrations in geothermal fluids
in [celand was studies using this newly gathered dataset, including fluid-rock interaction, aqueous silica
speciation and the application of silica geothermometry to understand underground temperatures.



2. GEOTHERMAL ACTIVITY IN ICELAND

Iceland is a mountainous, volcanic and geologically young country located in the North Atlantic on the
boundary between the Eurasian and the North American plate. The regional geology of Iceland is the
result of both extension and migration of the Mid-Atlantic divergent plate boundary relative to the
Iceland mantle plume (Figure 1). The plate boundary is migrating westwards relative to the mantle
plume, causing the volcanic zones in Iceland to shift eastwards (e.g., Bjarnason, 2008). Recent volcanic
activity is most intensive where these extensional zones cut across the plate boundary.
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FIGURE 1. Geology and geothermal activity in Iceland and location of fluids considered
in this study. The names on the map correspond to Table 1
(Stefansson et al., 2017 modified from Johannesson and Saemundsson, 1999)

Subsurface temperatures, heat output and surface manifestations, among others, have been the base to
classify the geothermal activity in Iceland into low- and high-temperature systems (Bodvarsson, 1961;
Fridleifsson, 1979). Most of the high-temperature geothermal systems are located in central parts of the
belts of active volcanism and rifting. In the Eastern and Northern Volcanic Zones, the high-temperature
geothermal systems are typically associated with the volcanic complexes. In the Western Zone, between
Langjokull and Lake Thingvallavatn, no high-temperature systems are present, whereas, between Lake
Thingvallavatn and the Reykjanes Peninsula, there are several high-temperature systems. Low-
temperature geothermal activity is widespread in the Quaternary and Tertiary formations of Iceland with
the main activity mostly confined within the North American Plate and the southern lowlands. The low-
temperature activity is frequently associated with active fractures and faults. Some systems are located
within the active fissure swarms that run into older formations, whereas others are placed in the crust
where the build-up of stress by plate movements leads to deformation and fracturing (e.g., Arnorsson,
1995).

A summary of the main geothermal areas in Iceland is shown in Table 1. The high-temperature systems
have been developed in order to produce electricity (~660 MW.) mainly, although, in combination with
the fluid from the low-temperature areas, the hot water is used for space heating, swimming pools,



greenhouses, industry, among others. Iceland is well known to be a world leader in the use of geothermal
district heating with about 9/10 households heated with geothermal energy. Space heating is the largest
component in the direct use of geothermal energy in Iceland (Orkustofnun, 2017)

TABLE 1. A summary of high- and low-temperature geothermal activity in Iceland
(after Stefansson et al., 2017)

Temp Cl
Area ©C)? (ppm)® Status
High-Temperature areas*®
Askja (ASK) 180-350 Surface activity
Bardarbunga Subglacial
Brennisteinsfjoll 240 Surface activity
Fremrindmur 270 Surface activity
Geysir (GEY) 260 ~100 | Surface activity
Gjastykki 280 Surface activity
Grimsey (GREY) 240 ~19,500 |Submarine
Grimsnes (GRIM) 100-230 Wells and surface activity
Grimsvétn (GRIM) 235 Subglacial
Hagongur 280-310 ~200 | Well and surface activity
Hengill (HEN) 200-380 ~100 744} MWe power plants and surface
activity
Hofsjokull Probably subglacial
Hrathals Surface activity
Hveragerdi (HVER) 170-230 ~150 |20 MWt space heating and surface activity
Hveravellir (HVERV) 280 ~60 Surface activity
Kerlingarfjoll (KERL) 260-310 Surface activity
Kolbeinsey (KOLB) 180 ~19,500 |Submarine
Krafla (KRA) 200-440 ~50 60 MWe power plant and surface activity
Krysuvik og Trolladyngja (KRY) 220-320 ~700 | Wells and surface activity
Kverkfjoll (KVE) 290-350 >150 | Surface activity
Myrdalsjokull Subglacial
Namafjall (NAM) 220-320 ~30 3 MWe power plant and surface activity
Oxarfjordur (OXF) 100-200 Wells and surface activity
Reykjanes (REY) 260-345 | ~19,500 | 100 MWe power plant and surface activity
Skaftarkatlar 310 Subglacial
Steinh6ll 130-250 | ~19,500 |Submarine
Svartsengi-Eldvorp (SVA) 220-260 | ~12,000 |60 MWe power plant
Theistareykir (THEI) 230-310 ~100 | Wells and surface activity
Thoérdarhyna (TORF) Subglacial
Tindfjallajokull Probably subglacial
Torfajokull (TORF) 260-300 ~300 | Surface activity
Vonarskard (VON) 280-325 Surface activity
Low-temperature areas™
East and Southeast (E&SE) 90 <10-400 |Wells and surface activity
Skagafjordur (SKAG) and North (N) 100 <10-400 |Wells and surface activity
?;I‘i‘f,gensnes (SNAE) and Northwest 150 | <10-4000 | Wells and surface activity
Southeast (SW) 125 10-1900 | Wells and surface activity
Southern lowlands (SLL) and South (S) 150 <10-1100 | Wells and surface activity
West (W) 150 <10-110 | Wells and surface activity
Westfirdir (VES) 120 <10-2500 | Wells and surface activity

2 Reservoir temperature range based on down-hole measurements, solute and gas geothermometry.

b Typical reservoir Cl concentrations for high-temperature fluids and range of Cl observed at the surface for low-temperature
areas. The high-temperature reservoir Cl concentrations were based on surface well and hot-spring discharge data and were
obtained using the WATCH program (Bjarnason, 2010) for high-temperature.

€ The low-temperature geothermal activity in Iceland is widespread in the Tertiary and Quaternary formations to the west and
east of the active belt of volcanism. Here the locations have been grouped based on geographical location.



3. GEOFLUIDS DATABASE

The current study relies on the newly published dataset on geothermal liquid water and steam
composition of Icelandic geothermal fluids. The database is named GeoFluids. The full dataset is
published in Stefansson et al. (2016) and is available upon request to Rikey Kjartansdottir (rikey@hi.is).
Here the dataset will be briefly described, i.e. the source of data and construction of the database.

The GeoFluids database reports the composition of geothermal liquid water and steam from high- and
low-temperature geothermal areas in Iceland. The data are divided into three parts (spreadsheets): (1)
fumarole samples (GeoGas), (2) two-phase well samples (Two-Phase Wells) and (3) single-phase liquid
samples (Thermal Water).

The sources of data are various and include reports, MSc and PhD thesis and published scientific journal
articles. In many cases, there are multiple sources for a given sample. A large part of the dataset has not
previously been published nor systematically applied to understand geothermal fluid chemistry.

The data span over 60 years of sample collection and include both published and unpublished data, i.e.
the detection limits between samples can vary due to different analytical methods. The list of reported
major elements in the liquid phase included: SiO,, B, Na, K, Ca, Mg, Al, Few:, Cl, F, CO,, SO4, H,S
whereas for selected samples, trace elements have also been included, some or all of: Ag, As, Au, Ba,
Be, Bi, Br, Cd, Ce, Co, Cr, Cs, Cu, DOC (dissolved organic carbon), Dy, Er, Eu, Fe", Fe", Ga, Gd, Ge,
Hf, Hg, Ho, I, Ir, La, Li, Lu, Mn, Mo, Nb, Nd, NHs, NH3, NO3, NO,, O, Os, POs, Ptot, Pb, Pd, Pr, Pt,
Rb, Re, Rn, Ru, Sb, Se, Sm, Sn, Sr, Ta, Tb, Te, Th, Ti, Tl, Tm, U, V, W, Y, Yb, Zn, Zr. Major elements
analysed in the gas phase were: H,O, CO», H>S, Ha, N, Oz and Ar. Other gases have not been routinely
analysed. A separate dataset has been compiled for isotope ratios, IsoFluid (Stefansson et al., 2017).

The samples have been divided into seven subgroups depending on the type of sample and fluid: g: gas
and fumaroles; w: well fluids, both single liquid and two-phase liquid and vapour discharges; sp: springs;
s: soil water; rs: rivers and stream. The dataset comprises approximately n = ~1650 samples; ~1350
single-phase liquid samples and ~300 two-phase wells discharges. In addition, the GeoFluids dataset
contains ~800 fumarole samples not further considered here.



4. METHODS
4.1 Calculations of reservoir fluid composition

The reservoir fluid composition was calculated from data on two-phase well discharges and liquid water
of boiling hot springs. The WATCH speciation program version 2.4 was used for the calculations
(Arnérsson et al., 1982; Bjarnason, 2010) and the reservoir fluid temperature was calculated based on
the quartz (Fournier and Potter, 1982) and chalcedony (Fournier, 1977) geothermometry above and
below 180°C, respectively. For two-phase well discharges, the calculated and measured enthalpy (h)
was used for the calculations, and equilibrium degassing was assumed. For the boiling hot springs, the
model given by Arnorsson et al. (2007) was applied and studied by Stefansson et al. (2005), where
degassing was assumed to be 0.3. In the case of sub-boiling springs, wells and surface water, the
measured chemical composition and temperature was used for the calculations.

4.2 Calculations of aqueous speciation and mineral saturation indices

The calculated activities of the dissolved components (or species) for homogeneous equilibrium at the
reference temperature, can be used to calculate the degree of super- or undersaturation of the aqueous
phase with the secondary minerals at each temperature. This is expressed for the mineral z in terms of

log(Q/K)x:

i
log (%) = log 1_[ aZ;'ck —log K, 3)
n

where Q is the ion activity product and K is the equilibrium constant for the mineral #, a is the activity
and v; is the stoichiometric coefficient of component species i in the equilibrium mass action equation
for the mineral n. The numerical value of this index is less than zero for undersaturated minerals and
greater than zero for supersaturated minerals, and zero for equilibrium between the mineral and
dissolved species.

The aqueous species distribution and mineral saturation indices of the calculated reservoir fluids and
sub-boiling fluids were calculated using the PHREEQC 3.3.8 program (Parkhurst and Apello, 1999) and
the 1lnl.dat database. The activity distribution of the species was calculated using the sulphate-sulphide
redox couple (S™V/S™). The temperature used for these calculations were quartz or chalcedony
geothermometry in the case of two-phase well discharges and boiling hot springs but measured
temperatures for other waters. The output files contain the activity of more than 90 chemical species of
17 different elements (Table 2). For these calculations, the reservoir pH was selected from the WATCH
program. WATCH calculates the pH based on conservation of alkalinity (i.e., “temperature pH sliding”)
whereas PHREEQC applies charge balance, the latter sometimes resulting in erroneous calculated pH
values. The mineral saturation indices were further calculated from the calculated aqueous species
activities at the selected temperatures. The solubilities of the minerals (K,) were taken from the lInl.dat
database.

4.3 Geothermometry calculations

The temperatures selected for the calculations of reservoir fluid composition, aqueous speciation and
mineral saturation were quartz and chalcedony geothermometry for two-phase well discharges and
boiling hot springs. For sub-boiling water, the measured temperature was used as the reference
temperature. The temperatures functions for the quartz and chalcedony geothermometers were selected
from Fournier and Potter (1982) and Fournier (1977), respectively, and were calculated with the aid of
the WATCH program. These geothermometer temperatures were further compared with another solute
(Na-K) geothermometry temperature in order to assess and compare various methods of calculating sub-
surface temperatures. The quartz and chalcedony geothermometry temperatures were further compared



for selected fluids with the multiple geothermometry approaches. A summary of the geothermometry
temperature functions is given in Table 3.

TABLE 2. Aqueous species used in the geochemical calculations

H20 Al B C(4) | CHIV) Ca Cl F H(0)
OH- AlOy AIF*? BHs# CHa4 CO2 Ca™ Cl F- Ha
H* NaAlO2 AlFy B(OH)3 HCOs CaSOs4 NaCl HF
H20 HAIO:z Al BO» CaHCOs" CaCl* KCl NaF
AI(OH)"  AISOs" | NaB(OH) CaCOs CaF* HCl HFx
AIF;*  AI(SOs)r | CaB(OH)* CO5? CaCly
AlF3 BF2(OH)y NaHCO3 CaOH"
B2O(OH)s- NaCOy
BF«+
BF;OH
K N Na SCI) | S(HVI) Si Mg Fe
K* N2 Na* H>S S04 Si02 MgSO4 Fe'? FeCls? FeF'?
KSO4 NaHSiO3 S2 HSO« HSi0O3" MgHCOs3" | FeHCOs* | Fe(OH)2 FeCl*?
KHSO4 NaOH HS H2S0s | H2Si047 Mg*? FeCl* Fe(OH)3 Fe®?
KOH NaSOs | NaHSiO3 | MgClI' | FeCO; | Fe(OH)' | FeClo+
MgF* FeSO4 Fe(OH)3 FeCl2*
MgCOs | FeOH* | FeF | FeCl'
FeF* FeOH™ | Fe(OH)s
FeCla FeSO4*

TABLE 3. Temperature equations for silica and cations geothermometers (Arnoérsson, 2000)

GeOthigglometer Equation Source
Quartz? —53.5+0.11236S — 0.5559 - 107*S? + 0.1772-1077S® | Fournier and Potter
+88.3901log S (1982)

Chalcedony® 1032 273.15 Fournier (1977

e 4.69 — logS ' ournier (1977)

’ 053 273.15
et e Arné tal. (1
) 0.993 + logNa/, moérsson et al. (1983)

28 represents the SiO, concentration in ppm
b Cations concentrations are expressed in ppm.

4.4 Graphical presentation of data

Distribution maps of silica concentrations for selected geothermal areas in Iceland were done. The
source of data for the maps came from the GeoFluids database.

The data was classified into 8 breaks. Manual breaks were used since the aim was to show how the silica
concentration changes with location.

The Natural Neighbour method was used for interpolation, considering the silica concentrations in the
reservoir fluid. Interpolation is a method or a mathematical function that estimates the values of cells at
locations that lack sampled points. In addition, interpolation is based on spatial dependence, which
measures the degree of dependence between objects. The two types of interpolation techniques are
deterministic and geostatistical. Deterministic techniques create surfaces based on measured points or
mathematical formulas. Geostatistical techniques are based on statistics and are used for more advanced
surface modelling. Here, the Spatial Analyst extension was used to make the interpolation maps. The
Spatial Analyst extension provides tools for spatial data analysis that apply statistical theory and
techniques to the modelling of spatially referenced data (Childs, 2004).



5. GEOTHERMAL FLUID COMPOSITION AND THE GEOFLUIDS DATABASE

5.1 Fluid composition

The chemical composition of
selected geothermal fluids is given
in Tables 4 and 5 for single phase
liquid water and two-phase well
discharges, respectively. It is based
on the data given in the GeoFluids
database (Stefansson et al., 2016).

The chemical composition of
thermal fluids in Iceland is
dominated by H,O, which

generally accounts for >97 mol% of
the total fluid. Fluids of meteoric
origin are relatively low in chloride
(Cl) compared to geothermal fluids
worldwide (e.g., Ellis and Mahon,
1977). Low-temperature waters
typically have Cl concentrations
<50 ppm and high-temperature
waters  typically  have Cl
concentrations <200 ppm (e.g.,
Armannsson et al., 2015;
Stefansson et al., 2016). The reason
for the low Cl concentration of
many Icelandic thermal fluids is
related to the generally low Cl
content of basaltic rocks which
make up the bulk of the Icelandic
crust (Sigvaldason and Oskarsson,
1976; Arnérsson and Andrésdottir,
1995). Thermal water associated
with silicic rocks (rhyolites) are
generally higher in Cl and other
volatiles, for example, fluids from
the Torfajokull and Geysir areas
(Arnérsson  1985). Geothermal
systems that have a seawater
component, such as Reykjanes and
Svartsengi on the Reykjanes
Peninsula and some on the southern
lowlands, display much higher CI
concentration, up to ~20,000 ppm,
similar to seawater salinity values
(Arnoérsson and Andrésdottir, 1995;
Armannsson et al., 2015).

The geothermal fluids in Iceland
have divided into two groups based
on their source and formation
nature: primary and secondary
fluids.  Primary  fluids are
considered to reflect reservoir fluid
at depth that may have undergone

TABLE 4: Selected chemical composition of liquid samples only (from GeoFluids, Stefansson et al., 2016). The concentrations are given in ppm
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g §° ISELATK2LLSS2884 | of the boiled fluid. The boiled liquid and/or steam
8 18T m-————-_-_________-—-| may also mix and condense into non-thermal
2 I fluids at surface leading to the formation of various
B [8 |Srrssrsiccaddawasal typesofsecondary fluids like carbonate waters and
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relative to Na. As a result, secondary fluids have a
variety of chemical composition, ranging from CI- to SO4 to COs-rich (Figure 3). However, all
secondary fluids are usually dominated by Na and/or Ca-Mg cations with K usually being unimportant.



Here we have not made an attempt to classify individual fluids into primary- and secondary fluids and
sub-divisions of each type. Instead, the chemical variations relative to major elements are shown in
Figures 2 and 3 for various geothermal area together with typical characteristics of various fluid types.
In summary, for most high-temperature geothermal systems, both primary- and secondary fluids are
observed, whereas, for low-temperature areas, primary fluids mixed to a various degree with non-
thermal fluids is most common.
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FIGURE 2: Ternary diagrams of Na-K-Ca+Mg (above) and
CI-SO4-CO2 (below) for single-phase liquid samples
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FIGURE 3: Ternary diagrams of Na-K-Ca+Mg (above) and
CI-S04-CO2 (below) for two-phase well samples
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5.2 Silica concentration

The measured concentration of
silica ranged from >10 to ~1000
ppm in single-phase non-thermal
and thermal liquid water and in
the liquid phase of two-phase
well discharges (Figure 4). The
concentration was  generally
observed to increase with
increasing temperature, typically
<200 ppm at <75°C. For boiling
and close to boiling water (90-
100°C), much greater Si
concentration range was
observed, ~50-700 ppm, this
considered to reflect different
origin of the fluids, for example,
boiled high-temperature reservoir
fluids and steam heated water.

The concentrations of Si in
single-phase non-thermal and
thermal liquid water and in the
liquid phase of two-phase well
discharges for different locations
in Iceland is further shown in
Figures 5 and 6. Most areas
represented by  single-phase
fluids have Si concentrations
<200 ppm, these being in all cases
low-temperature geothermal
areas. Exceptions are the high-
temperature geothermal areas at
Geysir, Hveravellir, Hveragerdi
and Reykjadalir that have Si
concentrations of boiling hot

250

Single liquid phase samples

200 -

Count

Two-phase well samples

40 ~

30 ~

Count

20 A

10 A

0 200 400 600 800 1000
SiO,, (ppm)

FIGURE 4: Silica concentration in single
liquid phase and two-phase well samples

springs of up to ~500, ~600, ~300 and ~400 ppm, respectively. Concentrations of Si in two-phase well
discharges of high-temperature areas was much greater than for the low-temperature areas, typically
~400-1000 ppm. Highest values are observed at Krafla, Hellisheidi and Nesjavellir. This may be
considered to be reacted to high reservoir temperatures, but also caused by the mechanism of boiling,
with Si in the boiled liquid phase becoming enriched in Si upon open system boiling in some cases (e.g.,

Scott et al., 2014).
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FIGURE 5: The measured concentration of silica as a function of sampling
temperature for single liquid phase and two-phase well samples
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FIGURE 6: Range of silica concentrations for different locations



6. DISCUSSION
6.1 Geothermal reservoir fluid composition

Geothermal reservoir fluid composition was calculated from data of two-phase well discharges and
boiling hot springs. The reservoir temperature
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6.2 Aqueous silica speciation

Aqueous silica species distribution was
calculated for the reservoir fluid composition
with the aid of the PHREEQC program and
the llnl.dat database. The silica species
include were: H4SiOs(aq) (or SiO(aq)),
HSiO;, H,SiOs? and NaHSiOs(aq). The
results are shown in Figure 9. H4SiO4(aq) and
HSiOs™ were observed to predominate in all
cases at acid to neutral and alkaline pH,
respectively. NaHSi10s(aq) was also observed
to be important at elevated Na concentration.
The results of the calculations demonstrate
that the major factor controlling aqueous
silica speciation is pH with temperature and
salinity being less important.

6.3 Mineral saturation

Mineral saturation indices of common Si-
containing secondary minerals is shown in
Figure 10 as a function of pH and measured
temperature for sub-boiling water and
calculated reservoir temperatures for boiling
hot springs and two-phase well discharges.
The minerals considered were albite,
analcime, epidote, prehnite and clinochlore.
The calculations were carried out with the aid
of the PHREEQC program.

Geothermal fluids with mildly to strongly acid
pH values are generally observed to be
undersaturated with respect to Si-containing
minerals. Exception to this is saturation with
respect to amorphous SiO, associated with
surface argillic (acid) alteration, for example
at Krysuvik and Torfajokull (Markasson and
Stefansson, 2011; Bjorke et al., 2015). With
progressive fluid-rock interaction, the pH of
the waters increases from neutral to alkaline
values (e.g., Gysi and Stefansson, 2011, and
Gysi and Stefansson, 2012). As a result, the
geothermal fluids become saturated with
secondary minerals, the most common being
Si-containing minerals. At low temperatures,
these are typically clays and zeolites whereas,
at temperatures >230°C feldspars, prehnite
and epidote together with quartz are often
most important. This is indeed what is
observed (Figure 10). Geothermal fluids are
close to saturation with respect to analcime
and chlorite at low-temperatures whereas
epidote, albite and prehnite become saturated
at elevated temperatures.

TABLE 7: Chemical composition of selected secondary fluids calculated with the aid of the
WATCH program (Bjarnason, 2010). The concentrations are given in ppm
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FIGURE 7: The pH and Cl of reservoir fluids as a function of quartz or chalcedony temperature
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FIGURE 8: Comparison between the measured and the calculated
silica concentration in single and two-phase samples

6.4 Silica concentrations and geothermometry

It is generally recognized that geothermal fluids are in close to equilibrium with common secondary
minerals (e.g., Giggenbach, 1981; Arnorsson et al., 1983). With respect to Si-containing minerals, this
is what is indeed observed (Figure 10). Most geothermal geothermometry relies on the assumption of
such fluid-mineral equilibria, that are in turn primarily dependent on temperature at geothermal
conditions (Amorsson et al., 1983). In addition, geothermal geothermometry relies on the assumption
that non-chemical reactions occur upon fluid ascent from the reservoir to surface, i.e. the system is
assumed to be thermodynamically closed.

The simplest case of geothermal geothermometry is one that involves one mineral and one component,
for example, quartz or chalcedony and aqueous silica according to the reaction:

Si05(s) + 2H,0 © HySiOuaq) 4)
The silica solubility is further described by the respective equilibrium constant:
QH,Si04(aq)
K = ——5"> ~ my,si0,Vn,sio, (5)

2
Asio, " Ax,0

where K is the equilibrium constant, and m and y stand for concentrations and activity coefficients,
respectively.

More complex reactions can also be considered, for example involving feldspars according to the
reaction:

albite + K" = K-feldspar + Na* (6)

where the equilibrium constant is defined as:

_ AnatAg—feldspar _ Mya*tVNa*t
Ak+Qaipite My+Yk+

(7
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FIGURE 9: Aqueous silica speciation as a function of temperature and pH

The equilibrium constants (K) depends on temperature and pressure, the latter being unimportant under
geothermal conditions relative to temperature. Assuming the minerals to be pure (@minerat = 1) it follows
that there is a direct relation to temperature through K and fluid composition in terms of aqueous species
concentrations (m) and their respective activity coefficients (y). More complex reactions can also be
considered that includes more minerals and more components, like Ca, Mg, CO», H,S and Ha. In this
case, all the respective secondary minerals have to be in equilibrium with the geothermal fluids at the
same time and conditions in order for the general assumptions to be valid. This may not always be the
case.
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FIGURE 10: Mineral saturation indices as a function of temperature and pH

Among the basic assumptions for the application of geothermometry to predict reservoir temperatures
is that no reactions occur upon fluid ascent from the reservoir to surface. In many cases, this assumption
may not hold. Alternatively, to minimize these effects of later stage reactions on the calculated
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geothermometry temperatures, these changes in fluid component concentration upon ascent have to be
minimum. This may hold in the case of many of the more concentrated major elements, like Si and Na,
whereas minor elements like Mg may be more sensitive to late-stage reactions. For example, let us
assume reservoir Si concentration to be 600 ppm, and upon fluid ascent, Si-containing minerals form
lowering the Si concentration to 550 ppm, or by ~10%. Such mineralization is considerable but has
minor effects on the calculated silica geothermometry temperatures. In contrast, K concentrations are
commonly in the range of ~1-40 ppm, for low- and high-temperature geothermal waters in Iceland of
meteoric origin. Similar mass movement or mass of secondary minerals formed as in the case of silica
would lead t0>99% loss of K from the fluid upon ascent and resulting in major effects on the calculated
geothermometry temperatures. The same may be true for Ca and Mg. For this reason, it is considered
more reliable to apply geothermometers based on the main components of the geothermal fluids, for
example, Si, rather than trace elements like Mg, even though the latter is commonly applied.

Here, the quartz and chalcedony geothermometry were used to calculate the reservoir temperatures.
These have been compared with the Na-K geothermometry temperatures in Figure 11. Reasonable good
agreement between these geothermometers is generally observed at >200°C. Inspection also reveals
often systematically lower Na-K temperatures compared with quartz or chalcedony temperatures, this
is considered to be related to changes in K concentrations of the geothermal fluids upon ascent, but the
Txax are sensitive to such changes. Similar concentrations changes with respect to Na” and H4SiO4(aq)
are expected to have minor effects on the calculated geothermal geothermometry temperatures.
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FIGURE 11: Comparison of the calculated SiO2 temperatures (quartz and chalcedony temperatures
above and below 180°C, respectively) and the Na-K geothermometry temperatures
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The Si concentrations in geothermal fluids are therefore often considered to closely reflect the reservoir
temperatures of the geothermal systems. It follows that Si concentrations in geothermal waters may be
used to indirectly map temperature variations of both low- and high-temperature systems. Two examples
are shown in Figures 12 and 13, for the southern lowlands and Krafla geothermal system, respectively.

Southern lowlands, are a typical low-temperature geothermal area. A large part of the area is
characterized by silica concentrations <100 ppm corresponding to geothermal temperatures of up to 70-
100°C (Figure 12). Exceptions of this are mainly three locations, Grimsnes, Hrunamannahreppur
including Fludir and Biskupstungur including Geysir. At these locations, significantly higher silica
concentrations were observed, >150 ppm, demonstrating considerably higher reservoir temperatures of
up to ~250°C. Such large-scale mapping of geothermal waters over an extensive area can, therefore, be
used to get a general overview of the distribution of reservoir temperatures.

The distribution of silica in reservoir fluids at Krafla is shown in Figure 13. Considerable variations are
observed in silica concentrations considered to reflect the temperatures of the main feeding aquifers of
the well discharges. At Hvitholar and around Leirbotnar, considerably lower Si concentrations are
observed whereas, in Sudurhlidar and Vesturhlidar, higher Si concentrations are observed, indicating
more elevated reservoir temperatures. These observations indicate that Si concentrations of high-
temperature geothermal areas can on its own be a useful tool to predict temperature distributions within
a geothermal system.
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FIGURE 12 Distribution of silica concentration in geothermal fluids on the Southern lowlands
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7. CONCLUSIONS

The geochemistry of silica in Icelandic geothermal fluids was studied using a dataset spanning over 60
years of sample collection, in total ~1650 samples from >30 geothermal areas. The samples include
various types of geothermal fluids, including sub-boiling liquid water and two-phase well discharges.
The measured concentration of silica in the samples ranged from >10 to ~1000 ppm and was observed
to increase with increasing temperature, typically <200 ppm at <75°C whereas for boiling and close to
boiling water (90-100°C) concentrations up to 700 ppm were observed. Silica concentrations in two-
phase well discharges of high-temperature areas were much greater than for the low-temperature areas,
typically ~400-1000 ppm with highest values are observed at Krafla, Hellisheidi and Nesjavellir.

Aqueous speciation and mineral saturation indices were calculated using the PHREEQC program. The
results revealed that the dominant silica species in all cases were H4SiO4(aq) and HSiOs™ at acid to
neutral and alkaline pH values, respectively. NaHSiOs(aq) was also observed to be important in
geothermal fluids characterized by elevated Na concentrations.

Geothermal fluids with neutral to alkaline pH values and temperatures >20°C were generally observed
to be close to saturation with respect to common silica containing geothermal minerals. In contrast, acid
fluids were observed to be undersaturated, indicating that most silica containing minerals are unstable
in contact with such fluids. At low temperatures, the typically secondary minerals in equilibrium with
neutral to alkaline fluids were clays and zeolites whereas, at temperatures of >230°C feldspars, prehnite
and epidote together with quartz are most important.

Geothermal geothermometry relies on the assumption of such fluid-mineral equilibria is approached. In
turn, such equilibrium depends primarily on the temperature at geothermal reservoir conditions. It
follows, that equilibrium of the fluids with many silica containing geothermal minerals may be used to
predict reservoir temperatures. The simplest case involves only silica, like quartz and chalcedony, but
more complex reactions involving two or more minerals and many components may also be applied. It
was further demonstrated that the silica concentrations in geothermal fluids may be used to indirectly
predict spatial reservoir temperature variations, here demonstrated for the low-temperature systems at
the southern lowlands and at the high-temperature system at Krafla.
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