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Abstract

Supercritical fluids have been reported from both rift and subduction related geothermal
systems. They typically form in the vicinity of magmatic intrusions at the roots of
geothermal systems upon conductive heating and boiling of the subcritical geothermal
reservoir fluids to supercritical conditions and/or from gases released from the magmatic
body. However, the origin and chemistry of these supercritical fluids are not yet fully
understood as their chemical composition can be easily overprinted by mixing with
subcritical reservoir fluids at lower temperatures and shallower depths. This study aims to
link the hydrology in active intrusion-related geothermal systems with fluid chemistry and
associated secondary mineralogy. The origin and formation of supercritical fluid were
investigated by combining geochemical modeling and flow-through experiments and
comparing modeling and experimental results with natural data reported from supercritical
environments.

Experimental and modeling work performed in this thesis revealed that supercritical fluids
formed upon conductive heating and the boiling of subcritical geothermal reservoir fluids
are characterized by low concentrations of non-volatile elements (Si, Na, K, Ca, Mg, Fe,
Al, Cl) and similar concentrations of volatile elements as in the subcritical fluids (B, CO5,
H,S). This process is predicted to be accompanied by mineral depositions dominated by
silica, aluminum silicates and, in some cases, salts. Similar trends in fluid chemistry and
mineralogy occur upon supercritical fluid formation in geothermal systems associated with
rift and subduction zones.

The results of the modeling and experiments compared well with the chemical composition
for supercritical fluid discharges from the IDDP-1 well at Krafla (Iceland). Other
geothermal systems where supercritical fluid temperatures have been reported and display
similar chemical characteristics include Menengai (Kenya), Los Humeros (Mexico),
Larderello (Italy), and The Geysers (USA).



Utdrattur

Hitastig vokva i jardhitageymum sumra innskotatengdra jardhitakerfa um allan heim eru
yfir kritiskum gildum. Uppruni og efnafraedi slikra vokva er ekki ad fullu pekkt par sem
efnafraedileg einkenni sliks voka eru audveldalega yfirprentud af ymsum 6d6rum ferlum
sem eiga sér stad i jardhitakerfum. Med sampattun mismunandi adferdir eins og forda- og
efnafraedilegulikdn i bland vid hahitatilraunir er hagt ad auka skilning a myndun og
efnasamsetningu sliks yfir kritisks jarohitavékva. Markmid rannsoknarinnar var ad tengja
saman grunnvatnsfredi i virkum innskotatengdum jardhitakerfum vid jadrefnafreedi
vovkvans, og pa sérstaklega i tenglsum vid myndun yfir kritisks 6kva i nagrenni
kvikuholfsins.

Tilraunir og likanreikingar sem voru framkvemdir sem hluti af pessari doktorsverkefni
syna fram & a0 suda a jarohitavatni vegna varmaleidni getur leitt til myndunar &
yfirkritiskum jardhitavokva. Efnasamsetning sliks yfirktitisks vokva einkennist af lagum
styrk bergsakinna efna (Si, Na, K, Ca, Mg, Fe, Al, Cl) og svipudum styrk rokgjarnra efna
(B, CO; H,S) og melist i jarohitavatninu. Samfara pessum efnabreytingum i
jarohitavokvanum myndast tfellingar sem eru rikar af kvarsi, alsilikdtum og salti.
Samberilegar nidurstédur fast fyrir myndun yfirkritsisks vokva tengt jardhitakerfum &
rekbeltum og trogum.

Nidurstddur tilraunanna og likanreikninganna & efnasamsetningu yfirkritisks jardhitavokva
ber vel saman vid malingar & slikum vékva Gr IDDP-1 borholunni i Kréflu (islandi).
Onnur jadrhitakerfi par sem meelst hefur herri hiti en yfirkritiskur hiti vatns hafa einnig
sambarilega efnasamsetningu vokvans, t.d. i Menegai (Kenya), Los Humeros (Mexikd),
Lardarello (italia) og The Geysers (Bandarikin).
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1 Introduction

Geothermal systems act as an increasingly vital source of global energy production and will
continue to be a necessary option with the growing demand for a more diverse renewable
energy mix. To date, energy produced from geothermal resources represents about 0.15% of
the world’s primary energy production (Conti et al., 2016; Lund and Boyd, 2016). Power
production from geothermal resources mainly derives from high-temperature geothermal
systems commonly associated with active or recent volcanism, but occasionally also in regions
affected by extensive faulting (Fig. 1; Stimac et al., 2015; Rivera-Diaz et al., 2016). The
reservoir temperatures of high-temperature geothermal systems are typically ~200-350°C. The
average power production from a single high-temperature well is ~2-5MW, (e.g., Ketilsson et
al., 2015; Sanyal and Morrow, 2012). In some geothermal fields, such as The Geysers, Salton
Sea, and Hawaii (USA); Kakkonda (Japan); Lardello (ltaly); Los Humeros (Mexico);
Menengai (Kenya); and Krafla and Nesjavellir (Iceland), measured fluid temperatures exceed
the critical temperature of water (Reinsch et al., 2017). Utilization of such fluids could
potentially increase power production per well of up to 30-50 MW, (Fridleifsson and Elders
2005) due to increased specific enthalpy, lower viscosity, and density of supercritical fluids.

Even though utilization of such supercritical resources may multiply energy production from
geothermal systems, their occurrence, formation mechanism, and especially chemical
properties are not well constrained and understood. Deep drilling projects such as IDDP
(Iceland Deep Drilling Project) aim to explore such supercritical resources. However, reservoir
conditions, corrosive geothermal fluids, and mineral scaling limited the utilization of these
fluids (e.g., Hauksson et al., 2014) and also represented a technical challenge for equipment
and material used for the well-head or the valves (Pérhallsson et al., 2010, 2014; Kruszewski
and Witig, 2018). This work investigates the supercritical fluid formation, geochemistry, and
alteration mineralization in the roots of high-temperature geothermal systems with a magmatic
heat source with a focus on Icelandic geothermal fields.

1.1 Active geothermal systems

High-temperature or volcanic geothermal systems form in the Earth’s upper crust above a
magmatic heat source, often at plate boundaries, where melt derived from the upper mantle can
reach shallow depths within the crust (Henley and Ellis, 1983; Hedenquist and Lowenstern,
1994). After emplacement, magmatic intrusions start to cool and exchange heat with the
surrounding rocks and groundwater system (Hanson, 1995, 1996). At hydrostatic pressures,
heat released into the surrounding groundwater system results in the formation of density-
driven convective fluid flow (Fig. 2). As the fluid temperatures and pressures within the
geothermal reservoir are typically below the critical point of water, the convecting fluids form
under so-called subcritical conditions (Hayba and Ingenbritsen, 1997). The geothermal system
is supplied with an inflow of water (meteoric water, seawater or a mixture thereof) into a
permeable reservoir around the intrusion. Magmatic gases (e.g., H,O, CO,, HCI, SO;) may
exsolve from the cooling and crystallizing magmatic intrusion into the geothermal reservoir.
Upon geothermal fluid ascent to the surface, the overlying water column decreases resulting in
depressurization boiling and the formation of liquid and vapor phase.
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It has been concluded that the composition of geothermal reservoir fluids is controlled by
equilibrium between the fluids and thermodynamically stable secondary minerals for all major
elements except for Cl and B that are considered mobile (e.g., Giggenbach, 1981; Arnorsson et
al., 1983). As the fluid-mineral reactions are temperature dependent, it follows, that the
concentration of major elements varies with reservoir fluid temperature. Such temperature
effects are also reflected in depth-related distribution of secondary minerals with mixed-layered
clays and chlorite being most common at shallow depths and low to moderate temperatures
(<150°C), whereas epidote, chlorite, albite, sulfide, and quartz become predominant at greater
depths and temperatures above ~200-250°C and eventually amphiboles such as actinolite or
hornblende appearing at the highest temperatures or >300°C (Browne, 1978). At shallow depth,
the ascending geothermal liquid and vapor may condense, mix and oxidize with non-thermal
fluid, often resulting in fluid with acid to alkaline pH values, argillic alteration, and silica and
carbonate travertines forming at the surface.
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Ingebritsen, 1997).



1.2 Supercritical fluids in geothermal systems

Supercritical geothermal fluids have commonly been defined based on the critical temperature
(T, =373.976 °C) and pressure (P, = 220.06 bar) of pure water (H,O) (Haar et al., 1984). Such
a definition can lead to an artificial and unphysical boundary in the phase diagram of water
across which there is a continuous region of single-phase fluid. Here, and following Liebscher
and Heinrich (2007), supercritical geothermal fluid is defined as fluid with temperatures above
the critical temperature of water, irrespective of density in the case of pure water or phase state
in the case of binary and higher salt-water systems (Fig. 2).

Based on heat and mass transfer modeling, geothermal fluids with temperatures exceeding the
critical temperature of pure water have been suggested to exist in the roots of the geothermal
systems in the vicinity of the magmatic intrusion. There, heat is transferred to the surrounding
groundwater by conduction, resulting in the formation of supercitical fluids with temperatures
>400°C and specific enthalpy >3000 kJ kg™ (e.g., Hayba and Ingebritsen, 1997; Scott et al.,
2016). Fluids with supercritical temperatures have been observed in several active geothermal
systems worldwide such as The Geysers, Salton Sea, and Hawaii (USA); Kakkonda (Japan);
Larderello (ltaly); Los Humeros (Mexico); Menengai (Kenia); and Krafla, Nesjavellir and
Reykjanes (Iceland) (Fig. 1; Reinsch et al., 2017).

Supercritical fluids may originate from magmatic degassing with such fluids being
characterized by elevated CO,, SO,, HCI, and HF concentrations (e.g., Fischer and Chiodini,
2015). Supercritical fluids may also form as a result of conductive heat transfer from the
magmatic intrusion to the surrounding subcritical geothermal fluid (e.g., Hayba and
Ingebritsen, 1997). The chemical composition of such supercritical fluids remains somewhat
unclear. The solubility of most minerals is poorly known in supercritical and low-density fluids
with the exception of silica, for example (Fournier and Potter, 1982) and some common salts
(Leusbrock et al., 2009, 2010a, 2010b). However, as a part of the present study, the
combination of geochemical modeling and laboratory experiments have suggested such fluids
to have similar volatile content as the subcritical geothermal reservoir fluids and low
concentration of non-volatile elements (see research articles 11 and I11)

Reported compositions of the fluid condensate discharged from the deep geothermal wells in
various geothermal fields, for example at Los Humeros (Mexico) and Krafla (Iceland), showed
low pH values of the condensed fluid at room temperature along with low concentrations of
non-volatile elements such as Si, Na, K, Ca and Mg (see research articles | and IlI). This
reinforced a discussion about the role of magma gas influx and condensation of supercritical
fluids to form HClI rich liquid as a cause of the low pH and dilute fluids (Truesdell et al., 1989;
D’Amore et al., 1990; Armannsson et al., 1989, 2014; Hefmanska et al., 2019). In general, the
character of the magmatic degassing is controlled by several factors, such as melt volatile
content, reservoir changes during the melt emplacement, or redox conditions within the system
(Giggenbach, 1987; Wallace, 2005; Shinohara, 2008). Once an intrusion is emplaced within the
crust and starts to cool down, the most volatile elements are released first during
depressurization degassing of the melt. Commonly, these are SO,-rich magmatic fluids that
reach the surface, often with minor interaction with the surrounding rocks. Eventually, the
transition from hydrostatic to lithostatic pressure results in the formation of slower degassing of
magmatic fluids that react with the surrounding rocks, governed by temperature and redox



conditions in the system, and eventually mix with shallower groundwater systems (e.g.,
Fournier, 1985; Giggenbach, 1987; Shinohara, 2008). Compositions of this type of magmatic
fluids evolve with time, initially being CO,-rich and evolving towards H,O-rich fluids with less
volatile elements, such as CI.

1.3 The IDDP project

Iceland provides an ideal location for studying the heat and fluid transfer, fluid geochemistry
and mineralogy associated with subcritical and supercritical fluids in active geothermal
systems. High-temperature geothermal systems are abundant along the plate boundaries, and
some of these systems are already utilized. The reported geothermal fluid discharge
compositions are affected by the fluid source. At Krafla, Nesjavellir, and Hellisheidi, fluids are
of meteoric or of mixed meteoric and seawater origin, whereas at Reykjanes, the geothermal
reservoir fluids are sourced dominantly by seawater. Typical reservoir temperatures in these
systems range from ~210 to ~325°C and specific enthalpy measured at wellhead ranges from
<1000 to ~2750 kJ kg™, corresponding to liquid dominated to two-phase (vapor and liquid)
reservoir fluids (Gudmundsson and Arndrsson, 2005; Scott et al., 2014; Oskarsson et al., 2015).

One of the most ambitious projects aimed at obtaining supercritical fluids for geothermal
utilization is the Iceland Deep Drilling Project (IDDP, www.iddp.is). In 2009, the first well
(IDDP-1) was drilled in Krafla (Fig. 3; NE Iceland) that came to a halt at ~2.1 km depth after
drilling into rhyolite magma. After the initial heating up period, the well discharged
supercritical fluids with temperatures of ~440°C, pressures of 140 bar, and enthalpy of ~3200
ki kg (Elders et al., 2014). However, due to operational difficulties, scaling and thermal
damage to the well casings, utilization proved to be challenging, and the fluid discharge was
eventually terminated (Hauksson et al., 2014). In 2017, the second well (IDDP-2) was drilled at
Reykjanes (SW Iceland) that eventually reached a depth of ~4.5 km. The measured temperature
at the bottom of the hole was 426°C, but no supercritical fluids have yet been discharged from
the well head (Fridleifsson et al., 2017). The third IDDP borehole is already being planned for
2021-23 at Nesjavellir or Hellisheidi (SW Iceland). Previously, well number NJ-11 at
Nesjavellir also reached a depth of 2.2 km and a temperature of >380°C (Steingrimsson et al.,
1990). This implies that supercritical fluids may commonly form within different active
geothermal systems in Iceland.
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Figure 3  Icelandic high-temperature geothermal fields with reported supercritical
conditions. (A) NJ-11 well at the Nesjavellir geothermal power plant (photo courtesy of Mats
Wibe Lund), (B) IDDP-1 at the Krafla geothermal power plant (photo modified from
Frioleifsson et al., 2014) and (C) the IDDP-2 well at the Reykjanes power plant (modified from
Richter, 2019).

1.4 Aims of the study

The primary aims of this study were the following:

e To investigate the fluid chemical and mineralogical changes associated with
supercritical fluid formation from conventional subcritical geothermal fluids near a
shallow intrusion with emphasis on the IDDP-1 well at Krafla, Iceland, using
geochemical modeling. Results have been summarized in the research article I.

e To investigate the chemical and mineralogical changes upon conductive heat
addition and consequent boiling of subcritical geothermal fluids to form
supercritical geothermal fluids using laboratory experiments. Results have been
summarized in the research article I1.

o To explore the effects of fluid source on the chemical composition of supercritical
fluids using geochemical modeling and laboratory experiments. Results have been
summarized in the research article I11.

To achieve these aims, hydrological and geochemical modeling were combined to investigate
the formation of supercritical fluids from subcritical fluids by conductive heat addition.
Furthermore, laboratory experiments were conducted where the chemical and mineralogical
changes accompanying supercritical fluid formation were investigated. Finally, the results
obtained from modeling, experiments, and natural systems were compared.



2 Methodology

2.1 Field sampling and data collection

To investigate the different geochemical characteristics of subcritical and supercritical fluids,
two-phase fluids (subcritical) and single-phase vapor condensates (supercritical) were collected
from wells at the Krafla geothermal power plant, NE Iceland (Fig. 4). Fluid samples obtained
by the field sampling were the subject of research articles I, 11, and Il1.

Figure 4  Two-phase geothermal wells in the Krafla geothermal field (A) and (B); (C) the
IDDP-1 well; D) close-up image of the sampling setup (images are courtesy of Nicole Keller).

Two-phase geothermal fluids were sampled using a Weber separator to separate liquid and
vapor phases (Arnorsson et al., 2006). The liquid phase samples were cooled using an in-line
cooling coil. Samples for the analysis of major cations (Na, K, Mg, Ca, Si, Al, Na, K, Mg, Fe,
B) were filtered and acidified with concentrated HNO; on-site. The concentrations were
determined using ICP-OES. Samples for the determination of F and Cl were filtered and
otherwise left untreated. Samples for SO, analysis were filtered, and 2% Zn-acetate solution
was added to precipitate the dissolved sulfide as zinc sulfide, leaving dissolved SO, in the



solution for analysis. All anions were analysed using ion chromatography. Samples for
determination of carbonate plus sulfide alkalinity were collected into amber glass bottles and
analyzed using the modified alkalinity titration method, consisting of an acidimetric titration,
followed by degassing with N, gas and back titration (Arndrsson et al., 2006; Stefansson et al.,
2007). Total dissolved sulfide concentrations were analyzed on-site by titration with mercuric
acetate using dithizone as an indicator (Arndérsson et al., 2006). The difference between the two
titration results gives carbonate alkalinity. The pH was also determined on-site using a pH
meter calibrated with commercial buffer solutions at pH 7 and pH 4, respectively. These
analyses were carried out on-site to prevent degassing.

Vapor samples from the subcritical and supercritical discharge were treated similarly. The
samples for non-volatile element determination were condensed to form a liquid. These
samples were subsequently treated as described above. The volatile elements in the vapor
samples were collected in pre-evacuated gas bottles containing 50% KOH, ~15 ml of a base in
100 ml flasks. The concentrations of CO, and H,S in the vapor condensate were determined by
a modified alkalinity titration (Stefansson et al., 2007) and precipitation titration method using
Hg acetate and a dithizone indicator (Arnorsson et al., 2006), respectively. The non-
condensable gases, including Ha, N,, Ar, and CH,4 were analyzed by gas chromatography.

2.2 Flow-through experiments

High-temperature flow-through experiments were carried out to reproduce a geothermal system
with subcritical and supercritical temperatures (Fig. 5). With these experiments, the formation
of both supercritical fluids and associated secondary minerals upon heat addition to subcritical
fluids was investigated.

The subcritical conditions were represented by a flow-through reactor filled with basaltic glass
and heated to 260°C. Supercritical conditions were simulated in a subsequent flow-through
reactor that was heated to 400 or 420°C containing a stainless-steel threaded rod to collect
precipitating solids. Absolute pressure was kept constant at 34 and 69 bar during the
experiments to maintain subcritical and supercritical conditions in both reactors.

For this work, a total of seven flow-through experiments were carried out (Research articles Il
and I11). The inlet solution used in the experiments was natural geothermal water from Krafla
and Spdastadir. Using a High-Performance Liquid Chromatography (HPLC) pump, the inlet
solution was pumped through both the subcritical and supercritical reactor. After passing
through the reactors, the fluids were cooled down by an in-line cooling jacket, followed by
depressurization using a back-pressure regulator (BPR). The fluids were collected at the low-
pressure end of the BPR and subsequently prepared for the analysis of major elements, CO,,
and H,S following the same routines as described above. At the end of each experiment, the
solid deposits from both the subcritical and supercritical reactors were collected, dried at 50°C
and mounted on a sample holder. The rod itself was imbedded into epoxy, cut parallel and
perpendicular to the flow direction in the reactor, and then polished. The chemical composition
of the solids was determined using a scanning microscope (SEM).

In research article Il, the flow-through experiments were used to study the formation
mechanism and fluid chemistry of supercritical fluids that form upon boiling of subcritical
fluids. This was conducted by using geothermal (subcritical) fluids from Krafla as inlet
solutions. Here, two interconnected reactors representing subcritical and supercritical
conditions, respectively, were used to reproduce the geothermal system. However, the fluids
collected from the subcritical reactor were comparable with the concentrations measured in the



inlet solution. Therefore, the sampled geothermal water was directly pumped through the
supercritical reactor in subsequent experiments (Fig. 5).

In research article 11, the flow-through experiments were carried out to test the effects of the
subcritical fluid composition on the supercritical fluid composition. For this purpose, the
chemistry of the inlet solutions was varied to represent supercritical fluid formation in (1)
young geothermal systems at rift zones with low chloride and low volatile immature water, (2)
mature and reacted geothermal systems with fluids containing a low chloride but reacted fluid,
and (3) subduction-related geothermal systems with Cl-rich fluids with high volatile gas input,
either HCI or CO,. Results from high-temperature experiments were further compared with
reported reservoir fluid compositions from high-temperature geothermal systems in various
plate tectonics settings.
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Figure5 Design of the experimental set-up: (A) two connected flow-through reactors used in
research article 11; (B) one flow-through reactor used in research article I1I.

2.3 Hydrological model

The pressure-temperature conditions and fluid flow paths in high-temperature geothermal
systems were obtained from hydrological modeling. The modeling was conducted using
HYDROTHERM software (Hayba and Ingebritsen, 1994) and the results were presented in the
research article I.

The heat transfer and fluid flow above a 2 km deep intrusion of basaltic composition were
simulated for a pure H,O system to reproduce the geothermal system at Krafla. Even though
assuming a pure H,O system is a simplification, since geothermal fluids contain dissolved salts
and gases, this is justified as Krafla exhibits fluids with low concentrations of NaCl, and such
low NaCl concentrations do not affect the fluid phase distribution and thermodynamic
properties of water significantly. The magmatic heat source was treated in a similar simplifying
manner. The physical properties of the intrusion used in the HYDROTHERM simulations
include an initial temperature (1100°C), density (2900 kg m™), and temperature-dependent heat
capacity, decreasing linearly from 2000 J kg™* K™ at 1100°C to 1000 J kg * K™* at <850°C to
simulate the effect of latent heat of crystallization (Hanson and Barton, 1989; Hayba and
Ingebritsen, 1997).



The initial intrusion radius (0.5 km) of the modeled intrusion is large enough to support the
development of a boiling geothermal system in an initially ‘cold’ crust. The initial permeability
of basaltic host rock was set to be 107> m?, which is close to the permeability estimated for the
Krafla geothermal system (Bodvarsson et al., 1984). Simulated permeabilities were
temperature-dependent, decreasing from 10™* m? to 1072 m? at 550°C (Scott et al., 2015). The
intrusion was assumed to be emplaced instantaneously, and subsequent heat and mass transfer
were simulated as a function of time for 10000 years.

2.4 Geochemical model

Geochemical (multicomponent-multiphase) modeling was carried out to assess supercritical
fluid formation and evolution upon ascent to the surface. The geochemical modeling was
conducted using PHREEQC (Parkhurst and Appelo, 2013) and WATCH (Bjarnason, 2010)
geochemical software.

The model considered two main fluid flow regimes: (1) supercritical fluid formation by
conductive heat addition to circulating subcritical geothermal fluids near a subsurface intrusion
(research articles I, 1l and I11) and (2) supercritical fluid ascent, condensation and mixing with
shallow geothermal fluids (research article I). In scenario 1, the specific enthalpy of a single-
phase liquid (i.e., subcritical fluid) was increased at a close to constant pressure. This enthalpy
increase would result in boiling of the liquid to complete dryness (supercritical fluid
formation). In scenario 2, depressurization of a supercritical fluid at decreasing pressure-
enthalpy conditions was simulated, causing condensation of the liquid from the initially single-
phase vapor. Subsequently, the condensate was mixed with shallow subcritical geothermal
fluids. For the detailed explanation and diagram with the flow paths see section 3.2 and Figure
2 in the research article 1.

The model involved the reaction of major components within a given fluid phase and amongst
vapor, liquid, and solid phases (i.e., secondary minerals) along specified pressure-temperature-
enthalpy paths. Conservation of mass (closed-system behavior) was assumed for isobaric
(constant pressure) boiling, whereas an open-system behavior was considered in the case of
phase segregation and fluid mixing.

The chemical elements and compounds included in the model were Si, B, Na, K, Ca, Mg, Al,
Fe, Cl, F, SO, H,, H,S, CO,, and respective aqueous and vapor species. The secondary
minerals considered in the calculations were those commonly observed in high-temperature
geothermal systems in Iceland and included quartz, chlorites, garnets, amphiboles, clay
minerals, epidote, clinozoisite, prehnite, wollastonite, feldspars, zeolites, carbonates, anhydrite
and pyrite (Kristmannsdéttir, 1979) and salts (NaCl, KCI, CaCl,, MgCl,, NaSO,, KSOy).
Fluorine content was not considered in fluid-rock interactions. The thermodynamic database
used for the calculations was adopted from WATEQA4f (Ball and Nordstrom, 2001) and lInl.dat
database (Johnson et al., 2000). The databases included updates of the solubility constants of
secondary minerals (Holland and Powell, 1998, 2011; Stefansson et al., 2011; Leusbrock et al.,
2009, 2010a, 2010b) and H,S and CO, gas (Fernandez-Prini et al., 2003). The initial fluid
compositions, pressure and temperature conditions used in the geochemical model calculations
were the same as the corresponding concentrations and conditions used in the experiments.
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3 Summary of scientific contribution

The research presented in this dissertation consists of three research articles, one published in
Geothermics (research article I, reprinted with permission from Elsevier Ltd.), the second
published in Geofluids (research article 1, reprinted with permission from Wiley Hindawi) and
the third accepted for publication in Journal of Volcanology and Geothermal Research
(research article 111, reprinted with the permission of Elsevier Science Ltd.).

3.1 Research Article I (Appendix A)

Hefmanska, M., Stefansson, A., Scott S. 2019. Supercritical fluids around magmatic intrusions:
IDDP-1 at Krafla, Iceland, Geothermics 78, 101-110,
https://doi.org/10.1016/j.geothermics.2018.11.002.

The first research article focuses on the formation mechanism and chemical composition of
supercritical fluids in high-temperature geothermal systems by combining heat transfer and
fluid flow modeling using HYDROTHERM software and geochemical modeling using
WATCH and PHREEQC software. The modeling results were compared with the chemical
composition of subcritical and supercritical (IDDP-1) fluids from Krafla (NE Iceland).

In the article, it is proposed that an important mechanism of such supercritical fluid formation
is the conductive heating of surrounding subcritical geothermal fluids near a shallow intrusion.
According to the modeling calculations, supercritical fluids formed by isobaric heating of
initially liquid geothermal groundwater display similar volatile concentrations (C, S, B, Cl, F)
as the initial fluid. In contrast, the low concentrations of non-volatile elements (Si, Na, K, Ca,
Mg, Al, Fe) in the supercritical fluid result from intensive, quartz-dominated mineral
deposition near the magmatic intrusion during boiling of liquid to dryness. Liquid condensed
out of ascending supercritical fluid in the upflow zone has a low pH (~2) due to the
dissociation of volatile components like HCI. However, the chemical signatures of supercritical
fluid ascent are likely to be overprinted by mixing of the condensing (acid) fluids with cooler
subcritical fluids, fluid-rock interaction, depressurization boiling, and phase segregation.

Geothermal reservoir fluids at Krafla had temperatures between ~200 and 440°C, specific
enthalpies of 852-3200 kJ kg™, low Cl concentrations of 0.42-6.61 mmol kg™ and neutral to
alkaline pH of 6.49-9.75. The chemical composition of supercritical fluids discharged by
IDDP-1 was characterized by similar concentration of volatile elements (C, S, Cl, F, B) but
much lower concentrations of non-volatile elements (Si, Na, K, Ca, Mg) compared to
subcritical geothermal reservoir fluids. These similarities between modeled fluid compositions
and the measured composition of the IDDP-1 suggest that ~440°C discharged supercritical
fluids were formed by heating of circulating geothermal groundwater without significant
magmatic fluid input. This is further supported by the volatile element stable isotope
composition (i.e., 8D, 520, §*3C, §*s, §*'Cl) of the fluids.
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3.2 Research Article II (Appendix B)

Hefmanska, M., Kleine, B.l., Stefansson, A. 2019." Supercritical Fluid Geochemistry in
Geothermal  Systems.  Geofluids 2019, Article ID 6023534, 14  pages;
https://doi.org/10.1155/2019/6023534.

The second research article investigated supercritical fluid formation and associated secondary
mineral precipitation using laboratory experiments. The experimental results were compared to
natural fluid discharge from Krafla including the IDDP-1 fluids and modeling results
previously reported in research article 1.

Flow-through experiments at 260°C and 400-420°C were performed to study the chemical and
mineralogical changes associated with supercritical fluid formation near shallow magmatic
intrusions by conductive heating and boiling of conventional subcritical geothermal fluids.
Supercritical fluids formed by isobaric heating of liquid geothermal water had similar volatile
element concentrations (B, C, and S) as the subcritical water. In contrast, mineral-forming
element concentrations (Si, Na, K, Ca, Mg, and Cl) in the supercritical fluid were much lower.
The results are consistent with the observed mineral deposition of quartz, aluminum silicates,
and the minor amount of salts during boiling. Silica deposits formed upon supercritical fluid
formation may result in decreased rock permeability close to the magmatic intrusion. In this
respect, the boiling of 1 kg of fluid may lead to the closure of a crack in as soon as a few hours
(crack width around 0.01 mm and fluid mass flux 10* kg m? s™) or as long as tens of years
(crack width around 0.05 mm and fluid mass flux 10° kg m? s™ and slower).

The comparison of the experimental data with measured subcritical and supercritical fluid
compositions from Krafla implied that supercritical fluids discharged by the IDDP-1 may have
formed by conductive heat addition and boiling of subcritical geothermal fluid. Lower
concentrations of Cl and volatile elements of experimental supercritical fluids suggest that
fluids discharged from the IDDP-1 well were additionally subjected to minor magmatic
degassing.

3.3 Research Article III (Appendix C)

Hefmanska, M., Kleine, B.l., Stefansson, A. (accepted for publication to Journal of
Volcanology and Geothermal Research): Chemical constraints on supercritical fluids in
geothermal systems

The third research article describes the effect of fluid source on the chemical composition of
supercritical fluids using laboratory experiments and geochemical modeling. This article builds
on the results published in the first and second research article. Four scenarios were considered
to test the effects of the subcritical geothermal source composition on the supercritical fluids:
(1) heating of low chloride and low volatile immature water of meteoric origin typical for
young geothermal systems at rift zones, (2) heating of reacted and low chloride water of
meteoric origin typical for many reservoir fluids at divergent plate boundaries, and (3 and 4)
formation of supercritical fluids from subcritical NaCl fluids containing elevated CO, or HCI
concentration typical for geothermal reservoir fluids at subduction zones. In summary, similar
mineral deposition occurred in all NaCl-dominated experiments with cation (Na-Ca-K)-rich
silicates and quartz being the dominant alteration products, accompanied by halite at elevated
NaCl fluid concentrations. In contrast, fluids containing high concentrations of acids (HCI)
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may result in insignificant mineral deposition upon boiling of subcritical geothermal waters to
form supercritical fluids.

Upon supercritical fluid formation by conductive heating of subcritical fluids, the elemental
mobility was experimentally observed and predicted by geochemical modeling to be
significantly reduced with respect to rock-forming elements like Si, Na, K, Ca, Mg and Al but
remained unchanged for volatile element compositions like B, C and S. This suggests that
mineral-fluid reactions also control the chemical composition of many major elements in
supercritical fluids, which is similar to previous findings for subcritical geothermal fluids.
However, such predictions are limited to our knowledge of mineral solubilities in low-density
and high-temperature fluids. In fact, available data are restricted to solubility of quartz,
common salts such as NaCl, KCI, and CaCl,, and some volcanic gases at these conditions (e.g.,
Fournier and Potter 1982; Symonds et al., 1992; Leusbrock et al., 2009, 2010a and 2010b).
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4 Conclusive remarks and future
directions

Volcanic geothermal systems are commonly associated with a magmatic heat source at ~2-6
km depth (Hayba and Ingebritsen, 1997; Stimac et al., 2015). Utilization of such systems
typically involves 2-3 km deep boreholes sunk into the geothermal reservoir, discharging liquid
and vapor at the surface with subcritical temperatures to produce ~2-5 MW electric power per
well (Sanyal and Morrow, 2012; Ketilsson et al., 2015). The conductive heat transfer from the
magmatic body to the circulating geothermal water above commonly occurs below the depth of
the production wells within the roots of the geothermal systems. Recent studies have suggested
that the geothermal fluids occurring at these depths may have temperatures exceeding the
critical temperature of water (Hayba and Ingebritsen, 1997; Scott et al., 2015, 2016, 2017).
Indeed, such fluid temperatures have been observed in several active geothermal systems
worldwide (Reinsch et al., 2017).

Here, the chemical characteristics of such supercritical fluids formed by close to isobaric
boiling of subcritical geothermal reservoir fluids were studied. Based on geochemical modeling
and laboratory experiments, the following has been concluded:

¢ Similarities of chemical composition were observed for the IDDP-1 fluids at Krafla (NE
Iceland) and those predicted by geochemical modeling and laboratory experiments
suggesting the origin of the supercritical IDDP-1 fluid discharges to be the subcritical
geothermal reservoir fluids at Krafla.

e Supercritical fluids formed by conductive heating of conventional geothermal
groundwater by a magmatic body will be characterized by low concentrations of non-
volatile elements (Si, Na, K, Ca, Mg, Fe, Al, Cl) and similar volatile element
concentration as the subcritical fluids (B, C, S).

e The concentration of non-volatile elements is controlled by mineral (salts, oxides,
silicates, etc.) solubility in supercritical fluids.

e The formation of supercritical fluids from subcritical geothermal fluids results in
mineral deposits dominated by silica, aluminum silicates, and, in some cases, salts.

o Similar trends in fluid chemistry and mineralogy occur in the case of supercritical fluid
formation in geothermal systems located at rift zones and subduction zones: cation (Na-
Ca-K)-rich silicates and quartz dominates alteration products along with halite at
elevated NaCl fluid concentrations, whereas fluids that contain high concentrations of
acids (HCI) may result in insignificant mineral deposition upon boiling of subcritical
geothermal waters to form supercritical fluids.

This work provides insights into the formation of supercritical fluids and associated secondary
mineral formation. Nonetheless, many questions remain unanswered, which allow for possible
future research directions and initiatives:

e Assuming supercritical fluids are a common phenomenon associated with many active

volcanic geothermal systems, what geochemical methods can we apply in order to
target such resources for possible drilling?
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The general focus in this study has been on supercritical fluids formed by conductive
heating of subcritical geothermal fluids. But what is the role and effect of magmatic gas
input knowing that in many volcanic geothermal systems, especially related to
subduction zone environments, such gases can be a large part of the fluids? The effect
of mixing geothermal fluids with volcanic gas on supercritical fluid composition and
associated mineralogical properties remains uncertain.

Many subcritical geothermal reservoir fluids have elevated salt and gas contents, and
the geochemistry of supercritical fluids formed from such complex fluids was not
systematically studied here and thus remains unclear.

The concentrations of many elements in supercritical fluids are likely to be controlled
by the respective solubility of minerals in such high-temperature and low-density fluids.
However, these remain poorly constrained for most minerals (oxides, many salts,
silicates, aluminum silicates, carbonates, sulfides, and sulfates) that limit predictions of
supercritical fluid composition using conventional geochemical approaches.
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ARTICLE INFO ABSTRACT

High-enthalpy supercritical geothermal fluids were obtained from the IDDP-1 well at Krafla, Iceland, which had
a discharge temperature of ~440°C and specific enthalpy of ~3200kJkg~'. Utilization of such fluids may
multiply power production from geothermal well fields. However, the origin of supercritical fluids in the roots of

Keywords:
Magma intrusion
Superecritical fluids

Geothermal volcanic geothermal systems is poorly understood. Here, we propose that an important mechanism of such
Krafla . . I . . . L. .
IDDP-1 supercritical fluid formation is conductive heating of surrounding subcritical geothermal fluids near a shallow

intrusion. Predictions from hydrologic and chemical models of supercritical fluid formation and ascent are
compared with measured fluid compositions from the Krafla geothermal system. Supercritical fluids formed by
close to isobaric heating of liquid geothermal groundwater display similar volatile concentrations (C, S, B, Cl, F)
as the initial fluid. In contrast, the low concentrations of non-volatile elements (Si, Na, K, Ca, Mg, Al, Fe) in the
supercritical fluid result from intensive, quartz-dominated mineral deposition near the magmatic intrusion
during boiling of liquid to dryness. Liquid condensed out of ascending supercritical fluid has a low pH (~2) due
to the dissociation of volatile components like HCL. Such ‘acid’ geothermal fluids have been encountered in wells
in the Krafla system. However, the chemical signatures of supercritical fluid ascent are likely to be overprinted
by mixing of the acid fluids with cooler subcritical fluids, fluid-rock interaction, depressurization boiling and
phase segregation.

1. Introduction

Many high-enthalpy geothermal systems are associated with
shallow subsurface intrusions (e.g., Kato et al., 1993; Elders et al., 2014;
Stimac et al., 2015; Reinsch et al., 2017). Supercritical fluids in the
close vicinity of the intrusion may form by a combination of ground-
water circulation near the intrusion (e.g., Hayba and Ingebritsen, 1997;
Scott et al., 2015) and magma degassing (e.g., Kennedy and Truesdell,
1996; Lowenstern et al., 2015; Stefansson, 2017). The Iceland Deep
Drilling Project (IDDP-1) encountered fluids with a temperature of
~440°C at ~2km depth during drilling into the Krafla volcanic geo-
thermal system in northeast Iceland (Elders et al., 2014). However, the
high gas and silica concentrations in the discharge fluids proved chal-
lenging to handle (Hauksson et al., 2014). To enable utilization of such

* Corresponding author.
E-mail address: mattylda@hi.is (M. Hefmanska).

fluids for power production, further research is required into the che-
mical changes that accompany the formation of supercritical geo-
thermal resources, and particularly the source of acid gases in the
produced vapor.

High-enthalpy geothermal fluids may result from phase segregation,
conductive heating of groundwater near an intrusion, magma degassing
or condensation of liquid out of ascending supercritical fluid. The re-
latively common ‘excess-enthalpy’ wells, which feature a much higher
discharge specific enthalpy than the initial aquifer fluid, result from
phase segregation and retention of liquid in the reservoir rock upon
depressurization of the boiling aquifer and two-phase flow towards the
wellbore (e.g., Arnérsson et al., 2007; Scott et al., 2014). Although the
specific enthalpy of the typical subcritical geothermal fluids corre-
sponds to that of vapor-saturated liquid at temperatures below 300 °C

! There is considerable disagreement in the geothermal literature about whether the term ‘supercritical’ applies solely to water with both temperature and pressure
above the critical values (T, = 373.976 °C, P, = 220.1 bar; Haar et al., 1984), or also includes fluids at temperatures above the critical temperature but pressures
below the critical pressure (which are often referred to as ‘superheated’). We believe the supercritical/superheated distinction introduces an artificial boundary in the
phase diagram of pure water across which there is a continuous change in fluid properties. In this study, we treat the fluid phase relations in the dilute geothermal
fluids at Krafla (0.42-6.61 mmol kg™ Cl) as equivalent to those of pure water, and use the term ‘supercritical’ to describe single-phase vapor with a temperature above
the critical temperature. However, in saline fluids, use of the term ‘supercritical’ is meaningless, as critical behavior occurs along critical curves and raising T > T at
a given pressure implies fluid phase separation rather than homogenization. See discussion in Liebscher and Heinrich (2007).
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(< 1500kJ kg™ 1), phase segregation may cause such wells to have
discharge enthalpies as high as ~2700kJkg~'. Supercritical geo-
thermal resources with temperature greater than the critical tempera-
ture of pure water (T, = 373.976 °C; Haar et al., 1984) may form from
groundwater circulation near an intrusion and heat conduction across
an impermeable rind surrounding the intrusion (Hayba and Ingebritsen,
1997; Scott et al., 2015). Liquid will condense out of ascending su-
percritical fluids as it depressurizes, and the liquid condensate may
correspond to the fluid encountered in so-called ‘acid’ wells, which
generally have reservoir temperatures of ~300-350 °C and discharge
specific enthalpies of ~2600-2800kJ kg~ (Einarsson et al., 2010).

The different processes of high-enthalpy fluid formation display
different chemical signatures, as evidenced by fluids obtained from the
Krafla geothermal system. Phase segregation reduces the bulk fluid
concentration of non-volatile elements in the discharge fluid but in-
creases the bulk fluid concentration of volatile components, compared
to the initial subcritical geothermal fluids. While most subcritical fluids
at Krafla have near-neutral pH values and Cl concentrations of < 5
mmol kg ™%, ‘acid’ well discharges have up to 5 times higher Cl content
and low pH values (~2-3 at 25 °C) because of low alkalinity and dis-
sociation of HCI and/or hydrolysis of SO, (Armannsson et al., 1989;
Einarsson et al., 2010). In comparison, the IDDP-1 fluid contained
elevated concentrations of some volatile components like CO, and H,S,
chloride concentrations of ~3 mmol kg~! and low or non-measurable
concentrations of other non-volatile components (Armannsson et al.,
2014). The similarity between the chloride content and isotopic com-
position of the IDDP-1 fluid to that of normal aquifer fluids (Darling and
Armannsson, 1989, 2014; Pope et al., 2015; Stefansson et al., 2017a)
suggests that the supercritical fluids may originate from meteoric
groundwater. While it has long been known that quartz will precipitate
during fluid flow near intrusions (e.g., Taylor, 1974; Fournier, 1999;
Scott and Driesner, 2018), the precipitation of minerals other than
quartz and the geochemical behavior of major components during su-
percritical fluid formation are not well understood.

In this study, we investigated how phase segregation, conductive
heating of subcritical geothermal fluids near a shallow intrusion, and
liquid condensation out of ascending supercritical fluids affect the
chemical characteristics of the groundwater system. Thermal conditions
derived from fluid flow and heat transfer near shallow intrusions were
used as inputs for chemical models of fluid chemical composition and
mineral precipitation during supercritical fluid formation, ascent and
mixing. The results of the model calculations were compared with the
physical, chemical and mineralogical observations at Krafla and the
IDDP-1 well to determine how these processes interact to control re-
source characteristics. By combining the physical and chemical prop-
erties of the geothermal fluids, one can distinguish between the dif-
ferent processes leading to the formation of various fluid discharges at
Krafla and how they affect the fluid chemical composition and the as-
sociated alteration mineralogy.

2. Methods
2.1. Geothermal fluid sampling and analysis

Samples of geothermal fluids considered in this study included two-
phase well and vapor discharges from the Krafla geothermal system, NE
Iceland (Fig. 1). For the two-phase well discharges, liquid and vapor
phases were separated using a Webre separator (Arnérsson et al., 2006).
For the vapor-only discharges, no such separation was needed. The li-
quid phase samples were cooled using an in-line cooling coil and then
filtered through a 0.2 pum cellulose acetate filter into polypropylene
bottles. Samples for major cation analysis were acidified with 0.5 ml
concentrated HNO3 (Suprapur®, Merck) per 100 ml sample and con-
centrations were determined using ICP-OES (Spectro Ceros Vision).
Two samples for major anion analysis were collected: one that was
untreated and used for F and Cl concentration determination, and
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another to which 2% Zn-acetate solution was added to precipitate
dissolved sulfide as zinc sulfide leaving dissolved SO, in solution for
analysis. All anion analyses were carried out using ion chromatography
(Dionex ICS-2000). Samples for determination of CO, concentrations
were collected into amber glass bottles and analyzed using the modified
alkalinity titration method (Stefdnsson et al., 2007). Dissolved sulfide
concentrations and pH were analyzed on-site using H,S titration
(Arnérsson et al., 2006) and a pH electrode calibrated with commercial
buffer solutions, respectively. In the case of vapor samples from the
IDDP-1 well, samples for non-volatile elements determination were
condensed to form a liquid and the various samples subsequently
treated and analyzed as for the liquid samples previously described.

For determination of the volatile element concentration in vapor
samples, samples were collected into pre-evacuated gas-bottles con-
taining 50% KOH (~10 ml in 100 ml). The concentrations of CO, and
H,S in the vapor condensate were determined by modified alkalinity
titration (Stefansson et al., 2007) and a precipitation titration method
using Hg-acetate and dithizone indicator (Arnérsson et al., 2006), re-
spectively. The non-condensable gases, including H,, N», Ar and CH,,
were analyzed by gas chromatography (GC-2010 Plus, Schimadzu).

The analytical precision for all major elements based on duplicate
determination was found to be < 3% at the 95% confidence level and
for pH < =+ 0.05.

2.2. HYDROTHERM modeling

Heat transfer and fluid flow above a 2km deep intrusion were si-
mulated using the HYDROTHERM program (Hayba and Ingebritsen,
1994) for a pure H,O system. This is a simplification, since the fluid
contains dissolved salts and gases; however, the system considered here
is predominantly dilute (< 0.42-6.61 mmol kg~' Cl) and we assume
that the low concentrations of NaCl do not affect the fluid phase re-
lationships or thermodynamic properties (notably, specific enthalpy
and density). The magmatic heat source was also treated in a simplified
way. Although the IDDP-1 well intersected a rhyolitic intrusion (Elders
et al., 2011; Zierenberg et al., 2013), values that are appropriate for
basaltic rock were used in the HYDROTHERM simulations. We base this
assumption on the model that rhyolite forms by remelting of hydro-
thermally altered granophyre or altered crust of basaltic origin near the
roof of a larger basaltic intrusion (Jénasson, 1994). Additionally, ba-
saltic melt is also observed in most geothermal systems linked to di-
vergent boundaries. The physical properties of the intrusion used in the
HYDROTHERM simulations are listed in Table 1 and include initial
temperature (1100 °C), density (2900 kg m®), and temperature-depen-
dent heat capacity (decreasing linearly from 2000J kg™ 'K~! at
1100 °C to 1000 J kg~ 'K~ ! at < 850 °C to simulate the effect of latent
heat of crystallization; Hanson and Barton, 1989; Hayba and
Ingebritsen, 1997) The initial intrusion radius (0.5 km) of the modeled
intrusion is large enough to support the development of a boiling
geothermal system in initially ‘cold’ crust. The intrusion was assumed to
be emplaced instantaneously, and subsequent heat and mass transfer
were simulated as a function of time for 10000 years.

Fluid pressure and temperature were fixed at the ground surface at
1.02 bar and 20 °C, respectively. The lateral boundaries located 8.5 km
from the intrusion assumed a Dirichlet fluid pressure boundary condi-
tion (no-flow). The bottom boundary was also set to be a no-flow
boundary, with a constant heat flux of 60 mW m ™2 into the basement
and 120mW m~2 into the intrusion. The initial permeability of the
geothermal system was set to be 10~ '®> m?, which is close to the per-
meability estimated for the Krafla geothermal system (Bodvarsson
et al., 1984). Permeability in our simulation was temperature-depen-
dent, decreasing from 105 m? to 10722m? at 550°C (Scott et al.,
2015).
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Thermal rock properties used in HYDROTHERM simulations .
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Fig. 1. The Krafla geothermal field and the
IDDP-1 well. a) Map of the Krafla geothermal
field showing sampled wells (IDDP-1 shown as
white box and the acid wells shown as red
circles), eruptive fissures and fractures based
on Hjartardottir et al. (2012), with suggested
location of the magmatic intrusion, topography
(10m contour) and road. The area of the
magmatic intrusion/chamber is defined based
on the interpretation of S-wave velocities at
depths between 3-7km, as described in
Einarsson (1978). Circles show the locations of
wellheads. Most of the wells are vertical, except
for KJ-36. However, the location of the bottom
of this well is still within the expected upflow
zone of the geothermal system. b) Picture of
IDDP-1 well-head at Krafla. The white box
shows the area depicted in sub-figure c. ¢)
Sampling apparatus for collecting single-phase
vapor discharges from IDDP-1 well head (1-
sample valve, 2-tee, 3-check valve, 4-bucket
with cooling water, 5-silicon tube). (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article).

Table 2

Chemical composition of IDDP-1 fluid discharge obtained in the present study.

Units are in mmol. kg ™.

Properties Units Intrusion Host rock
basalt Sample 12-KRA-01 12-KRA-02 12-KRA-03
Initial temperature °C 1100 f (depth) Location Wellhead Wellhead Wellhead
Rock density kgm™? 2900 2500 h (kJkg™) 3200 ° 3200 ° 3200 °
Thermal conductivity WmK™! 1 2 p (bars) 140 140 ° 140 °
Specific heat Jkg 'K! fO 1000 T (°C) 440 440 440
Porosity % 0.05 0.1 pH/C? 2.65/17 2.58/19 2.25/21
Si0, 0.137 0.063 0.095
# Based on Hayba and Ingebritsen (1997) with modifications by Hanson and B 0.099 0.149 0.140
Barton (1989). Na 0.019 0.010 0.035
K 5.24E-03 2.89E03 1.43E-03
. . . . Ca 8.48E-03 2.50E-03 2.25E-03
2.3. Multicomponent-multiphase geochemical modeling Mg 2.06E-03 8.23E-04 411E.04
Fe 0.041 0.194 0.046
Based on the heat and mass transfer modeling, schematic pressure- Al 3.71E-03 2.22E-03 1.11E-03
temperature-enthalpy (P-T-h) paths along selected flow vectors within cl 225 3.32 3.34
the geothermal system were assessed and used as input conditions for 1::0 2'7530 297;4 247 SO
multicomponent-multiphase geochemical modeling. Two main flow So: 0.44 0.28 0.29
regimes were considered: (1) supercritical fluid formation by con- H,S 19.6 18.1 17.9
ductive heat addition to circulating geothermal groundwater near a SO, < 0.008 < 0.008 < 0.008
subsurface intrusion and (2) supercritical fluid ascent, condensation Stor 20.0 18.4 18.2
.. . . L H, 9.69 7.57 7.57
and mixing with shallower geothermal fluids. The former scenario in- N 2100 30.9 w8
creases the specific enthalpy of single-phase liquid at a constant tem- Ar 0.120 0.448 0.416
perature and pressure, eventually resulting in boiling of the liquid to CH, 0.036 0.055 0.040

dryness (supercritical fluid formation). The latter scenario involves
depressurization of supercritical fluid at a constant temperature,
causing liquid to condense out of the initially single-phase vapor, fol-
lowed by variable mixing with shallower subcritical geothermal fluids.

For the multicomponent-multiphase geochemical modeling, major
components react within a given fluid phase and between the vapor,
liquid, and solid phases along the specified P-T-h path, assuming con-
servation of mass (closed-system behavior) for isobaric boiling and
open system behavior in case of phase segregation and fluid mixing.
The elements and compounds included in the calculations were Si, B,
Na, K, Ca, Mg, Al Fe, Cl, F, Ha, H,S, and CO, and respective aqueous
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@ pH of condensed vapor.
b Ingason et al. (2014).

and vapor species and minerals included in the updated WATEQ4f
database (Ball and Nordstrom, 1991). The secondary minerals con-
sidered here were those typically associated with high-temperature
geothermal systems in Iceland (e.g., Kristmannsdottir, 1979), including
quartz, clinochlore, daphnite, epidote, clinozoesite, prehnite, grossular,
wollastonite, low-albite, microcline, wairakite, calcite, actinolite,
magnetite, and pyrite.
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Fig. 2. (a—c) The evolution of high-enthalpy geothermal system with time, divided into incipient, main and waning stage (Scott et al., 2016). Fluid dynamics in the
system are indicated with thick black arrows and further divided into 3 possible fluid paths: (Path I) supercritical fluid formation, (II) shallow convection and (III)
mixing. For further description of the simulations and interpretation, see text. (d—f) The corresponding pressure-enthalpy trajectory along these main flow vectors is
presented with thick black lines. Coexisting phases for a given time highlighted with white, grey and dashed lines.

The calculations were conducted using the WATCH and PHREEQC
geochemical programs (Bjarnason, 2010; Parkhurst and Appelo, 1999).
The thermodynamic database used for the calculations was adopted
from WATEQ4f (Ball and Nordstrom, 1991) with updates of the solu-
bilities of secondary minerals (Stefansson et al., 2011). Moreover, the
solubilities of H,, HyS and CO, were calculated based on Fernandez-
Prini et al. (2003), whereas HCl and HF were assumed to enter the
vapor phase upon complete boiling via ion association.

3. Results
3.1. Chemical composition of thermal fluids

The chemical composition of two-phase well discharges and IDDP-1
at Krafla are listed in Tables 2 and 3, respectively. The data include
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those obtained in this study and previously reported (Gudmundsson
and Arnérsson, 2005; Einarsson et al., 2010; Armannsson et al., 2014).

Reservoir temperatures calculated using the quartz geothermometer
(Gunnarsson and Arnérsson, 2000) and measured downhole were
198.8-440 °C (Ingason et al., 2014), and the measured discharge en-
thalpies 852-3200 kJ kg ~*. The average discharged liquid at Krafla was
generally dilute with Cl concentrations of 0.42-6.61 mmol kg™! and
neutral to alkaline pH of 6.49-9.75. However, some well discharges (KJ-
36, KG-12) had higher CI concentrations of 4.26-25.0 mmol kg_1 and
acid pH values of 3.30-3.96. A considerable range was also observed for
other major elements including SiO,, CO, and H,S between wells at
Krafla.

The chemical composition of supercritical fluids discharged by
IDDP-1 was characterized by elevated concentrations of volatile ele-
ments including CO,, H,S, Cl, F and B (Table 2). In contrast, the
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Table 4

Geothermics 78 (2019) 101-110

Comparison of measured and modeled geothermal fluids at Krafla. Concentration is in mmol. kg ™.

Average Average Modeled Measured Modeled condesing Mixing of the subcritical fluid (99 wt. %) with 1 wt % of
measured measured supercritical fluid
subcritical fluid IDDP-1 Supercritical fluid acid fluid (KJ- condensed supercritical supercritical fluids (total
36) fluids (liquid) composition)
Krafla 1wt% <™ 10 wt %
t°C 295 440 295 147 340 340 295 295
pH 7.10 - - 3.96 0.823 1.64 7.04 7.05
SiO, 10.0 9.84.E-02 5.29.E-02 5.98 0.803 9.75.E-02 9.89 9.89
B 0.129 0.129 0.129 0.294 12.5 1.52 0.253 0.129
Na 7.48 2.16.E-02 7.31 9.57 2.10 0.255 7.43 7.41
K 0.870 3.19.E-03 0.814 2.26 0.445 5.40.E-02 0.865 0.861
Ca 2.74.E-02 4.41.E-03 4.96.E-06 1.11 0.434 5.26.E-02 3.15.E-02 2.72.E-02
Mg 8.23.E-05 1.10.E-03 5.92.E-08 9.09.E-02 0.119 1.44.E-02 1.27.E-03 9.24.E-05
Fe 1.79.E-04 9.36.E-02 7.28.E-05 5.23 4.15 0.503 4.17.E-02 1.11.E-03
Al 4.08.E-02 2.35.E-03 1.62.E-05 8.93.E-03 2.50.E-02 3.04.E-03 4.06.E-02 4.04.E-02
Cl 3.10 2.97 3.09 25.0 286 34.7 5.93 3.10
F 7.90.E-02 0.688 7.85.E-02 0.174 66.6 8.08 0.744 8.50.E-02
CO, 37.0 37.2 37.0 191 2.35 2.53 36.7 37.0
SO4 4.37E-02 0.337 4.34.E-02 0.302 16.1 1.95 0.204 4.67.E-02
H,S 11.6 18.5 11.6 39.9 2.41 2.57 11.5 11.7
H, 5.95 8.28 - 13.8 0 0 5.89 5.98

* pH was not calculated in the case of supercritical fluids.

concentration of non-volatile elements like Na, K, Ca, Mg, Al and Fe was
low, < 0.05mmol kg~ in all cases. Silica differs as it was found in
considerable concentrations of 0.08-0.3 mmol kg ~* relative to the other
non-volatile elements, but still in much lower concentrations than for
liquid phase samples of two-phase well discharges.

3.2. Principal flow paths in geothermal systems

Fluid flow patterns near subsurface intrusions change over time
(Fig. 2). Scott et al. (2016) proposed that magma-driven geothermal
systems pass through a three-stage temporal evolution, consisting of the
incipient, main and waning stages. During the incipient stage of a
geothermal system, supercritical fluids around the intrusion are over-
lain by deep boiling zones restricted to depths > 1km and relatively
cool liquid at shallower depths (Fig. 2a). The boiling zones may extend
to the surface during the main stage (Fig. 2b). During the waning stage,
supercritical fluid is not present anymore around the cooled heat
source, and the geothermal reservoir consists of convecting liquid at
depth with depressurization boiling restricted to shallow levels
(Fig. 2¢).

The simulations reveal three principal flow paths, which can be
described in terms of P-T-h changes (Fig. 2d-f):

(1) Path I: Supercritical fluid formation: liquid circulating near the
intrusion is heated to supercritical temperatures as a result of con-
ductive heat transfer across the boundary of the impermeable intrusion
(shown in black)

(2) Path II: Liquid condensation out of ascending, depressurizing
supercritical fluid and mixing with shallower geothermal fluids

(3) Path III: Convection of shallow geothermal fluids not heated to
supercritical conditions, followed by depressurization boiling at
shallow depths.

While paths I and II are only present in incipient and main stages of
the development of geothermal systems (Fig. 2d, e), path III is observed
in all three stages.

3.3. Fluid composition and secondary mineralization during supercritical
fluid formation

The initial fluid compositions for the geochemical modeling corre-
sponds to that of typical liquid reservoir fluids (used for the modeling of
supercritical fluid formation) and supercritical fluids (modeling of su-
percritical fluid condensation) at Krafla. The former was based on the

average composition of fluid discharges with liquid-dominated specific
enthalpy < 1500kJ kg ™' (Table 3) and the latter type was similar to
IDDP-1 well discharge fluid. The compositions are shown in Table 4.

The calculated concentrations of non-volatile (SiO,) and volatile
(CO) components during supercritical fluid formation (Path I) are
shown in Fig. 3 and compared with Krafla well discharges and expected
trends resulting from phase segregation (Path I). During isobaric con-
ductive heating, the vapor fraction grows linearly as bulk fluid specific
enthalpy increases from that of a typical subcritical geothermal fluid at
300 °C (black star, Fig. 3a) to that of the IDDP-1 discharge fluid (black
square). The concentration of silica in the bulk fluid is nearly constant
up to a bulk fluid specific enthalpy of 2000kJ kg™, but is strongly
reduced by precipitation of quartz and other silicate minerals at higher
fluid specific enthalpies (solid line, Fig. 3a). Boiling and phase segre-
gation (loss of liquid) generate a linear decrease in bulk fluid SiO,
concentrations with increasing bulk fluid specific enthalpy (dashed
line). Krafla discharge fluids show nearly constant SiO, concentrations
up to a specific enthalpy of ~2000kJ kg~ !, as predicted for the early
stages of conductive heating. However, in fluids with a specific en-
thalpy above ~2000kJ kg™?, bulk fluid SiO, concentration decreases
with increasing specific enthalpy, corresponding to the expected trend
from phase segregation.

The bulk fluid concentrations of volatile components such as CO»
remain constant during isobaric conductive heating (Fig. 3b, solid line)
due to partitioning of volatile components into the vapor phase and
undersaturation of carbonate minerals in the liquid in this particular
case. However, phase segregation increases the bulk fluid volatile
concentrations with increasing fluid specific enthalpy by increasing the
vapor fraction of the discharge fluid (Fig. 3b, dashed line). While the
low and nearly-constant concentrations of CO, in the Krafla discharge
fluids with specific enthalpies < 2000 kJ kg~ resemble the models of
conductive heating, the measured fluid compositions for higher specific
enthalpy wells more closely match the phase segregation trend.

Fig. 4 shows the secondary mineralogy formed during conductive
heating and supercritical fluid formation. Initially, liquid is at equili-
brium with a typical propylitic alteration mineral assemblage, including
quartz, calcite, pyrite, epidote, chlorite, albite and prehnite. As vapor
fraction increases with increasing bulk fluid specific enthalpy, non-
volatile elements including Si, Ca, and Al concentrate in the liquid
phase, and are eventually lost to secondary minerals (Fig. 4a). Sec-
ondary minerals are not formed from volatile components including
CO, and H,, which partition into the vapor phase during heating, and
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Fig. 3. The effect of heat addition on concentrations of a) non-volatile com-
ponents (SiO,) and b) volatile components (CO,) during supercritical fluid
formation compared to bulk fluid concentrations in samples obtained from the
Krafla geothermal field (black circles) and acid fluids (white circles), re-
calculated from samples listed in Table 3 using conservation equations for mass
and enthalpy (Arnérsson et al., 2007). Model calculations for a typical liquid
reservoir at 300 °C (star) are shown with black lines. Expected trends given
phase segregation are shown with dashed lines. The calculated vapor mass
fraction (X*?) increases linearly from O to 1 with increasing enthalpy in the
two-phase region. The SiO, and CO, concentrations in the IDDP-1 discharge
fluid (Table 4) are shown with a large black squares. The concentration of CO,
in volcanic gases presented here is an average value from data published in
Sigvaldason and Elfasson (1968), Shinohara (2008) and references therein.
Note that the specific enthalpy of volcanic gases is not specified.

conservative (non-reactive) elements such as B, F and Cl, which only
enter the vapor phase once the fluid has been boiled to dryness. The
secondary mineralogy shows a zonation with progressive heating and
increasing vapor fraction, with early precipitation of small quantities of
pyrite and Al-Si minerals like albite and chlorite, followed by pre-
cipitation of wollastonite and quartz (Fig. 4b). By mass, quartz is the
dominant secondary mineral precipitated during supercritical fluid
formation. At the modeled temperatures and pressures of the super-
critical fluids, hornblende, plagioclase, and pyrrhotite are important,
often dominant, alteration minerals (Ferry et al., 1987), however, these
minerals were not observed to precipitate according to our geochemical
models.

3.4. Fluid composition and secondary mineralization upon supercritical
fluid ascent

As the supercritical fluid ascends above the magmatic heat source,
depressurization results in the condensation of a liquid phase. The
changes in fluid composition upon supercritical fluid condensation and
variable mixing with reservoir subcritical geothermal fluids are shown
in Fig. 5. Upon depressurization, soluble volatile components like HCI
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Fig. 4. Patterns of rock alteration during heat addition and supercritical fluid
formation. a) Element mobility expressed in terms of percentage incorporation
of select elements into secondary minerals. b) Moles of secondary minerals
formed as a function of heat addition.

strongly partition into the small fraction of liquid condensate. The li-
quid condensate displays a low pH (~ 2) due to the low alkalinity of the
water, the dissociation of HCI (Fig. 5a) and a high concentration of Cl
due to partitioning into the liquid phase (Fig. 5¢). The concentration of
mineral-forming elements like SiO, in the condensed liquid decreases as
the vapor fraction decreases (Fig. 5b). However, the concentration of
volatile elements in the vapor increases as the vapor fraction decreases
(Fig. 5d).

The condensed liquid may react immediately with the surrounding
basaltic rock (Fig. 5 — number 2). This causes the pH of the mixture to
approach that of the subcritical geothermal fluids (~7-8), with con-
centrations of mineral-forming elements in the liquid controlled by
temperature dependent fluid-rock equilibria. Further mixing with sub-
critical geothermal fluids dominates the composition of the condensing
fluids (Fig. 5b — number 3 and 4). However, the volatile element con-
centrations of the two end-members is similar (Fig. 5c¢).

4. Discussion
4.1. Comparison between modeled and measured enthalpy conditions

Modeled P-T-h conditions are compared with the measured en-
thalpies of Krafla well discharges in Fig. 6. The pressures of the well
discharges are the calculated saturation pressure at the recalculated
reservoir temperature (not the measured feedzone temperature), and
therefore provide a lower-bound estimate. Phase segregation causes
many of the two-phase wells to have higher specific enthalpies than
predicted by the fluid flow model. At < 300°C, the models predict
enthalpies in the upflow zone to be close to the liquid limb of the two-
phase field, consistent with previous studies of Krafla fluids that have
shown that aquifer fluids are mostly liquid with a small fraction of
vapor (< 2% by mass; Gudmundsson and Arnérsson, 2005). Since most
of the producing wells are located within the upflow zone of the geo-
thermal system (Armannsson et al., 2014; Pope et al., 2015) where fluid
ascends and depressurizes above the intrusion (path II), the elevated
discharge enthalpies of such ‘excess enthalpy’ wells are not directly
caused by heating near an intrusion (path I). However, this study
identifies the latter process as the mechanism by which supercritical
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Fig. 6. Comparison of the model for the main stage (see Fig. 2) with the Krafla
geothermal reservoir fluids. Symbols have the same notation as in Fig. 3.

fluids similar to the IDDP-1 fluid are generated (Fig. 3). Intuitively, it
makes sense for such well discharges to be relatively rare, as the con-
ductive heating process only occurs in the direct vicinity of the intru-
sion (Fig. 2). As the supercritical fluid ascends, an acidic liquid con-
denses out. Thus, the observation that enthalpies and pressures of the
‘acid’ wells lie close to the vapor limb of the two-phase field is con-
sistent with the notion they are generated by supercritical fluid ascent.

4.2. Composition of supercritical fluids formed by conductive heating

In this study, we propose that an important mechanism of super-
critical fluid formation in the roots of volcanic geothermal systems is
conductive heating of the surrounding geothermal groundwater of
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meteoric origin by circulation near a magmatic intrusion, without sig-
nificant degassing from the magmatic intrusion. This is supported by
the similarity between the chemical composition of modeled super-
critical fluids formed by this mechanism and the measured IDDP-1 fluid
composition (Fig. 3, Table 4). The modeled concentrations of non-re-
active elements like Cl and B and volatile components are similar to the
IDDP-1 reservoir fluids. The main discrepancy between the measured
and modeled fluids is the high concentration of sodium and potassium
in modeled fluids, which is caused by the inability of PHREEQC to
model high ionic strength fluids close to the two-phase and supercritical
phase transition. However, it is reasonable to assume that at this point
liquid becomes increasingly saline as the vapor fraction increases,
which may potentially result in precipitation of Cl-minerals like halite
(Scott et al., 2017) or Na-K silicates.

That supercritical fluids originate by conductive heating of
groundwater near an intrusion is further supported by the similarity
between the isotopic composition of IDDP-1 fluid and subcritical re-
servoir fluids. While the 8D and 8'®0 ratios of subcritical geothermal
groundwater are -94 to -87%o and -11.5 to -9.1%o, respectively (Pope
et al., 2015), the IDDP-1 fluids have similar ratios of 8D of -85%o0 and
880 of -10%o (Armannsson et al., 2014). These values are consistent
with modern day precipitation in the area (Arnason, 1976) and pro-
gressive fluid-rock interaction (Stefinsson et al., 2017a), suggesting
that meteoric water is the fluid source for the supercritical IDDP-1
fluids, with insignificant input of magmatic fluids.

Based on analyses of stable isotopes it has been concluded that the
main source of Cl, S and CO, in the subcritical geothermal fluids at
Krafla is rock leaching, with possible magmatic degassing in the case of
Cl and CO, (Armannsson et al., 1989; Stefansson and Barnes, 2016;
Stefansson et al., 2017a). The 8°7Cl values in the IDDP-1 fluids were 0
to +0.4%o, similar to subcritical geothermal fluids, which had ratios of
+0.2 to +2.1%o (Stefansson and Barnes, 2016). The 834S ratios in H,S
in the IDDP-1 discharge fluid were +0.5 to +1.1%o, similar to the
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Fig. 7. a) Conceptual model of fluid dynamics in magma driven geothermal systems, showing the schematic location of normal geothermal wells and acid wells
relative to the IDDP-1, with b) focus on fluid flow and mineralization linked to supercritical fluid formation (qtz — quartz, ab-albite, mc-microcline, chl-chlorite, wo —

wollastonite, ep — epidote, fac-ferroactinolite, py-pyrite).

vapor in the two-phase well discharges with 8**S of +0.05 to + 1.28%o
(Stefansson et al., 2015). In the case of CO,, the 8'3C values for Krafla
fluids are -5.3 to -1.4%o (Arnérsson and Barnes, 1983; Sano et al., 1985;
Barry et al., 2014), with the CO, and 8'3C relationship suggesting
magmatic source (Stefdnsson et al., 2017a). However, a low contribu-
tion of magmatic gas to the IDDP-1 fluid is supported by comparison of
measured volatile concentrations from current Krafla fluids to mea-
sured concentrations after the Krafla fires in 1984-1987 (Armannsson
et al., 1989; Fig. 5c,d), during which the concentrations of both CO,
and Cl were approximately of one order of magnitude higher than
currently observed in the Krafla geothermal reservoir.

4.3. The formation of ‘acid’ fluids from ascending supercritical fluid

Liquid that condenses out of ascending supercritical fluid is char-
acterized by elevated concentrations of volatile components and an
acidic pH due to the dissociation of HCl transported in the supercritical
vapor. Thus, acid reservoir fluids may represent the liquid condensate
formed during supercritical fluid ascent, without additional input of
HCI and SO, from magma degassing. Such acid fluids have been ob-
served at Krafla with pH values of 3.3-4.9, Cl of 3.2-25 mmol kg~ ! and
Si0, concentrations of 0.5-6.0 mmol kg ™! in wells K-12 and K-36 (e.g.,
Einarsson et al., 2010; Armannsson et al., 2014). Moreover, the ratios of
some common volatile components like CO,, H,S and H,, are similar in
the acid, supercritical and the subcritical geothermal fluids, but differ
from the ratios commonly observed in magmatic gas in Iceland
(Stefansson et al., 2017b). These observations suggest that acid re-
servoir geothermal fluids at Krafla represent liquid condensed out of
ascending supercritical fluids.

The acidic liquid condensate is undersaturated with respect to most
secondary minerals (Fig. 6), which promotes dissolution of primary
minerals while limiting precipitation of secondary minerals. However,
these fluids are mixed with shallower geothermal fluids to various de-
grees within the upflow zone. Based on our chemical models (Fig. 6),
we estimate that the mixing ratio between the liquid condensate and
shallower geothermal fluids is approximately < 0.1. In this case, the
reservoir fluid dominates chemical signatures, making recognition of
the added condensate difficult at the surface.

5. Summary and conclusions

This study describes patterns of heat and mass transfer in the roots
of volcanic geothermal systems with a focus on the generation of su-
percritical fluids. We compare hydrological and geochemical models
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with data from the Krafla geothermal system in Iceland, including the
IDDP-1 well. A conceptual model of the key fluid flow and geochemical
processes in high-enthalpy geothermal systems like Krafla is presented
in Fig. 7.

We propose that an important mechanism of supercritical fluid
formation in the roots of volcanic and high-enthalpy geothermal sys-
tems is conductive heating of the surrounding subcritical geothermal
fluids by a magmatic intrusion. High-enthalpy well discharges may also
be formed by depressurization boiling and phase segregation in the
upflow zone of the geothermal system, above the intrusion. The two
processes can be distinguished from each other by the chemical and
physical properties of resulting geothermal fluids.

The composition of supercritical fluids formed by conductive
heating near a subsurface intrusion is characterized by negligible con-
centrations of non-volatile elements (i.e., Si, Na, K, Ca, Mg, Al, Fe), but
similar volatile element concentrations (i.e., C, S, B, Cl, F) as the sur-
rounding subcritical geothermal fluids. Boiling of the liquid ground-
water to dryness results in intensive mineral formation dominated by
quartz within the boiling zone around the magmatic intrusion, whereas
insignificant rock alteration by the supercritical fluids is predicted to
occur. The similarity between modeled fluid compositions and the
measured composition of the IDDP-1 suggests that the ~440°C su-
percritical fluids discharged were formed by heating of circulating
groundwater without significant magmatic fluid input. This is further
supported by the volatile element stable isotope composition (i.e., 8D,
8180, 8'3C, 8%4s, 8°7Cl) of the fluids.

The low-density supercritical fluid ascends towards the surface
within permeable pathways above the magmatic intrusion.
Depressurization of the fluid results in condensation of an acidic liquid
(pH < 4) characterized by elevated Cl concentrations and similar vo-
latile element ratios as in subcritical geothermal fluids. Such acid fluids
are encountered in a few wells at Krafla, suggesting the presence of
underlying supercritical fluids. However, at shallower depths the sig-
natures are masked by mixing with subcritical geothermal fluids and
secondary processes like fluid-rock interaction, depressurization boiling
and phase segregation.
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Supercritical fluids exist in the roots of many active high-temperature geothermal systems. Utilization of such supercritical
resources may multiply energy production from geothermal systems; yet, their occurrence, formation mechanism, and chemical
properties are poorly constrained. Flow-through experiments at 260°C and 400-420°C were performed to study the chemical and
mineralogical changes associated with supercritical fluid formation near shallow magmatic intrusions by conductive heating and
boiling of conventional subcritical geothermal fluids. Supercritical fluids formed by isobaric heating of liquid geothermal water
had similar volatile element concentrations (B, C, and S) as the subcritical water. In contrast, mineral-forming element
concentrations (Si, Na, K, Ca, Mg, and Cl) in the supercritical fluid were much lower. The results are consistent with the
observed mineral deposition of quartz, aluminum silicates, and minor amount of salts during boiling. Similar concentration
patterns have been predicted from geochemical modeling and were observed at Krafla, Iceland, for the IDDP-1 supercritical
fluid discharge. The experimental results confirm previous findings that supercritical fluids may originate from conductive
heating of subcritical geothermal reservoir fluids characterized by similar or lower elemental concentrations with minor input of

volcanic gas.

1. Introduction

Volcanic geothermal systems are associated with magmatic
intrusions in the upper part of the Earth’s crust characterized
by increased temperature, specific fluid enthalpy, and con-
vection of groundwater [1]. Conventional exploitation of
geothermal fluids from such systems typically produces an
average of ~3-5 MW electric power per well [2] with a world
total exploitation of geothermal energy in 2018 correspond-
ing to ~14.4 GW [3]. Conductive heat transfer from a mag-
matic intrusion to the surrounding groundwater occurs in
the roots of the geothermal system below the depth of typical
conventional geothermal wells. Recent modeling suggests
that supercritical fluids with temperatures and enthalpies
exceeding ~400°C and ~3000kJ kg™, respectively, exist at
the boundary between geothermal systems and the magmatic
heat source, with such fluids possibly capable of generating
up to ~30-50 MW of electricity from a single well or ten times
more than conventional geothermal wells [4].

Supercritical geothermal fluids have commonly been
classified based on the critical temperature (T, = 373.976°C)
and pressure (P. = 22.01 MPa) of pure water (H,0) [5]. Such
a definition can lead to an artificial boundary in the phase
diagram of water, across which there is actually a continuous
change in fluid properties. Moreover, for binary salt-water
fluids, the term “supercritical” may not fully describe the
fluid phase properties, as critical behavior occurs along criti-
cal temperature and pressure, implying fluid phase separa-
tion rather than homogenization. Here and following
Liebscher and Heinrich [6], the term supercritical is defined
as a single-phase vapor with a temperature above the critical
temperature. Supercritical fluids have been suggested to form
by groundwater circulation near the intrusion [1, 7, 8] with
or without input from magmatic gas [9-11]. More than 25
deep wells sunk into the geothermal fields at The Geysers,
Salton Sea, and Hawaii (USA); Kakkonda (Japan); Larderello
(Italy); Krafla, Nesjavellir, and Reykjanes (Iceland); Los
Humeros (Mexico); and Menengai (Kenya) have reached
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F1Gure 1: Main characteristics of a volcanic geothermal system. (a) Conceptual model showing fluid flow paths, the brittle-ductile transition
(BDT) between the magmatic heat source and the circulating geothermal fluid, and depressurization boiling near the surface. Constructed
based on Arnérsson et al. [60] and Scott et al. [8]. (b) The boiling curve of water. (c) The phase diagram of water showing pressure,
specific enthalpy, and temperature relations. Also shown are the subcritical (SubC) to supercritical (SupC) conditions of the experiments

carried out in this study.

temperatures in excess of the critical temperature of water
and, in some cases, have even encountered magma [12].
The most extensive project aiming at obtaining supercriti-
cal fluids for geothermal utilization is the Iceland Deep
Drilling Project (http://www.iddp.is). In 2009, the IDDP-
1 well at Krafla (NE Iceland) came to a halt after drilling
into molten magma at ~2.1km depth [13]. After an initial
heating period, the well discharged supercritical fluids with
temperatures of ~440°C and eventually reached a maximum
temperature of 459°C and specific enthalpy of ~3200kJ kg
[14, 15]. From March 2010 until September 2011, series of
flow tests were conducted; however, due to the corrosive
nature of the fluids, silica scaling, and thermal damage to
the well casings, utilization proved to be challenging and
the fluid discharge was eventually terminated [16]. In 2017,
the second IDDP-2 well at Reykjanes (SW Iceland) reached
its target depth of 4.6km with a measured bottom hole
temperature of 426°C [17]. At present, fluid discharges from
IDDP-2 at surface are not characterized by supercritical
temperatures. Thus, deep reservoir fluid composition has
been estimated from fluid inclusion analysis of felsic veins
consisting of a vapor phase dominated by water (97.5 mol%
H,0, ~1.5mol% CO,, 0.7 mol% H,S, and traces of H,), Cl-
rich brine (Fe-K chlorides, sylvite-halide solid solutions),
and sulfides [18].

Magmatic intrusions emplaced into the upper parts of
the Earth’s crust may exsolve magmatic fluids at near litho-
static pressure, resulting in fracturing of the surrounding
rocks and magmatic fluid migration [19, 20]. Near mag-
matic intrusions, conductive heat addition to the surround-
ing groundwater system may also potentially form high-
temperature supercritical fluids [1, 7]. However, permeability
may rapidly decrease at the brittle-ductile transition (BDT),

possibly limiting the formation of such supercritical fluids
to lithologies with basaltic glass transition temperatures
above ~400-450°C [1, 7, 21-23]. While the relations between
rock permeability and brittle-ductile behavior, as well as
reservoir simulations around magmatic intrusions, have
received considerable interest, less attention has been drawn
to the geochemical properties of such supercritical fluids.
Fluids originating from degassing magma are rich in CO,,
SO,, HCl, and HF [24]. In contrast, supercritical fluids
formed by boiling of subcritical geothermal water of mete-
oric or seawater origin are considered to display similar
concentrations of many volatile elements (CO,, H,S, H,,
and B) as the original water, much lower than correspond-
ing magmatic-gas concentrations, but negligible nonvolatile
element concentrations (Si, Na, K, Ca, and Mg) [25-31].
The formation of supercritical fluids may also produce a
silica deposit around the magmatic intrusion [25, 31, 32]
(Figure 1).

In this study, flow-through experiments at 260°C and
400-420°C were performed to study how conductive heating
of subcritical water form geothermal fluids at supercritical
temperatures and how this affects fluid chemistry and associ-
ated secondary mineral formation. The results of the experi-
ments were further compared with the recent model
simulations of the chemical nature of supercritical fluids near
magmatic intrusions and with the observed composition of
the supercritical fluid discharged by the IDDP-1 [31].

2. Methods

2.1. Experimental Set-Up. Flow-through experiments at
260°C and 400-420°C and 6.9 MPa reproduce geothermal
reservoir conditions at subcritical and supercritical
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F1GURE 2: Schematic set-up of the experiments described in this study.
TaBLE 1: Initial conditions of the experiments. TaBLE 2: Basaltic glass composition (BAS)™.
# t('C) P(MPa) Q(gmin') Material Grain size Flement
(pm) $io, Wt.% 48.12
SubC-1 260 6.9 0.09-0.26 BAS 45-125 ALO, wt.% 14.62
SupC-1 420 6.9 0.19-0.21  SS316-rod FeO wt.% 9.82
SupC-2 400 6.9 0.10-0.19  SS316-rod Fe,0, Wi L1l
MgO wt.% 9.08
CaO wt.% 11.82
temperatures, respectively. A schematic illustration of the Na,O wt.% 1.97
experimental set-up is shown in Figure 2, and a summary K,0 wt.% 0.29
of experimental conditions is given in Table 1. All wetted ar ppm 220
parts of the experimental apparatus were made of inert mate- cob o 100
rial, including PEEK, titanium, and Inconel. Inlet solutions Bb 2 bP 10
ppm X

were pumped at a flow rate of ~0.20 ml/min using an HPLC
pump (Chromatech®). The pressure was controlled at the “Basaltic glass from Stapafell [62]. Taken as for average basalts in Iceland,
end of the line by a back-pressure regulator (BPR, Biotech). after Kaasalainen and Stefdnsson [64].

The first reactor (SubC), representing subcritical condi-
tions, was heated to 260°C and filled with fine-grained
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TasLE 3: Chemical composition of the solutions from the SubC and SupC reactors. Concentrations are in ppm.

Run # t(C) pH [/ °C SiO, B Na K Ca Mg Fe Al Cl CO, SO, H,S
Subcritical

SubC-1-S1 260 8.08 / 21 535 346 165 21.1 070 0.023 0.029 688 454 823 98.0 44.0
SubC-1-52 260 8.02 / 21 526 336 160 30.8 1.00 0.010 0.060 @ 6.21 432 871 180 385
SubC-1-83 260 821 / 21 548 344 165 225 0.69 0.003 0.023 6.69 436 832 138 57.9
SubC-1-54 260 850 / 21 493 346 168 230 172 0.004 0.154 513 447 990 142 409
SubC-1-S5 260 870 / 21 440 341 173 220 271 0.003 0.028 486 440 942 124 40.6
SubC-1-S6 260 9.03 / 21 383 338 177 219 3.04 0.002 0.019 5.61 432 739 164  40.6
SubC-1-S7 260 918 / 21 356 335 186 21.3 290 0.000 0.032 650 440 783 173 36.1
SubC-1-S8 260 937 | 21 336 338 196 207 245 0.005 0.020 648 461 766 137  49.1
SubC-1-S9 260 9.79 | 21 327 336 200 195 243 0.000 0.017 6.61 447 709 158  36.1
SubC-1-510 260 9.63 [/ 21 332 338 205 193 222 0.002 0.046 648 454 638 188  36.1
SubC-1-S11 260 9.64 /| 21 325 336 207 186 214 0.007 0.036 6.15 454 65.1 164  37.8
SubC-1-S12 260 9.60 / 21 329 336 212 555 221 0.005 0.058 5.96 50.0 66.0 202 269
SubC-1-513 260 8.09 / 21 634 348 167 215 147 0054 0.079 804 447 555 154 30.7
SubC-1-S14 260 8.00 / 21 674 346 161 219 158 0.012 0.042 526 440 907 152 273
SubC-1-5§15 260 840 / 21 559 346 171 224 144 0.005 0.012 623 443 673 207 174
SubC-1 inlet* 260 882 / 21 453 341 181 241 191 0.009 0.044 621 448 769 159 373
Krafla w17° 2754 930 /21 699 149 144 240 035 0.012 0.025 194 246 491 79.6 535
Krafla w37° 265° 795 / 20 488 346 156 228 761 0.012 0.018 0.84  46.1 106  90.8 409
Supercritical

SupC-1-S17 420 506 / 21 5.3 319 02 0.07 0.06 0002 0.050 0022 035 832 045 139
SupC-1-S18 420 49 /21 3.6 416 0.1 0.06  0.09 0.005 0.069 0.062 198 049 172
SupC-1-S19 420 475 | 21 2.3 330 0.1 0.02 0.02 0.002 0.042 0.027 046 245 032 818
SupC-1-520 420 490 /21 2.1 335 0.1 0.02 0.02 0.002 0.026 0018 037 157 027 105
SupC-1-S21 420 450 /21 1.5 258 02 004 002 0.003 0024 0044 048 268 040 12.0
SupC-1-522 420 500 / 21 1.4 347 02 0.05 0.05 0003 0.029 0029 046 251 038 7.56
SupC-1-S23 420 440 /21 14 342 01 <01 0.03 0.004 0.039 0.081 225 035 280
SupC-1-524 420 460 /21 1.3 292 0.1 0.04 0.02 0.003 0.037 0.064 0.36 105 033 139
SupC-2-SSE1 400 399 /| 22 4.6 130 05 <01 012 0029 0208 0173 189 465 026 138
SupC-2-SSE2 400 417 | 22 4.3 143 1.6 025 015 0.041 0181 0.060 213 354 078 107
SupC-2-SSE3 400 397 | 22 3.1 147 11 026 0.08 0.019 0.099 0075 190 38.0 0.67 40.0
SupC-2-5534 400 368 /22 29 132 15 019 006 0.021 0083 0.059 285 596 054 299
SupC-2-SSE5 400 324 /21 2.8 137 04 <01 011 0019 0.058 0.041 205 553 036 249
SupC-2-SSE6 400 365 / 21 1.2 138 1.0 <01 017 0.028 0.102 0.071 1.41 537 174 251
SupC-2-SSE7 400 341 /21 1.4 144 08 <0.1 004 0.023 0.080 0.056 1.75 135 1.50 312

*The average inlet composition of subcritical experiments SubC-1-n that served as inlet solution for supercritical experiment SupC-1-n. "Krafla w17 was used as
an inlet for subcritical experiments SubC-1-n. Note: the inlet solution represents the liquid phase only discharge from the well w17. “The Krafla w37 was used as
inlet for the supercritical experiments SupC-2-n. Note: the inlet solution represents the liquid phase only discharge from the well w37. “Based on Gudmundsson

and Arndrsson [41]. “Based on Ntihabose [63].

basaltic glass (grain size fraction < 45 ym) from Stapafell,
Iceland (Table 2). The second reactor (SupC), representing
supercritical conditions, was heated to 400-420°C. This
reactor contained a stainless steel (316) threaded rod to
capture deposits precipitating from the fluids. Three differ-
ent experiments were carried out to test the effects of tem-
perature and solution composition on fluid composition
and alteration mineralogy. The initial solution in all cases
was of natural geothermal water from Krafla, Iceland
(Table 3). In experiment 1, interaction between geothermal
liquid water and basaltic rocks at subcritical temperatures

(260°C) was conducted. In experiments 2 and 3, the geo-
thermal water either from the outlet subcritical reactor or
directly from the inlet solution was pumped into a flow-
through reactor with a supercritical temperature of 400-
420°C. In all cases, the fluids were cooled down by an in-
line cooling jacket, followed by depressurization by a BPR
and collection of fluid samples. At the end of each experi-
ment, the solid deposits from the reactor were collected,
dried at 50°C, and mounted on a sample holder. Loose pre-
cipitates from the rod collected from the supercritical reac-
tor were directly mounted on a sample holder to study the
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morphology of the deposits. The rod itself was imbedded
into epoxy and cut parallel and perpendicular to the flow
direction in the reactor and then polished.

2.2. Chemical Analyses. For the fluid samples, the pH was
analyzed using a pH electrode and meter calibrated against
commercial buffer solutions. Measurements of CO, and
H,S concentrations were carried out using a modified alka-
linity and Hg-precipitation titration using dithizone as an
indicator, respectively [33, 34]. For CO, determination, the
samples from the supercritical reactor were collected into a
base (0.01 M NaOH) to prevent degassing prior to analyses.
For major elemental analyses (Si, B, Na, K, Ca, Mg, Al Fe,
Cl, and SO,), the samples were filtered through a 0.2 ym filter
(cellulose acetate), acidified to 1% with HNO, (Merck,
Suprapur®), followed by analysis using ICP-OES (Spectro
Ciros Vision). The analytical precision of major element

10
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FIGURE 6: Relative mobility of major elements upon boiling of
subcritical geothermal fluids by conductive heating to form
supercritical fluids. Elements showing relative mobility close to 1
may be regarded as mobile, whereas elements with relative
mobility of <0.1 are immobile.
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TaBLE 4: Mineral-fluid reactions that describe how aqueous neutral species and ion activity ratios are presumably controlled at subcritical and

supercritical conditions.

Buffer reactions

Controlled neutral species and ion activity ratios

Subcritical buffer reactions

qtz +2H,0 = H,SiO,

py + pyrr + 2pre + H,O = 2epi + 3H,S

4pyrr + 2pre + 2H, O = 2epi + 2py + 3H,

2czo + 2 cc + 3qtz + 2H, O = 3pre + 2CO,

1.5pre + 2H* = 1.5qtz + 1.5cz0 + 2H,0 + Ca**
4.5qtz + czo + 2Na* = 0.5pre + 2alb + Ca**

alb + K* = mic + Na*

0.67epi + 0.67pyrr + 2H" = 0.33py + 0.67pre + 1.5H,0 + Fe?*
czo +2H,0 + OH™ = pre + Al(OH),~

chl + 3wai + 5Ca®* = 4pre + 3qtz + 6H,0 + 5 Mg**
Supercritical reactions

qtz = SiO,(g)

NaCl(s) + nH,0 = NaCl - nH,O(g)

KCl(s) + nH,O = NaCl - nH,0(g)

CaCl,(s) + nH,0 = CaCl, - nH,0(g)

MgCl, (s) + nH,0 = CaCl, - nH,0(g)

H,SiO,
H,S
H,

Co,
Ca?* /(H*)Z
Ca**/(Na*)?
Na*/K*
Fe?*/ (H+)2
AI(OH), /OH'
Mg™*/Ca®"

$i0,(g)
Na (NaCl)
K (KCl)
Ca (CaCly)
Mg (MgCL,)
Cl (sum of MCI(g) species)

analyses was based on repeated analysis of the GYG13 stan-
dard and was found to be <3% at the 95% confidence level
for all elements except Fe, where it was ~14%. The analytical
precision for pH was +0.05.

The secondary mineral phases and the morphology of the
solid products from the two reactors were determined using a
HITACHI TM-3000 scanning electron microscope (SEM)
with an accelerating voltage of 15kV.

3. Results

3.1. Chemical Composition of the Outlet Solutions. The chem-
ical compositions of the outlet solutions from the experiments
are given in Table 3 and shown in Figure 3. The outlet solu-
tions from the subcritical reactor (experiment 1) were mildly
alkaline (pH 8.00- 9.79 at 21°C) with concentrations of SiO,
(325-674ppm), B (3.35-3.48 ppm), Na (160-212ppm), K
(18.6-55.5 ppm), Cl (43.2-50.0 ppm), CO, (55.5-99.0 ppm),
SO, (98-207 ppm), and H,S (17.4-57.9 ppm) similar to con-
centrations in the inlet solution (Table 3). Concentrations
of Ca (0.69-3.04 ppm) were significantly lower than corre-
sponding concentrations in the inlet solution (7.61ppm)
whereas Al concentrations (4.86-8.04 ppm) were significantly
higher in the outlet solutions than in the inlet solution
(0.84ppm). The outlet solutions from the supercritical
reactors were mildly acidic (pH3.24 to 5.06 at 21°C). In
experiment 2, concentrations of SiO, (1.3-5.3 ppm), Na
(0.1-0.2 ppm), K (<0.07 ppm), Ca (0.02-0.09 ppm), Al (0.018-
0.081 ppm), Cl (0.35-0.48 ppm), and SO, (0.27-0.49 ppm)

were considerably lower than the corresponding concentra-
tions of the inlet solution from the subcritical reactor. Con-
centrations of B (2.58-4.16 ppm), CO, (8.32-225 ppm), and
H,S (7.56-28.0ppm) of the outlet solution did not differ
much from the inlet solution (Figure 3). In experiment 3,
similar trends were observed. Concentrations of SiO, (1.2-
46ppm), Na (0.4-1.6ppm), K (<0.3ppm), Ca (0.06-
0.17 ppm), Al (0.041-0.17 ppm), Cl (1.41-2.85ppm), and
SO, (0.26-1.74 ppm) were substantially lower than the corre-
sponding concentrations in the inlet solution (Figure 3).
Again, concentrations of B (1.30-1.47 ppm), CO, (35.4-
135 ppm), and H,S (10.7-40.0 ppm) of the outlet solutions
did not differ significantly from the inlet solution. Concen-
trations of Fe and Mg in all fluid samples were close to the
detection limit and/or affected by contamination and were
not considered further in this study.

3.2. Mineralogy and Chemical Composition of the Solid
Products. Secondary minerals associated with alteration of
the basaltic glass at subcritical temperatures (260°C) occurred
mainly as thin layers on the surface of the primary glass. The
main secondary minerals identified were chlorites, Na-Ca
zeolite (wairakite), Ca-silicate (wollastonite), and calcite
(Figure 4(a) and (b)). For supercritical temperatures, abun-
dant white deposits on the steel rod were observed, mainly
composed of quartz (Figure 4(c)). Microcline and wollaston-
ite were found in minor amounts. Thick deposits (1-2 mm)
occurred on the part of the rod located closest to the inlet
of the reactor. Here, silicate layers were most massive closest



to the rod, becoming highly porous with increasing distance
from the rod. Towards the outlet of the reactor, quartz pre-
cipitates occurred as amorphous silica (spheres with <1 ym
in diameter) interconnected with fine silica branches up to
10 um long (Figure 4(d)).

4. Discussion

4.1. Geochemistry of Subcritical Geothermal Fluids. Studies of
alteration mineralogy and fluid composition in geothermal
systems show that equilibrium is closely approached between
the geothermal fluids and secondary minerals formed in the
systems, except for mobile elements such as Cl [35-39]. At
Krafla, the most common secondary minerals identified
include calcite, quartz, epidote, various clays, chlorite, feld-
spars, and pyrite. Anhydrite, prehnite, actinolite, wollastonite,
garnet, pyrrhotite, and various zeolites, including wairakite,
have also been observed [40]. Previous studies on mineral-
fluid interaction at Krafla have demonstrated that the
major fluid components were in equilibrium with these
minerals, which in turn control the fluid composition at
depth (Figure 5) [41].

Our experimental results indicate a similar process of
mineral-fluid interaction at subcritical temperatures, with
formation of secondary minerals upon interaction of geother-
mal water with the primary basaltic rock and glass. The calcu-
lated saturation indices with respect to commonly observed
secondary minerals revealed near-equilibrium between the
fluids and quartz, whereas supersaturation occurs with
respect to calcite, chlorite, feldspars, wollastonite, and zeolites
(Figure 5). Supersaturation may have resulted from high
initial concentrations in the inlet experimental solutions
relative to the equilibrium composition at 260°C and
experimental durations of hours, compared to residence
times of fluids in natural geothermal systems like at Kra-
fla that are in the order of months to years [42, 43]. We
conclude that the chemical composition of geothermal
fluids at subcritical temperatures is controlled by near-
equilibrium with secondary minerals. This agrees with
previous findings [35-39, 41].

4.2. Supercritical Fluid Formation, Fluid-Rock Interaction,
and Control of Elemental Transport. The solubility of
mineral-forming elements and salts including Si, Ca, K,
Na, and Cl is orders of magnitude lower in supercritical
fluids compared to subcritical fluids and has been observed
to decrease with decreasing fluid density [44-46]. Indeed, a
recent modeling study of the formation of supercritical fluid
by conductive boiling of subcritical fluids revealed that the
process is expected to result in mineral deposition domi-
nated by silica, aluminum silicates, and salts around the heat
source [31]. In contrast, volatile elements like B, CO,, and
H,S are expected to partition into the vapor phase upon
boiling, resulting in insignificant concentration changes in
the total fluid.

Elemental behavior upon conductive heating of subcriti-
cal liquid water to form supercritical fluid may be dem-
onstrated from the elemental relative mobilities (RM),
given by the elemental concentration (m;) ratio between
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TasLE 5: Comparison of measured and modeled geothermal fluids at Krafla. Concentrations are in ppm.

Subcritical fluid Supercritical fluid

Experiment” Krafla Experiment w37* Experiment w17* IDDP-1° Model*
t (°C) 260 295 420 400 440
Sio, 453 +121 659 24+14 29+13 6.0 32
B 3.41£0.05 1.23 3.30+0.46 1.39£0.06 1.41 1.39
Na 181+18 178 0.13+0.04 0.99 +0.46 0.51 168
K 21.1+£9.1 40.9 0.04 +£0.02 0.23 +£0.04 0.12 31.8
Ca 1.91+0.76 1.18 0.04+£0.03 0.10 £0.05 0.16 0.0002
Mg 0.009 +0.013 0.001 0.003 +0.001 0.026 = 0.008 0.024 0.000001
Fe 0.044 +0.036 0.036 0.04+0.01 0.12+0.06 5.25 0.004
Al 6.20+0.79 1.27 0.04 +0.02 0.08 +£0.04 0.054 0.001
Cl 44.8+1.6 112 0.41 +0.06 1.99 £ 0.44 105 109
Co, 76.9 £12.5 858 87 £ 104 60.5 +34.2 1637 1628
SO, 157 +29 127 0.37+0.07 0.84+0.57 32.7 4.13
H,S 37.3+£9.6 266 13.9+6.5 25.1+10.2 630 395

*An average from the experimental runs (Table 3). "From Kaasalainen and Stefansson [64]. “From Hefmanska et al. [31].

the inlet and outlet solution relative to a mobile element
like B:

RM = (il ) yuger ) (1)

(milmp); e

The results demonstrate that volatile elements separate
from the major rock-forming elements upon boiling of
subcritical fluids to supercritical temperatures (Figure 6).
Boron, CO,, and H,S partition into the vapor phase,
whereas nonvolatile elements like Si, Ca, Na, K, Al, Cl,
and SO, are precipitated into the observed secondary
minerals, mainly silica, aluminum silicates, and chlorides.
Chloride may also precipitate into salts like halite and
sylvite (Figure 4). In this way, <1-10% of these elements
are quantitatively removed from the initial concentration
of the subcritical fluids.

The elemental concentrations can be further compared
with the mineral-fluid equilibrium conditions considered to
control their concentrations. At subcritical conditions, these
reactions and equilibrium conditions are well established
and include single mineral reactions as well as mineral-pair
reactions [41] (Table 4). In order to calculate the individual
elemental concentrations from these mineral-fluid equilibria
buffers, further knowledge of the reservoir pH is needed.
Here, pH conditions for Krafla fluids were adopted from Ste-
fansson and Arndrsson [47]. Experimental results are com-
pared with calculated equilibrium compositions in Figure 7.
Both experimental results and calculated equilibrium com-
positions showed good agreement between the two demon-
strating a mineral-fluid equilibria control on the subcritical
fluid compositions.

At supercritical conditions, it is less certain what pro-
cesses control the fluid composition. Mineral solubilities are
poorly known except for quartz and some common salts
[44-46], therefore the experimental results are compared

with the calculated solubility of quartz (SiO,) and simple salts
(NaCl, KCl, and CaCl,), shown in Figure 7. Excellent agree-
ment was observed for silica, suggesting that equilibrium
between quartz and the supercritical fluid controls Si concen-
tration in the fluid. In the case of other mineral-forming ele-
ments, concentrations obtained in the experiments were
similar to or somehow higher to the calculated equilibrium
concentrations of the salts. The elemental concentrations of
these salts in the supercritical fluids may be influenced by a
combination of different mineral solubilities including salts,
oxides, and aluminum silicates. In contrast, the concentra-
tion of volatile elements like B, C, and S (Figure 8) remained
unchanged in the fluid from subcritical to supercritical con-
ditions, which is in agreement with previous geochemical
modeling calculations [31].

4.3. Comparison of Experimental and Modeling Results with
IDDP-1 Fluids. Experimental conductive boiling of a subcrit-
ical geothermal fluid to form supercritical fluid decreased
mineral-forming element concentrations, whereas concen-
trations of volatile components remained mostly unchanged.
Similar trends were observed in the elemental concentrations
measured in the IDDP-1 supercritical fluid discharge when
compared to subcritical fluids at Krafla (Table 5). However,
direct comparison of experimental and IDDP-1 fluids shows
that most concentrations of mineral-forming elements (Si,
Na, K, and Ca) fall into a similar range, whereas Cl and
volatile (CO,, H,S) concentrations differed significantly
(Table 5). Concentrations of Cl at laboratory conditions
were considerably lower than concentrations observed in
the IDDP-1 discharge. Low concentrations of Cl in experi-
mental fluids were caused by precipitation of minor amounts
of salts (e.g., halite) in the very late stage of the boiling pro-
cess. High concentrations of Cl and other volatile elements
such as C and S in the IDDP-1 fluids could be attributed to
minor magmatic degassing [48-50]. The experimental results
thus support previous findings that supercritical IDDP-1
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fluids likely form by conductive heating of subcritical geo-
thermal reservoir fluids of meteoric water origin with minor
input of magmatic gases [31, 48, 50]. Our experiments, in
combination with geochemical modeling [31], revealed that
varying the initial concentrations of volatile elements (C, S,
and B) in the reservoir geothermal fluid does not affect the
chemical composition of the supercritical fluid nor the alter-
ation mineralogy, due to early partitioning of volatile ele-
ments into the vapor (Figure 8).

4.4. Mechanism of Boiling in Cracks and Implications for
Exploitation of Supercritical Resources. Our experiments sug-
gest that quartz and other silicates such as feldspar and wol-
lastonite are the dominant secondary mineral phases that
precipitate upon conductive boiling of subcritical fluids to
form supercritical fluids. Boiling of 1kg of subcritical fluids
from Krafla has been modeled to produce ~50 cm® of silica
[31], and using such results, the time required for complete
closure of cracks by secondary mineral formation can be cal-
culated (Figure 9). The permeability in volcanic geothermal
systems like Krafla has been shown to range typically from
10™"* to 107'° m?, which can be equated to a single crack with
a width of up to 0.05mm cutting each cubic meter in the
system [51-53]. Based on an average fluid mass flux of
10°kgm™ s™' [54], conductive boiling of a subcritical fluid
to supercritical conditions could lead to the complete closure
of a 0.01 to 0.05mm wide crack over a time period as short
as a few hours or as long as ~140 years (Figure 9). These calcu-
lated time scales are in line with previous findings on perme-
ability reduction in geothermal systems [25, 30, 32, 55-58].
However, the calculations should be considered as a simplifi-
cation of real conditions. Mineral deposition was assumed to
be immediate and independent of fluid flow, and possible
reduced fluid flow upon decreased permeability associated
with the mineral deposition was not considered. Formation
of supercritical fluids may thus contribute to silica deposits,
for example, as observed at the IDDP-1 well orifices [16].
However, such scaling will not occur during the supercritical
fluid condensation as supercritical fluids exhibit low concen-
trations in mineral-forming elements (Figure 7).

5. Conclusions

The chemical and mineralogical changes associated with
supercritical fluid formation by conductive heating and boil-
ing of subcritical geothermal fluids were studied experimen-
tally. Our results showed that the chemical composition of
geothermal fluids at subcritical temperatures is controlled
by near-equilibrium between the geothermal fluids and sec-
ondary minerals, except for mobile elements like Cl, which is
in line with previous studies [35-39]. Upon conductive heat-
ing and boiling of such fluids to form supercritical fluids
having a temperature >400°C, rock-forming elements like
Si, Na, K, Ca, Mg, and CI are quantitatively deposited into
silicate, aluminum silicate, and salt deposits. In contrast, vol-
atile element concentrations like CO,, H,S, and B remained
unchanged. The observed concentrations of the nonvolatile
elements are similar to those predicted from the solubility
of quartz (SiO,) and salts (NaCl, KCl, and CaCl,) suggesting

Geofluids

that reactions between these solids and the fluid influence
and even control the elemental concentrations in the super-
critical fluid. Similar concentration trends were observed for
the IDDP-1 supercritical and subcritical geothermal fluids at
Krafla, Iceland, and have been predicted from geochemical
modeling [31]. The experimental results further support
findings that the supercritical IDDP-1 fluids likely form by
conductive heating of subcritical geothermal fluids of mete-
oric origin, with minor input of magmatic gases [31, 48,
50]. Such fluids may be suitable for power production.
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Highlights:
e Supercritical fluids form in various geotectonic settings by conductive heating of
subcritical fluids of diverse origin
o Supercritical fluids display low concentrations of mineral-forming elements
e Supercritical fluids have comparable volatile element concentrations with the source
geothermal fluids
o Supercritical fluid formation results in the secondary mineral deposition in the vicinity
of magmatic bodies

e Alteration sequence is dominated by quartz, salts, wollastonite and aluminum silicates

Abstract

Supercritical fluids with temperatures of ~400-500°C have been reported from several active
geothermal fields worldwide. Although the utilization of such fluids may multiply power
production from new and already exploited geothermal systems, the fluid origin and chemical

controls on their composition remain unclear. We performed flow-through high-temperature
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(400-420°C) experiments at 34-69 bar to study the chemical and mineralogical changes
associated with supercritical fluid formation upon boiling of subcritical geothermal fluids of
varying chemical composition. Based on geochemical modeling and laboratory results, we
propose that an important mechanism of supercritical fluid formation is conductive heating and
boiling of subcritical geothermal groundwater by a magmatic intrusion. Such supercritical
fluids will display low concentrations of mineral-forming elements (Si, Na, K, Ca, Mg, Al)
with their concentrations being controlled by the solubility of salts, oxides, and aluminum
silicates in high-temperature (>400°C) and low-density (p <0.3 g cm™) fluids. In contrast,
supercritical fluids will show elevated concentrations of volatile elements (C, S, B) of crustal
and/or mantle origin, with their concentrations often being similar to those of subcritical
geothermal fluids. Associated mineral deposition, dominated by quartz, aluminum silicates, and
salts, may form in the vicinity of the intrusion. Comparison of the modeling and laboratory
results with observed chemical composition of natural supercritical fluid discharges indicates
that conductive heating and boiling of subcritical geothermal groundwater may indeed be the
formation mechanism of such fluids observed for example at Krafla (Iceland), Menengai
(Kenya), Los Humeros (Mexico), and Larderello (ltaly) with an addition of volcanic gases in
many cases. Metal and salt-rich supercritical fluids, for example, at Kakkonda (Japan), may
also exist in geothermal systems. However, such supercritical fluids are considered to have

been trapped upon crystallization of the magmatic intrusion.

1. Introduction
Volcanic geothermal systems are commonly associated with a magmatic heat source at ~2-6

km depth (e.g., Hayba and Ingebritsen, 1997; Stimac et al., 2015). Utilization of the systems for

energy production typically involves drilling of 2-3 km deep boreholes into the geothermal
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reservoir and discharging liquid and vapor at the surface with subcritical temperatures to
produce ~3-5 MW electric power per well (Sanyal and Morrow, 2012). Conductive heat
transfer from the magmatic body to the circulating geothermal water above commonly occurs
below the depth of the production wells, within the roots of the geothermal systems (Fig. 1).
Recent studies have suggested that the geothermal fluids at these depths may have temperatures
exceeding the critical temperature of pure water or T, >374°C (Hayba and Ingebritsen, 1997;
Scott et al., 2015, 2016, 2017). Indeed, such fluid temperatures have been observed in several
active geothermal systems worldwide including those at The Geysers, Salton Sea, and Hawaii,
USA (e.g., Garcia et al. 2016; Kaspereit et al. 2016; Teplow et al. 2009); Kakkonda, Japan
(Kato et al. 1998); Larderello, Italy (e.g., Bertini et al. 1980; Ruggieri and Gianelli, 1995);
Krafla, Nesjavellir, and Reykjanes, Iceland (e.g., Steingrimsson et al. 1990; Fridleifsson et al.
2010; Marks et al. 2010; Mortensen et al. 2010; Fridleifsson and Elders 2017); Los Humeros,
Mexico (e.g., Espinosa-Paredes and Garcia-Gutierrez 2003); and Menengai, Kenya (Sekento
2012; Kipyego et al. 2013; Mbia 2015) (Fig. 1). However, the occurrence of such supercritical
fluids® and, in particular, their chemical composition is not well understood. They have been
predicted to form upon conductive heat transfer to the surrounding subcritical geothermal
waters that boil and produce high-temperature and low-density fluids, accompanied by
precipitation of non-volatile elements (Hefmanska et al., 2019a, 2019b). Supercritical fluids

may also originate from magmatic degassing, characterized by elevated CO,, SO,, HCI, and

!Supercritical geothermal fluids have been commonly defined based on critical temperature (T, = 373.976 °C) and
pressure (P, = 220.1 bar) of pure water (H,O). However, such a definition can lead to an artificial and unphysical
boundary in the phase diagram of water across which there is a continuous region of single-phase fluid. Moreover,
for binary salt-water fluids the term supercritical is meaningless as - unlike in a pure fluid such as water -
temperature changes may lead to fluid phase separation rather than the homogenization implied by the term
supercritical. Here and following Liebscher and Heinrich (2007), supercritical fluid is defined here as fluid with
temperatures above the critical temperature of fluid, irrespective of density (in the case of pure water) or phase
state (in the case of binary and higher salt-water systems).
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HF concentrations (Fischer and Chiodini, 2015), or form upon fluid entrapment during magma
crystallization (e.g., Kasai et al., 1998a, 1998b).

Geothermal fluids usually originate from meteoric water, seawater, or a mixture thereof.
Components of connate, magmatic, and metamorphic fluids may also be present (White 1974).
The reservoir temperatures generally range from ~200 to 350°C. The main salt is commonly
NaCl, and the NaCl concentration typically ranges from a few ppm to thousands of ppm and
varies depending on the geological setting. The NaCl content is lowest in fluids associated with
rift volcanism and basaltic rocks and higher in geothermal systems at subduction zones
(Arndrsson et al., 2007). The concentrations of most major elements in the fluids are
considered to be controlled by close approaches to local equilibrium with secondary minerals
(e.g., Giggenbach, 1980; Arnorsson et al., 1983; Hedenquist, 1990) including reactive gases
like CO;, H,S, and H;, which may be mostly of magmatic origin (e.g., Giggenbach, 1992;
Stefansson, 2017). Secondary processes, including boiling, vapor condensation, and mixing
with non-thermal water, may further modify the geothermal reservoir water upon fluid ascent
to the surface. The geochemical composition of supercritical fluids occurring in the roots of
active geothermal systems is largely unknown as well as the processes controlling their
composition.

In this study, we performed experiments to investigate the supercritical fluid
geochemistry associated with conductive heating of subcritical reservoir fluids by a magmatic
body in the rift and subduction-related geothermal systems. To explore the chemical reactions
occurring upon supercritical fluid formation, we performed reaction-path modeling. The
current approach is the simplicity of the complex nature of most natural systems; however, it
may be used to gain additional insight into the key parameters influencing the supercritical
fluid composition and related alteration. Both experiment and modeling results were

subsequently compared to previously reported data on natural supercritical fluid composition.
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2. Methods

2.1. Experimental set-up

Supercritical fluid geochemistry was studied using flow-through experiments. The experiments
were conducted by heating geothermal solutions to 400-420°C at a set minimum pressure of
34-69 bar to reach supercritical conditions. Consequently, the fluid phases changed from liquid
to vapor to supercritical fluid with specific enthalpy increase to h >3000 kJ kg™ (Fig. 2). These
temperature, pressure, and enthalpy (P-T-h) conditions correspond to heat and mass transfer
regimes upon conductive heating and boiling of subcritical geothermal fluids to form
supercritical fluids predicted previously to occur within the roots of volcanic geothermal
systems (Hayba and Ingebritsen, 1997; Scott et al., 2015, 2016, 2017).

Four experiments were carried out to test the effects of the subcritical geothermal fluid
source on the formed supercritical fluid composition. The conditions of experiment #1 (low
NaCl) were related to the formation of supercritical fluids formed by the heating of low-
chloride, low-volatile, and mostly unreacted water of meteoric origin. Such conditions are
typical for young geothermal systems at rift settings. Experiment #2 (low NaCl+reacted) was
similar in nature but represented a reacted geothermal fluid that is in fluid-mineral equilibrium
with the basaltic host rock. The conditions of experiments #3 (NaCI+HCI) and #4 (NaCI+CO,)
were related to the formation of supercritical fluids from Cl-rich fluids typical for geothermal
systems associated with subduction zones with elevated volatile gas input, either HCI or CO..

A summary of the experimental conditions and the experimental solution composition is
given in Table 1. In all cases, the inlet solutions were taken from natural geothermal waters and
subsequently spiked to provide the representative chemical composition. The experiments were

carried out using a high-temperature, flow-through reactor (Fig. 3). All wetted parts of the
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flow-through experimental apparatus were made of inert material, including PEEK, titanium,
and Inconel. Inlet solutions were pumped into a flow-through reactor (Inconel) at a flow rate of
<0.50 g min™* using an HPLC pump (Chromotech®). The pressure was controlled at the end of
the line of each reactor outlet using a back-pressure regulator (BPR, Biotech). The reactor
contained a stainless steel (316) threaded rod to capture deposits precipitating from the fluids.
Samples of the outlet solutions of the reactor were collected at the low-pressure end of the
back-pressure regulator, and samples of the inlet solutions were collected directly from the inlet

solution bottle.

2.2. Sampling and analysis
For fluid chemical analysis, vapor samples were cooled and condensed in-line using a cooling
jacket followed by collection into a polypropylene syringe at the low-pressure end of the back-
pressure regulator. Samples for determining major elements (SiO,, B, Na, K, Ca, Mg, Al, Fe,
Cl, and SO,) were filtered (0.2 um cellulose acetate) into PP bottles, acidified (1% HNOs,
Merck Suprapur®), and analyzed by ICP-OES (Spectro Ciros Vision). Samples for pH were
analyzed immediately after collection using a pH electrode calibrated against commercial
buffer solutions. The samples for CO, determination were collected into degassed 0.01 M
NaOH to prevent degassing before analyses. Dissolved inorganic carbon (CO,) and H,S were
analyzed using a modified alkalinity titration (Stefansson et al., 2007) and Hg precipitation
titration with dithizone as an indicator (Arnoérsson et al., 2006), respectively. The analytical
precision of major element analyses was based on repeated analysis of a standard solution, and
it was found to be < 3% for all elements except for Fe where it was ~15% at a 95% confidence
level. The analytical precision for pH was +0.05.

At the end of each experiment, the reactor was opened, and precipitates on the rod from

inside of the reactor were collected. The sampling rod was imbedded in epoxy, cut
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perpendicular to the flow direction in the reactor, and polished. The lose solid samples from the
rod were mounted on a sample holder to study the morphology of the deposits. The secondary
mineral phases and the morphology of the solid products from the two reactors were
subsequently determined using a HITACHI TM-3000 scanning electron microscope (SEM)

with an accelerating voltage of 15 keV.

2.3 Geochemical model

Based on the heat and mass transfer regimes upon boiling by conductive heat addition of
subcritical geothermal waters to form supercritical fluids, schematic pressure, temperature, and
enthalpy (P-T-h) paths were assessed and used as input conditions for the geochemical
modeling (Fig. 2). The associated fluid chemical composition and secondary mineral formation
were simulated assuming conservation of mass (closed-system behavior). The elements and
compounds included in the calculations were SiO,, B, Na, K, Ca, Mg, Al, Fe, Cl, SO4, H,S, and
CO,, along with appropriate aqueous and vapor species and selected minerals. The secondary
minerals considered were those typically associated with high-temperature geothermal systems
and included quartz, chlorite, epidote, wollastonite, albite, microcline, wairakite, calcite,
actinolite, pyrite, and salts (e.g., halite, sylvite). The calculations were carried out using
PHREEQC (Parkhurst and Appelo, 2013) and WATCH (Bjarnason, 2010) programs and the
linl.dat database was updated for mineral solubility constants (Holland and Powell, 1998;
Holland and Powell, 2011; Stefansson et al., 2011) and H,S and CO, gas solubility constants
(Ferndndez-Prini et al., 2003). Moreover, the solubility of common salts and oxides in
supercritical fluids were calculated using literature data (Fournier and Potter, 1982; Leusbrock
et al., 2009, 2010a, 2010b). The starting solution composition used in the geochemical

calculations was the same as the inlet solutions used in the experiments (Table 1).
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3. Results

3.1. Fluid chemical composition

The chemical compositions of the fluid samples collected from the outlet side of the
experiments are reported in Table 2 and shown in Figure 4. The concentrations of Mg and Fe
were affected by low detection limits or possible contamination by the sampling rod placed
inside the reactor and, therefore, were not considered further in this study.

In experiment #1 (low NaCl), the outlet condensed solution had a mildly acidic pH
value of 3.71-5.00 (at room temperature) and low concentrations of most elements relative to
the inlet solution with SiO, of 0.40-2.68 ppm, Na of 0.25-5.89 ppm, Ca of 0.025-0.089 ppm, K
of ~0.4 ppm, and CI of 1.00-5.94 ppm. Concentrations of CO, of 23.4-201 ppm and B of 0.185-
0.388 ppm in the outlet solution were similar to the inlet solution concentrations.

In experiment 2 (low NaCl+reacted), the outlet solution was similar in composition
compared to the experiment #1 with pH of 3.24-4.17 (at room temperature) and concentrations
of SiO, of 1.22-4.57 ppm, Na of 0.353-1.60 ppm, K of <0.10-0.256 ppm, Ca of 0.043-0.171
ppm, and CI of 1.41-2.85 ppm. Concentrations of volatile elements in the outlet solutions were
similar compared to the inlet solution with B of 1.30-1.47 ppm, CO, of 35.4-135 ppm, and H,S
of 10.7-40.0 ppm.

In experiment #3 (NaCI+HCI), the condensed outlet solution had a pH value of 0.80-
1.69 (at room temperature)- much lower than other experimental solutions. As for the previous
experiments, the concentrations of many mineral-forming elements in the outlet solutions were
low compared to the inlet solution composition with SiO, of 1.70-2.68 ppm, Na of 0.30-15.7
ppm, K of 0.126-0.660 ppm, and Ca of 0.200-0.971 ppm. Concentrations of volatile elements
like B, CO, and H,S in the outlet solutions were similar to the inlet solution with

concentrations of 1.27-1.62 ppm, 5.84-61.3 ppm, and 2.66-13.2 ppm, respectively. In contrast

60



to experiments #1 and #2, the concentration of Cl in the outlet solution was initially much
lower (87.9-347 ppm) but increased at the end of the experiment to 706-1356 ppm and reached
the concentration in the inlet solution.

In experiment #4 (NaCl+CO,), the outlet condensed supercritical fluid had a mildly
acidic pH value of 4.55-5.06 (at room temperature), low concentrations of SiO, of 0.582-0.748
ppm, Na of 0.186-33.3 ppm, K of 0.055-0.128 ppm, Ca of 0.009-0.035 ppm, and CI of 0.446-
0.7 ppm. As for the previous experiments, concentrations of B, CO,, and H,S were similar in
the outlet solutions compared to the inlet solution with concentrations of 2.62-3.35 ppm, 89.5-
419 ppm, and 19.5-40.1 ppm, respectively.

In summary, the concentrations of most mineral-forming elements like SiO,, Na, K, Ca,
and Al were observed to be low in the outlet supercritical fluids compared to the inlet
subcritical fluids. The concentrations of volatile elements like B, CO, and H,S in the outlet
supercritical fluids were observed to be comparable to those concentrations of the respective
inlet subcritical fluids. Chlorine displayed low concentrations in the supercritical fluids except

when the inlet solutions contained elevated HCI concentrations.

3.2. Mineralogy and chemical composition of the solids

SEM microphotographs of the mineral deposits formed in experiments #1, # 2, and #4 are
shown in Figure 5. In experiment #1 (low NaCl), the mineral deposits consisted mainly of
unidentified layers of (Ca, Na, K)-Al-silicates and quartz with occasional appearances of K-
feldspars and wollastonite. Close to the inlet of the reactor, the deposits on the rod were dense
but became porous with increasing distance. In experiment #2 (low NaCl+reacted), the mineral
deposits on the rod were similar as for experiment #1 with (Ca, Na, K)-Al-silicates and quartz
dominating, the latter being replaced by amorphous silica at the outlet of the reactor.

Occasional K-feldspar and wollastonite were also found in the deposits. In experiment #4
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(NaCl+C0,), solid products were distributed similarly to experiments #1 and #2, with most of
the mineral deposits on the rod occurring in dense layers of 1-1.5 mm in thickness at the inlet
of the reactor and becoming less abundant and porous at the outlet. The mineral deposits
mainly consisted of interconnected halite cubes with amorphous silica, quartz, K-feldspar, and
Ca-rich silicates presumably wollastonite. For experiment #3 (NaCI+HCI), a limited mineral
deposition was observed except occasional silica.

In summary, similar mineral deposits occurred in all NaCl- experiments with cation
(Na-Ca-K)-rich silicates, quartz being the dominant alteration products accompanied by halite
in the case of elevated NaCl fluid concentrations. Fluids containing high concentrations of
acids (HCI) resulted in insignificant mineral deposition upon the boiling of subcritical

geothermal fluids to form supercritical fluids.

3.3. Geochemical modeling

The results of the geochemical modeling associated with isobaric boiling of subcritical
geothermal waters by conductive heating to form supercritical fluids are shown in Figure 6.
The relevant modeling results are presented for all four experimental scenarios, i.e., low NaCl
fluid (experiment #1), low NaCl and reacted fluid (experiment #2), NaCl fluids with an
elevated HCI input (experiment #3) and NaCl fluids with a high CO, input (experiment #4). In
all cases, a distinct geochemical trend was observed. The concentrations of mineral-forming
elements including Si, Na, K, Ca, Mg, Al, and CI were reduced for all NaCl fluids upon boiling
by the deposition of secondary mineral phases dominated by silica (quartz and amorphous
silica), aluminum silicates (clays, chlorite, and K-feldspars), and salts (sylvite and halite). In
contrast, for fluids containing elevated HCI with CI concentrations greatly exceeding those of
Na and K, a limited mineral deposition was predicted except for silica (quartz and amorphous

silica) and simple Na-silicates. The total concentration of volatile components such as B, CO;,
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and H,S remained constant due to the partitioning of volatile components into the vapor phase
and undersaturation of carbonate and sulfide minerals in the liquid phase. It follows that the
chemical composition of supercritical fluids formed upon conductive heating of a subcritical
geothermal fluid has a similar volatile composition as the source fluid but low concentrations
of reactive and mineral-forming elements. The input of acid magma gases like HCI may,
however, drastically change the elemental geochemistry enhancing elemental mobility and

reducing mineral deposition.

4. Discussion

4.1. Comparison between experimental and modeled supercritical fluid composition

Previous studies have demonstrated that major elemental concentrations of geothermal fluids
with temperatures between ~50 and 350°C are controlled by an equilibrium between the
geothermal fluids and secondary minerals except for mobile elements like CI (e.g.,
Giggenbach, 1981, 1988; Arnérsson et al., 1983; Pang and Reed, 1998; Stefansson and
Arnérsson, 2000). The typical secondary minerals in the geothermal systems include, for
instance, calcite, quartz, epidote, various clays, zeolites, chlorite, feldspars, and pyrite (e.g.,
Browne, 1978). Thus, the geothermal fluid composition is primarily controlled by temperature-
dependent mineral solubility.

Upon supercritical fluid formation by boiling of subcritical fluids, the elemental
mobility was experimentally observed and predicted by geochemical modeling to be
significantly reduced for mineral-forming elements like SiO,, Na, K, Ca, Mg and Al, but
unchanged for volatile elements such as B, CO,, and H,S (Figs. 4 and 7). This suggests that
mineral-fluid reactions also control the concentration of many major elements in supercritical

fluids, as concluded previously for geothermal fluids at subcritical conditions. However, such
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predictions are limited to our knowledge of mineral solubilities in low-density (» <0.3 g cm™)
and high-temperature (>400°C) fluids as available data are restricted to solubility of quartz,
common salts such as NaCl, KCI, and CaCl, and some volcanic gases at these conditions (e.g.,
Fournier and Potter, 1982; Symonds et al., 1992; Leusbrock et al., 2009, 2010a, 2010b,). In
Figure 7, the experimental results are compared with the calculated solubility of quartz (SiO,)
and salts (NaCl, KCI, CacCl,) in such low-density supercritical fluid. The experimental results
compare well with the predicted mineral solubility in most cases, suggesting that
concentrations of elements like SiO,, Na, K, Ca, and Cl in supercritical geothermal fluids may
indeed be controlled by mineral solubility of, for example, silicates, aluminum silicates, oxides,
and salts. The mineral solubilities at these supercritical temperatures and low pressure have
been observed to be mainly controlled by water density and the hydration of the gaseous
species (e.g., Leusbrock et al., 2009, 2010a, 2010b; Hurtig and Williams-Jones, 2014a, 2014b).
It follows that the chemical composition of supercritical geothermal fluids may be constrained
knowing the important mineral solubilities in low-density and high-temperature hydrothermal
fluids, provided such data are available for minerals of interest.

Our experiments were carried out with geothermal fluids that were previously in
mineral-fluid equilibrium but were not in contact with any rock during the experiments. A
recent experimental study demonstrates that supercritical fluid composition is not affected to a
great extent by surrounding rocks (Passarella et al., 2017). Instead, elemental concentrations in
supercritical fluids are considered to be controlled by mineral solubilities that are controlled

mainly by fluid density and gas species hydration.

4.2. Supercritical geothermal fluids in active geothermal systems

Supercritical temperatures have been reported from geothermal systems at rift zones, for

example, at Krafla (Iceland; Steingrimsson et al., 1990; Frioleifsson et al., 2010; Mortensen et
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al., 2010) and Menengai (Kenya; (Sekento 2012; Kipyego et al. 2013; Mbia 2015) (Table 3).
At Krafla the IDDP-1 well discharge had temperatures of ~440°C and displayed low
concentrations of SiO,, Na, K, Ca, Mg, and Al, and similar concentrations of volatile elements
like B, CO, and H,S as the subcritical geothermal reservoir fluids in the system (Armannsson
et al., 2014; Hefmanska et al., 2019b). Moreover, the chemical composition of the supercritical
IDDP-1 fluid was similar to the composition predicted here by the geochemical modeling and
laboratory experiment. At Menengai, a deep high-temperature supercritical reservoir has been
identified with maximum temperatures of ~390°C and with a ~210°C liquid dominant reservoir
above and at shallow depth (Montegrossi et al., 2015; O’Sullivan et al., 2015). Many of the
well fluid discharges at Menengai are dominated by the shallow liquid reservoir fluids and
may, therefore, not be characteristic of the deep supercritical reservoir. Instead, for the
supercritical or vapor dominated fluid discharges, data are only available on the major gas
composition (Malimo, 2013). These data show elevated CO, and H,S concentrations compared
to the Krafla supercritical fluids suggesting a possibly higher magmatic gas input. However,
these elevated concentrations in the supercritical fluids are similar to those measured in the
shallow subcritical liquid dominated fluids at Menengai. These findings suggest that the
supercritical fluids at both Krafla and Menengai were formed by conductive heating from a
magmatic body and boiling of the subcritical reservoir fluids with possible input of magmatic
gases such as CO,, H,S, and Cl. At Krafla, these findings are further supported by the
similarity of the isotopic composition of the IDDP-1 and subcritical reservoir fluids with 8D of
~85.8 t0 -84.9%0, 5'°0 of -10.5 to -9.8%o, suggesting meteoric water as a source of the
supercritical fluids (Armannsson et al., 2014; Pope et al., 2015). In contrast, values of 834S—HZS
of +0.5 to +1.1%o, 8**C-CO, being -5.3 t0 -1.4%o and 5*'Cl 0.0 to +0.4%o correspond to values
of a magmatic source, however, a magmatic contribution is considered to be low (Stefansson

and Barnes, 2016; Arndrsson and Barnes 1983; Sano et al., 1985; Barry et al., 2014;
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Armannsson et al., 1989; Stefansson et al., 2015,2017; Marini et al., 2011). Unfortunately, no
isotope data are available for the supercritical fluids at Menengai to further constrain the origin
of fluid and volatile elements.

Supercritical temperatures have also been reported for geothermal systems at subduction
settings, for example, at The Geysers (USA), Los Humeros (Mexico), Larderello (Italy), and
Kakkonda (Japan) (Table 3) (Reinsch et al., 2017). At The Geysers field, supercritical
temperatures have been encountered in several boreholes, with maximum temperatures of
~400°C (e.g., Elders, 2015). Based on the 8D and §*®0 isotope ratios, the water originates from
a local meteoric source in addition to connate and volcanic water. The supercritical fluids
display low concentrations of mineral-forming elements but higher concentrations of volatile
elements like CO, and H,S (Table 3). These elevated volatile concentrations have been
considered to originate from connate and metamorphic fluids, high-temperature breakdown of
metasediments, and boiling of condensed reservoir liquid (Truesdell et al., 1989; Lowenstern
and Janik, 2005). At Los Humeros, several boreholes have also encountered supercritical fluids
at depth, with maximum temperatures of ~400°C. However, most of the boreholes have been
abandoned because of the highly-corrosive nature of the fluids (Diez et al., 2015). Based on
water isotopes (8D and §'0), the source fluids are a mixture of local meteoric and andesitic
water. As for The Geysers field, the supercritical fluid discharges at Los Humeros have low
mineral-forming element concentrations where the concentrations of gases like CO, and H,S
are high. The concentrations of B in the fluids are also very high or up to ~1000 ppm (Bernard
et al., 2011). The isotope values of the volatile elements suggest a magmatic source with 8*'B
of -0.8%o and §"*C-CO; of -3.5%o (Bernard, 2008). The geothermal reservoir at Larderello is
vapor dominated with supercritical temperatures of up to ~430°C (Minissale, 1991; Ruggieri
and Gianelli, 1995). The water is believed to be of meteoric origin with possible input of

magmatic water (e.g., D’Amore and Bolgnesi, 1994; Panichi et al., 1995; Scandiffio et al.,
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1995). Carbon dioxide is the dominant gas in the fluid of crustal and/or mantle origin based on
the 8*3C-CO, value of -6.3 to -2.8%. (Gherardi et al., 2005). Boron concentrations are high and
are considered to originate from evaporitic and carbonitic sediments based on their *'B ratio
with values of +3.4 to +16.1%o (Pennisi et al., 2001). Based on these findings, it is evident that
supercritical fluids for geothermal systems in subduction settings may, in many cases, originate
from conductive heating of the geothermal groundwater by the magmatic heat source, often
with input from connate and magmatic water. The concentrations of mineral-forming elements
in these fluids are low (on the lower ppm and ppb scale) as observed for supercritical fluids
associated with rift systems and predicted here by geochemical modeling and experimentally.
Differences in elemental concentrations between the localities might also be ought to
differences in fluid pressures of the individual geothermal system. Mineral-forming element
solubilities such as for Si, Na, and Cl may be a function of pressure, and elemental
concentrations in supercritical fluids may become higher with increasing fluid density (Fig. 7;
Fournier and Potter, 1982; Leusbrock et al., 2009, 2010a, 2010b). Thus, the elemental
concentrations of supercritical fluids may not only be dependent on the fluid composition of the
subcritical fluid but also may depend on the pressure conditions and depth of supercritical fluid
formation in the geothermal system.

On the other hand, concentrations of volatile elements like CO,, H,S, and B are variable
between systems and often high, originating from the crust upon fluid-rock interaction and
magmatic gases. Variable and elevated Cl concentrations have also been observed and
associated with supercritical geothermal fluids, for example, at Krafla and The Geysers. At
Krafla, high CI concentrations can be explained by the contribution of a magmatic source
where fluid ascent and depressurization to the surface may lead to the partitioning of the
volatile HCI in the vapor phase into the liquid phase, possibly resulting in very high CI

concentrations (e.g., Hefmanska et al., 2019b). Elevated CI concentrations in supercritical
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fluids from The Geysers geothermal field are considered to be of magmatic origin and/or the
result of boiling of NaCl-rich connate or metamorphic water (Truesdell et al., 1989, Moore and
Gunderson 1995, Moore et al., 2001). Supercritical fluids have also been observed at the
Kakkonda geothermal systems. The geothermal system consists of two parts - a shallow liquid
dominated reservoir with temperatures of 230-260°C and a deep zone in the vicinity of granite
intrusions with less permeable rocks and temperatures of up to ~500°C. The supercritical fluids
at the highest temperatures are hypersaline and metal-rich with ~55% NaCl. However, these
supercritical fluids are considered to have been trapped in the Kakkonda granite during
crystallization with a small addition of meteoric water that permeated into the conductive heat
zone around the granite intrusion (Kasai et al., 1998a, 1998b, 2000).

In conclusion, despite different chemical compositions of supercritical fluid discharges
in geothermal settings like Krafla, Menengai, The Geysers, Los Humeros, and Larderello, all of
them most likely originate from conductive heating of the surrounding subcritical geothermal
groundwater with elevated volatile concentrations derived from the addition of connate,

magmatic or metamorphic gases.

5. Conclusions

We have carried out flow-through experiments and geochemical modeling to describe the

chemical and mineralogical changes associated with supercritical fluid formation upon

conductive heating of subcritical geothermal fluids with varying chemical composition. Based

on our experimental modeling results, we conclude the following:

o Supercritical fluids formed by conductive heating and boiling of ~200-300°C subcritical
geothermal water are predicted to have low concentrations of mineral-forming elements (Si,
Na, K, Ca, Mg, Al) with their concentrations controlled by the solubility of salts, oxides,

and aluminum silicates in high-temperature (>400°C) and low-density (p <0.3 g cm™)
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water. The concentration of the volatile elements (C, S, B) will be higher than in the case of
mineral-forming elements and similar to the concentration of volatile elements in
subcritical geothermal fluids.

e Upon supercritical fluid formation by conductive heating and boiling of subcritical ~200-
300°C geothermal water, the secondary mineral deposition will occur. These deposits are
dominated by quartz, salts (e.g., halite), wollastonite, and aluminum silicates such as
feldspars.

A comparison of the results with the observed chemical composition of natural supercritical

fluid discharges indicates that conductive heating and boiling of subcritical geothermal

groundwaters may indeed be the mechanism responsible for the formation of naturally
observed supercritical fluids. Metal and salt-rich supercritical fluids observed in some of the
geothermal systems (e.g., Kakkonda, Reykjanes) are considered to be of magmatic origin,
formed by exsolution of fluids upon crystallization magmatic intrusion and/or may derive from

the separation of vapor and steam.
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Figure and table captions

Figure 1: Main characteristics of a volcanic geothermal system. (A) Conceptual model of a
volcanic geothermal system showing fluid flow paths (black arrows) and the zone of heat
convection where supercritical conditions may appear (red area) between the heat source
(magmatic intrusion) and the circulating geothermal fluid. Depressurization boiling occurs near
the surface (after Arnorsson et al., 2007; Scott et al., 2016). Conventional production wells do
not commonly reach the supercritical zone. (B) The boiling curve of water. Dashed lines
indicate temperature-depth profiles above magmatic intrusions at selected times (after Hayba
and Ingebritsen, 1997). The red shaded area shows fluids having temperature exceeding the
critical temperature of water (T, >374°C). Wells with reported temperatures above the critical

temperature of the water are also shown (see Reinsch et al., 2017).

Figure 2: The subcritical to supercritical conditions of the experiments are shown (A) in
connection to the boiling curve water and (B) in the phase diagram of water. The pressure,

enthalpy, and temperature relations are also displayed.

Figure 3: Schematic experimental set-up used for the experiments carried out in this study.

Figure 4: Measured elemental concentration of the outlet solutions of the four experiments.

The average compositions of the respective inlet solutions are included for comparison.

Figure 5: Selected SEM microphotographs of the solid products precipitated for experiment #1
(low NaCl), experiment #2 (low NaCl+reacted) and experiment #4 (NaCl+CO,). Also shown
are representative EDS analysis of the major phases identified in experiments #1, #2, and #4.

No precipitates were found in experiment #3 (NaCI+HCI).
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Figure 6: Moles of secondary minerals and the elemental loss calculated for the conditions of

the experiments using the PHREEQC software (Parkhurst and Appelo, 2013).

Figure 7: A) Comparison of modeling and experimental results for elemental concentrations at
subcritical and supercritical conditions. Predicted solubilities of silica, sodium, and chlorine in
supercritical fluids were calculated based on quartz and salt solubility in low-density (p <0.3 ¢
cm™®) and high-temperature (T>374°C) water using data reported by Fournier and Potter (1982)
and Leusbrock et al. (2009, 2010a, 2010b). B) Naturally observed data of reservoir fluid
compositions from wells that reported supercritical conditions in rift and subduction zones
(Malimo, 2013; Montegrossi et al. 2015; Truesdell 1991; Truesdell et al., 1989; Diez et al.,
2015; Allegrini and Benvenuti, 1970; Nicholson, 1993; Haizlip and Truesdell, 1988; Kasai et

al., 1998a; Cruz and Tovar 2008; Hefmanska4 et al., 2019b).
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Table 1

Experimental conditions and chemical composition of the inlet solutions used

in the experiments and for the geochemical model calculations. Concentrations are in ppm.

Exp. #1 Exp. #2 Exp. #3 Exp. #4

low NaCl low NaCl + reacted ~ NaCl+HCl _ NaCl+CO,
Experimental conditions
T °C 420 400 420 420
p bar 34 69 69 69
h kJ k! 3269 3159 3159 3211
Inlet solution chemical composition
pH/ °C 8.90/19 9.29/22 1.55/22 8.89/21
SiO; 102 699 645 494
B 0.275 1.49 1.42 3.34
Na 81.8 144 138 858
K 1.86 24.0 22,5 204
Ca 3.89 0.346 0.537 1.04
Mg 0.009 0.012 0.076 0.009
Fe 0.005 0.025 0.090 0.017
Al 0.029 1.94 1.86 2.96
COs 391 53.5 233 685
Cl 47 24.6 1055 604
SO, 53.8 79.6 36.6 116
H.S nd 49.1 19.8 543
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